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Introduction

Monte Carlo simulations are often performed to study space radiation inducing physical phenomena such as Electron Emission Yield (EEY) [START_REF] Pierron | Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for Al, Ag, and Si[END_REF][START_REF] Balcon | Secondary Electron Emission on Space Materials: Evaluation of the Total Secondary Electron Yield From Surface Potential Measurements[END_REF], Single Event Effect (SEE) [START_REF] Weller | Monte Carlo Simulation of Single Event Effects[END_REF][START_REF] Caron | Physical Mechanisms Inducing Electron Single-Event Upset[END_REF][START_REF] Caron | Physical Mechanisms of Proton-Induced Single-Event Upset in Integrated Memory Devices[END_REF][START_REF] Inguimbert | Proton upset rate simulation by a Monte Carlo method: importance of the elastic scattering mechanism[END_REF][START_REF] Inguimbert | SEU rate calculation with GEANT4 (comparison with CREME 86)[END_REF] or dose estimations [START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF][START_REF] Campola | Compendium of Total Ionizing Dose and Displacement Damage Results from NASA Goddard Spaceflight Center[END_REF]. There are a large number of Monte Carlo codes such as PENELOPE [START_REF]A Code System for Monte Carlo Simulation of Electron and Photon Transport -Workshop Proceedings[END_REF], FLUKA [START_REF] Ferrari | FLUKA: A Multi-Particle Transport Code[END_REF], MCNPX [START_REF] Waters | The MCNPX Monte Carlo Radiation Transport Code[END_REF] or GEANT4. The last one is an open source C++ toolkit, assembled by an international collaboration [START_REF]Geant4 collaboration[END_REF][14][START_REF] Allison | Geant4 developments and applications[END_REF]. Efforts have been made by the GEANT4 community to extend the validity of the simulations over a wide energy range for various incident particles [START_REF] Ivanchenko | Recent Improvements in Geant4 Electromagnetic Physics Models and Interfaces[END_REF]. A dedicated GEANT4 module, called MicroElec [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for electrons in silicon[END_REF][START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for protons and heavy ions in silicon[END_REF][START_REF] Gibaru | Geant4 physics processes for microdosimetry and secondary electron emission simulation: Extension of MicroElec to very low energies and 11 materials[END_REF], has been developed to improve the ionization process description in irradiated microelectronics. The accuracy of the simulations is critical for space missions where, for instance, the protective layers on top of flexible solar cells [START_REF] Lansade | Enhanced resistance to proton irradiation of poly(dimethylsiloxane) resins through surface embedding of silica photonic crystals[END_REF] are degraded and embedded memories are corrupted by radiation belt particles [START_REF] Artola | In Flight SEU/MCU Sensitivity of Commercial Nanometric SRAMs: Operational Estimations[END_REF]. The scales used to simulate these effects are of the order of nanometer to few micrometers. MicroElec module is based on the Dielectric formalism which is widely used in Monte Carlo codes by several authors [START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF][START_REF] Akkerman | Inelastic electron interactions in the energy range 50 eV to 10 keV in insulators: Alkali halides and metal oxides[END_REF][START_REF] Akkerman | Ion and electron track-structure and its effects in silicon: model and calculations[END_REF][START_REF] Incerti | THE GEANT4-DNA PROJECT[END_REF]. However, a large number of models derived from this formalism exist and do not produce exactly the same results. In addition, the Dielectric formalism has a limited range of validity in energies and cannot be applied over the whole energy range concerned by space applications (this is particularly true for heavy particles). However, the use of another formalism adapted to energies not supported by the Dielectric formalism would allow to performed complete simulations. The Binary Collision formalism is a good candidate but has been much less discussed in the context of Monte Carlo codes. The objective of the present study is to develop a model to describe ionization processes, valid over a very wide energy range and consistent compared to experimental data. For this, a brief review of several dielectric models is proposed. Then, the Binary Collision formalism will be described and adapted to be used in Monte Carlo codes. For this, an expression of the differential cross sections in energy is derived. In addition, a dedicated code has been developed for solving the Schrödinger equation using a velocitydependent screening parameter calculated by DFT. Finally, a new GEANT4 Physics List will be presented and calculations of dose and energy deposition will be performed and compared with other GEANT4 models. This work focuses on silicon material.

Inelastic interaction processes for electrons and protons 2.1 Dielectric formalism

Dielectric formalism (DF) make the link between dielectric function, 𝜖(𝑘, 𝜔), of a given material and the quantities necessary to perform transport of various incident particles in this material. Based on the first Born approximation, the differential cross sections (DCS) are given by the following expression:

𝑑𝜎 𝑑𝑊 = Z eff 2 𝑚 𝑚 𝑒 𝜋𝑁𝑎 0 𝑇 ∫ Im [- 1 𝜖(𝑞, 𝜔) ] d𝑞 𝑞 𝑞 + 𝑞 - (1) 
𝑞 ± = √2𝑚(√𝑇 ± √𝑇 -𝑊) (2) 
Where q is the momentum transfer, 𝑚 and 𝑚 𝑒 are the projectile and electron masses respectively, 𝑇 is the projectile energy, 𝑎 0 , the Bohr radius, 𝑁, the atomic density and 𝑍 eff the effective charge of the projectile. In the electron and proton cases, Z eff = 1 is considered. The imaginary part of the inverse of the dielectric function, called Energy Loss Function (ELF), contains all the information on the electronic band structure of the material. There are usually no experimental data for describing the ELF for all transferred energies and all transferred momentums. However, the Optical Energy Loss Function (OELF) which is obtained through optical measurements can be used as a special case when ℏ𝑞 = 0. Based on that, the ELF can be deduced according different approximations that will be described in section 2.1.2. The total inelastic cross section 𝜎 is deduced from the relation (1) according to the following integral:

𝜎 = ∑ ∫ 𝑑𝜎 shell 𝑑𝑊 𝑑𝑊 𝑊 + (shell) 𝑊 -(shell) shells (3)
And the stopping power is given by the simple following integral:

𝑆 = 𝑁 ∑ ∫ 𝑊 𝑑𝜎 shell 𝑑𝑊 𝑑𝑊 𝑊 + (shell)
𝑊 -(shell) shells [START_REF] Caron | Physical Mechanisms Inducing Electron Single-Event Upset[END_REF] Where 𝑊 -= 𝐸 gap or 𝑊 -= 𝑊 binding depending the considered shell [START_REF] Nikjoo | Interaction of Radiation with Matter[END_REF] and 𝑊 + = 4 𝑇 e ( ) [START_REF] Gryzinski | Classical theory of atomic collisions. I. Theory of inelastic collisions[END_REF] where 𝑣 𝑝 , 𝑣 𝑒 and 𝑇 e are respectively the velocities of the projectile and the target electron and the target electron energy. The energy validity of the dielectric formalism depends on the nature of the incident particle. It is common to see this formalism used for protons down to few tens of keV and for electrons down to few eV [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for electrons in silicon[END_REF][START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for protons and heavy ions in silicon[END_REF][START_REF] Akkerman | Ion and electron track-structure and its effects in silicon: model and calculations[END_REF][START_REF] Incerti | THE GEANT4-DNA PROJECT[END_REF][START_REF] Nikjoo | Interaction of Radiation with Matter[END_REF][START_REF] Emfietzoglou | A dielectric response study of the electronic stopping power of liquid water for energetic protons and a new I -value for water[END_REF][START_REF] Vera | Inelastic scattering of electron and light ion beams in organic polymers[END_REF]. The range of validity for the electrons is large enough for the applications treated in this paper but a different formalism will be presented in 2.2 to extend proton treatment to lower energies.

Energy Loss Function

As already mentioned, the energy loss function (ELF) is given by the opposite of the imaginary part of the inverse of the dielectric function [START_REF] Nikjoo | Interaction of Radiation with Matter[END_REF]:

ELF = Im[- 1 𝜖(𝑘, 𝜔) ] (5) 
With the optical limit:

OELF = ELF(𝑘 → 0) = Im [- 1 𝜖(𝑘 = 0, 𝜔) ] (6) 
The OELF (see [START_REF] Inguimbert | SEU rate calculation with GEANT4 (comparison with CREME 86)[END_REF]) is expressed as a sum of functions whose parameters are tuned from the refraction index 𝑛 and the extinction coefficient 𝑘 up to available measures [START_REF]Handbook of optical constants of solids[END_REF]. For larger energies, OELF is related to photoionization cross sections, 𝜎 ph , by the Fano expression [START_REF] Fano | Spectral Distribution of Atomic Oscillator Strengths[END_REF].

OELF = ∑ 𝐴 𝑖 𝛾 𝑖 𝐸 𝑝 𝑖 2 𝑊 (𝑊 2 -𝐸 𝑝 𝑖 2 ) 2 + (𝛾 𝑖 𝑊) 2 𝑖 = 2𝑛𝑘 (𝑛 2 -𝑘 2 ) 2 + (2𝑛𝑘) 2 =
𝑁𝑐𝜎 ph 𝜔 (only for high energies)

Where 𝐴 𝑖 , 𝐸 𝑝 𝑖 and 𝛾 𝑖 are determined looking for the best fit of the experimental (𝑛, 𝑘) data and photoionization cross sections. 𝑁 is the volume density of the inner-shell electrons and 𝑐 the speed of light.

Dielectric models

Several dielectric models exist to extend the information contain in the OELF to another value of momentum transfer. Three of them will be compared.

Drude model

The Drude dielectric function takes a relatively simple form and is used by several authors in the Single Event Effect (SEE) and Electron Emission Yield (EEY) communities [START_REF] Pierron | Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for Al, Ag, and Si[END_REF][START_REF] Akkerman | Ion and electron track-structure and its effects in silicon: model and calculations[END_REF][START_REF] Akkerman | Delta-electron spectra, inelastic cross sections, and stopping powers of ions in silicon: Comparison between different models[END_REF][START_REF] Hubert | Effect of the Radial Ionization Profile of Proton on SEU Sensitivity of Nanoscale SRAMs[END_REF]. Geant4-MicroElec module is also based on the Drude model [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for electrons in silicon[END_REF][START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for protons and heavy ions in silicon[END_REF].

𝜖 𝐷 (𝜔; 𝐸 𝑝 , 𝛾) = 1 + 𝐸 𝑝 2 (𝑞 = 0) 𝐸 𝑝 2 (𝑞) -𝐸 𝑝 2 (𝑞 = 0) -ℏ𝜔(ℏ𝜔 + 𝑖𝛾) (8) 
Where 𝐸 𝑝 is the plasmon energy and 𝛾 the damping energy which is inversely proportional to the Plasmon lifetime. The dependence of the momentum transfer 𝑞 = ℏ𝑘 is performed by the following dispersion relation [START_REF] Nikjoo | Interaction of Radiation with Matter[END_REF][START_REF] Egerton | Electron Energy-Loss Spectroscopy in the Electron Microscope[END_REF].

𝐸 𝑝 (𝑞) = 𝐸 𝑝 (𝑞 = 0) + 6 5

𝐸 𝐹 𝐸 𝑝 (𝑞 = 0) 𝑞 2 2𝑚 𝑒 [START_REF] Campola | Compendium of Total Ionizing Dose and Displacement Damage Results from NASA Goddard Spaceflight Center[END_REF] with 𝐸 𝐹 the Fermi energy. The authors of MicroElec [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for protons and heavy ions in silicon[END_REF] pointed out the limits of the Drude model for properly describe protons below 50 keV. Several explanations are then possible: either the DF fails at low energies (first Born approximation), or/and Drude model is not adapted in this energy range. In order to address these questions, a comparison of the Drude model with other dielectric models are presented in 2.1.2.2 and 2.1.2.3 and another formalism is explained in 2.2.

Lindhard model

Contrary to the Drude dielectric function, the Lindhard dielectric function provides automatically the extension to 𝑞 ≠ 0 [START_REF] Lindhard | On the properties of a gas of charged particles[END_REF] but fails to integrate damping [START_REF] Kliewer | Lindhard Dielectric Functions with a Finite Electron Lifetime[END_REF]. Unlike Drude model, Lindhard model seems to provide more realistic stopping power at low proton energies [START_REF] Abril | Dielectric description of wakes and stopping powers in solids[END_REF]. The Lindhard dielectric function can be obtained from the random phase approximation (RPA) [START_REF] David | Elementary excitations in solids: lectures on protons, electrons, and plasmons, Advanced Book Program[END_REF] and is given by:

𝜖 𝐿 (𝑘, 𝜔; 𝐸 𝑝 ) = 1 + 𝜒 2 𝑧 2 (𝑓 1 (𝑢, 𝑧) + 𝑖𝑓 2 (𝑢, 𝑧)) (10) 
With 𝜒 2 = 𝑒 2 𝜋ℏ𝑣 𝐹 ⁄ , 𝑢 = 𝜔 𝑘𝑣 𝐹 ⁄ and 𝑧 = 𝑘 2𝑘 𝐹 ⁄ . The function 𝑓 1 (𝑢, 𝑧) and 𝑓 2 (𝑢, 𝑧) are given by [START_REF] Lindhard | On the properties of a gas of charged particles[END_REF]:

𝑓 1 (𝑢, 𝑧) = 1 2 + 1 8𝑧 (𝑔(𝑧 -𝑢) + 𝑔(𝑧 + 𝑢)) (11) 
𝑓 2 (𝑢, 𝑧) = { 𝜋 2 𝑢, 𝑧 + 𝑢 < 1 𝜋 8𝑧 [1 -(𝑧 -𝑢) 2 ], |𝑧 -𝑢| < 1 < 𝑧 + 𝑢 0, |𝑧 -𝑢| > 1 (12) 
Where

𝑔(𝑥) = (1 -𝑥 2 ) ln | 1 + 𝑥 1 -𝑥 | (13)

Mermin model

Mermin dielectric function has been developed to correct Lindhard dielectric function to 𝛾 ≠ 0 [START_REF] Mermin | Lindhard Dielectric Function in the Relaxation-Time Approximation[END_REF]. Some studies can be found about Mermin model for calculating stopping powers in silicon [START_REF] Abril | Dielectric description of wakes and stopping powers in solids[END_REF] and the results seems to be in good agreement with experimental data. Indeed, Mermin model provides both 𝑞-dependence and 𝛾-dependence. The Mermin dielectric function is based on the Lindhard dielectric function and takes the following form:

𝜖 𝑀 (𝑘, 𝜔; 𝐸 𝑝 , 𝛾) = 1 + (1 + 𝑖𝛾 ℏ𝜔 ) (𝜖 𝐿 (𝑘, 𝜔 + 𝑖𝛾) -1) 1 + ( 𝑖𝛾 ℏ𝜔 ) (𝜖 𝐿 (𝑘, 𝜔 + 𝑖𝛾) -1) 𝜖 𝐿 (𝑘, 0) -1 (14) 
Comparisons of differential cross sections (DCS) and stopping powers deduced from DF with these three models are proposed in 0 and 2.4. In the next section, another formalism will be presented as it seems more appropriate than DF to properly describe inelastic interactions for low-energy protons [START_REF] Montanari | Low and intermediate energy stopping power of protons and antiprotons in canonical targets[END_REF][START_REF] Echenique | Nonlinear stopping power of an electron gas for slow ions[END_REF][START_REF] Lifschitz | Velocity-dependent screening in metals[END_REF][START_REF] Nagy | Nonlinear calculations for the width of particle states[END_REF].

Binary Collision formalism

When an incident particle has an energy lower than a threshold velocity (see [START_REF] Allison | Geant4 developments and applications[END_REF]) and travels through a material which is described by a free electron gas of density 𝑛, only binary collisions can participate to Coulomb inelastic interactions [START_REF] Montanari | Low and intermediate energy stopping power of protons and antiprotons in canonical targets[END_REF]. The collective electronic excitations, very well described by Dielectric formalism, involve a minimum impact velocity 𝑣 th for plasmons to come into existence [START_REF] Montanari | Low and intermediate energy stopping power of protons and antiprotons in canonical targets[END_REF]:

𝑣 th ∼ (1 + 1 √3𝜋𝑣 𝐹 ) 𝑣 𝐹 (15) 
Thus, in silicon target, plasmon contributions can participate into Coulomb inelastic processes only for incident velocity greater than ∼ 1.33 ⋅ 𝑣 𝐹 (i.e. about 40 keV for incident protons and 20 eV for incident electrons in silicon). Note that this limit corresponds roughly to the limit identified by the authors of MicroElec [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for protons and heavy ions in silicon[END_REF] below which the Drude model failed to reproduce p-Si stopping powers. This observation has motivated the use of the Binary Collision formalism (BCF), specific to the individual response of the electrons of the crossed material. BCF as well explained by Sigmund et al. [START_REF] Sigmund | Kinetic theory of particle stopping in a medium with internal motion[END_REF] will be used and adapted to be injected in Monte Carlo codes (generally, a reduced expression of stopping powers is given and it is not immediate to extract the DCS in energy). For a projectile moving with velocity 𝑣 𝑖 in a random, infinite stopping medium composed of only one type of particle (electrons) and a velocity spectrum 𝑓(𝑣 ⃗ 2 )𝑑 3 𝑣 2 , the cross sections for a scattering event take the form:

𝑑𝜎 = 𝑣 𝑟 𝑣 𝑖 𝑓(𝑣 ⃗ 2 )𝑑 3 𝑣 2 𝑑𝜎 0 (𝑣 𝑟 , 𝜃) (16) 
Where 𝑣 𝑟 is the relative velocity of the projectile and target particle and 𝑑𝜎 0 (𝑣 𝑟 , 𝜃) is the differential cross sections which can be developed in the Partial Wave approximation:

𝑑𝜎 0 (𝑣 𝑟 , 𝜃) = |𝑓(𝑣 𝑟 , 𝜃)| 2 𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙 ( 17 
)
Where 𝜃 and 𝜙 indicate the scattering and the azimuthal angles respectively. In the Partial Wave approximation, the scattering amplitude 𝑓(𝑣 𝑟 , 𝜃) is expanded in terms of Legendre polynomials 𝑃 𝑙 and phase shifts 𝛿 𝑙 :

𝑓(𝑣 𝑟 , 𝜃) = 1 2𝑣 𝑟 ∑(2𝑙 + 1) 𝑙 𝑃 𝑙 (𝑐𝑜𝑠𝜃)[𝑒 2𝑖𝛿 𝑙 (𝑣 𝑟 ) -1] (18) 
The phase shifts depend on the potential 𝑉(𝑟) created by the moving particle of charge 𝑍 1 inside the electron gas. This interaction is generally described by an effective model potential which take the following form:

𝑉(𝑟) = - 𝑍 1 𝑟 𝑒 -𝜆𝑟 ( 19 
)
Where 𝜆 is a velocity-dependent screening parameter. This parameter has been largely analyzed in the literature [START_REF] Lifschitz | Velocity-dependent screening in metals[END_REF][START_REF] Nagy | A model for the velocitydependent screening[END_REF][START_REF] Matias | Ground-and excited-state scattering potentials for the stopping of protons in an electron gas[END_REF]. Matias et al. [START_REF] Matias | Ground-and excited-state scattering potentials for the stopping of protons in an electron gas[END_REF] have derived a fitted expression based on DFT calculations and provide a relation such that 𝜆 = 𝜆(𝑣 𝑖 , 𝑟 𝑠 ). 𝑟 𝑠 is the Seitz radius, which is about 2 in silicon [START_REF] Montanari | Low and intermediate energy stopping power of protons and antiprotons in canonical targets[END_REF]. At low proton energies, the calculation of 𝛿 𝑙 involves the numerical resolution of the Schrödinger equation. A dedicated code has been developed to do this and the 𝜆 expression given by Matias et al. [START_REF] Matias | Ground-and excited-state scattering potentials for the stopping of protons in an electron gas[END_REF] has been used. In addition, for evaluating the DCS in energy, an expression of the energy loss is necessary. If the target particle masses are much smaller than the projectile one (this is indeed the case during proton-electron interaction), the energy losses in the laboratory system can be expressed as follow [START_REF] Gryzinski | Two-particle collisions. I. General relations for collisions in the laboratory system[END_REF][START_REF] Wedell | Calculation of proton energy losses in the intermediate energy region[END_REF] :

𝑊 = 𝑣 𝑖 [(1 -𝑐𝑜𝑠𝜃)(𝑣 𝑖 -𝑣 2 𝑐𝑜𝑠𝛼) + 𝑣 2 𝑠𝑖𝑛𝛼 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜙] ( 20 
)
Where 𝛼 is the angle between the initial velocity vectors of projectile and target particles produced from one point. The maximum energy loss is obtained when 𝑣 1 ⃗⃗⃗⃗⃗ and 𝑣 2 ⃗⃗⃗⃗⃗ are in opposite directions while the minimum energy loss is obtained when 𝑣 1 ⃗⃗⃗⃗⃗ et 𝑣 2 ⃗⃗⃗⃗⃗ have the same direction. The range of energy loss allowed can thus be restricted:

𝑊 ± = 2𝑣 𝑖 (𝑣 𝑖 ± 𝑣 𝐹 ) (21) 
To describe the velocity distribution 𝑓(𝑣 ⃗ 2 ), the valence electrons are considered as a Fermi gas. The Pauli principle requires that the initial target velocities are lower than 𝑣 𝐹 . In addition:

∫ 𝑓(𝑣 ⃗ 2 )𝑑 3 𝑣 2 = 1 ∞ 𝑜 ( 22 
)
As mentioned in [START_REF] Sigmund | Kinetic theory of particle stopping in a medium with internal motion[END_REF], 𝑓(𝑣 ⃗ 2 ) can thus be expressed in a simple form:

𝑓(𝑣 ⃗ 2 ) = { 3 4𝜋𝑣 𝐹 3 , 0 ≤ 𝑣 2 ≤ 𝑣 𝐹 0, 𝑣 2 > 𝑣 𝐹 (23) 
In the case of silicon target which is a semiconductor, the gap energy 𝐸 gap fixes a minimal momentum transfer towards the conduction band:

𝑊 = 𝑚 𝑒 2 (𝑣 2 ′ 2 -𝑣 2 2 ) > 𝐸 gap (24) 
Unlike the DF as described above, our use of the BCF concerns only valence electrons. This limitation will not have any impact because this formalism will be used only for low energy particles, as it will be explained later.

Differential cross section comparisons

Electrons case

Differential cross sections of low-energy electron (100 eV) and high-energy electron (10 keV) are presented in Figure 1and Figure 2. The plasmon-peak can be easily identified around 16 eV but all the models do not reproduce it identically. Indeed, Lindhard model produces a very flat peak whereas Drude and Mermin models agree on a very pronounced peak. This difference is caused by the damping parameter 𝛾 which is not taken into account by the Lindhard model. It is interesting to note that Drude and Mermin models are very close, whatever the electron incident energies. Let us recall that the BCF is not used here to treat electrons because the range of validity of the DF is sufficient for our applications. Thus, only models derived from DF are compared (see Figure 1and Figure 2). 

Protons case

In the same way as for electrons, differential cross sections of low-energy proton (1 keV) and high-energy proton (1 MeV) are presented in Figure 3 and Figure 4.

Our BCF model is presented only in Figure 3 because above 40 keV (from ( 15) for silicon target), collective electronic excitations of the target need to be taken into account to have consistent results.

For low-energy protons (see Figure 3), Lindhard and Mermin models are very close whereas Drude model proposes particularly small cross sections. The results of our BCF model are also close to Lindhard and Mermin models but are shifted towards higher energy losses.

For high-energy protons (see Figure 4), same conclusions as for electrons can be observed. 

Stopping power comparisons

To check the relevance of all the models presented here (DF/Drude, DF/Lindhard, DF/Mermin and our BCF model), comparisons with experimental measurements of stopping powers are proposed.

Electrons case

Figure 5 presents electron stopping powers in a wide energy range. Luo et al. [START_REF] Luo | Experimental determinations of electron stopping power at low energies[END_REF] provide experimental measurements up to 10 keV. ESTAR [START_REF] Berger | ASTAR: Computer Programs for Calculating Stopping-Power and Range Tables for Electrons, Protons, and Helium Ions[END_REF] and Tanuma et al. [START_REF] Tanuma | Calculations of electorn inelastic mean free paths. II. Data for 27 elements over the 50-2000 eV range[END_REF] results are also presented. As expected based on our observations in 2. 

Protons case

Similar conclusions are obtained concerning proton stopping powers. Only DF models are presented in Figure 6. In addition to experimental data (Mewin et al. It is therefore expected that these data underestimate stopping powers. Our references here are mainly SRIM and PSTAR because the corresponding models are based on the processing of a large number of experimental measurements. Thus, in the low energy range, all the dielectric models fail to properly describe the individual interactions (since corresponding velocities are lower than 𝑣 th (see ( 15)). 

Combined model

DF/Mermin model proposes very consistent results to describe electron-induced ionization process. However, for protons having energies lower than about 40 keV (in silicon medium), this model fails. To compensate this limitation, a combined model is proposed, as summarizes in Table 1. 

Geant4 simulations

DF/Mermin and our combined model (see Table 1) have been implemented in GEANT4. The same implementation as DNA [START_REF] Incerti | THE GEANT4-DNA PROJECT[END_REF] and MicroElec [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for electrons in silicon[END_REF][START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for protons and heavy ions in silicon[END_REF] modules has been performed. All these models can be loaded as standard electromagnetic physics. Appropriate Coulomb elastic models have been chosen to describe properly all the Coulomb processes:

-Electron-induced elastic scattering: the model developed in MicroElec module [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for electrons in silicon[END_REF].

-Proton-induced elastic scattering: the model developed by Mendenhall et al. [START_REF] Mendenhall | An Algorithm for Computing Screened Coulomb Scattering in Geant4[END_REF]. Several simulations can now be performed to highlight the value of such discrete processes, validated down to very low energies. In the field of space environment, two kinds of simulations are particularly requested: dose calculations and deposited energy calculations.

Interest of low energies

Low energy particles are naturally more present in the space environment than high energies. The following figure shows the fluxes estimated by the Standard Plasma Model (SPM) and the International Radiation Environment Near Earth (AP9) model [START_REF] Ginet | AE9, AP9 and SPM: New Models for Specifying the Trapped Energetic Particle and Space Plasma Environment[END_REF] for two orbits (GEO and JASON missions [START_REF] Boscher | In Flight Measurements of Radiation Environment on Board the French Satellite JASON-2[END_REF]). JASON missions are LEO missions with a perigee and apogee close to 1300 km. As can be observer in Figure 8, low energy particles are associated with the highest fluxes. It is therefore important to correctly simulate these energies. In addition, to accurately calculate dose [START_REF] Inguimbert | Surface Ionizing Dose for Space Applications Estimated With Low Energy Spectra Going Down to Hundreds of Electronvolt[END_REF] and SEE [START_REF] Inguimbert | Electron Induced SEUs: Microdosimetry in Nanometric Volumes[END_REF], the transport precision must be done on a submicrometric scale.

Dose profile simulations

Silicon-based resins are widely used as protective layers on top flexible solar cells [START_REF] Lansade | Enhanced resistance to proton irradiation of poly(dimethylsiloxane) resins through surface embedding of silica photonic crystals[END_REF]. However, when such materials are exposed to irradiations, cracks and discolorations may occur. These degradations lead to changes of the properties of these materials. An accurate evaluation of the ionizing dose deposited near to the surface is therefore critical. Mermin and our combined model are compared to SRIM simulation [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] and the Livermore package [START_REF] Allison | Geant4 developments and applications[END_REF]. The Livermore models are available to Geant4 users through the "G4EmLivermorePhysics" physics list where inelastic collisions are treated in a continuous manner [START_REF] Kyriakou | Influence of track structure and condensed history physics models of Geant4 to nanoscale electron transport in liquid water[END_REF]. For this reason, a maximal step size has been fixed during simulations using Livermore (as mentioned in all the following figures). Figure 9 presents the case of very low energy protons (2 keV). The Livermore estimation is particularly inappropriate and proposes an unphysical "Bragg peak" at 30 nanometers. In addition, Livermore models exhibit "instabilities" in the first nanometers which are caused by the continuous treatment of the interactions. This is true regardless of the incident energy (see Figure 10 and Figure 11). Our combined model and SRIM provide very similar results whereas Mermin model underestimates the deposited dose. Figure 10 and Figure 11 present the cases of 10 keV and 50 keV protons respectively. For higher energies, all the models converge and propose equivalent dose profiles. As can be observed in Figure 10 and Figure 11, our model, SRIM and Livermore are in very good agreement and propose the same maximum penetration depth (poor estimation of penetration depth can be critical for studies of proton-induced SEU as the ionization peak is a key parameter to evaluate the critical energy [START_REF] Caron | New SEU modeling method for calibrating target system to multiple radiation particles[END_REF]). To simulate accurate dose profiles, discrete models as Mermin and our combined model provide a usable estimation of dose levels, even in the first nanometers. However, as expected by observing Figure 7, for lowenergy incident protons, Mermin model underestimates the deposited dose and, consequently, overestimates the penetration depth of the particles. It should also be noted that our model produces results quite comparable to those of SRIM. However, unlike SRIM, as our model is implemented in the GEANT4 toolkit, simulations in complex geometries (an entire satellite for instance) can be easily performed.

Deposited energy calculations

Single Event Effect (SEE) estimations involve the calculation of charge deposition in sensitive volumes. RPP (Rectangular Parallelepiped) approximation is often used to deduce Single Event Upset (SEU) rates [START_REF] Caron | Physical Mechanisms Inducing Electron Single-Event Upset[END_REF][START_REF] Akkerman | Role of Elastic Scattering of Protons, Muons, and Electrons in Inducing Single Event Upsets[END_REF]. This approximation consists to compare the deposited energy in the sensitive regions of a memory device to the critical energy associated with this device. Old memory devices were associated to large sensitive volumes (> 𝜇𝑚 3 ) and large critical energy (> MeV). But the technological roadmap involves the decrease of these parameters [START_REF] Inguimbert | Electron Induced SEUs: Microdosimetry in Nanometric Volumes[END_REF]. Integrated memories can now be associated with sensitive thickness lower than 100 nm and critical energy lower than 10 keV [START_REF] Akkerman | Role of Elastic Scattering of Protons, Muons, and Electrons in Inducing Single Event Upsets[END_REF]. Consequently, accurate prediction of the sensitivity of electronic devices requires more and more detailed descriptions of particle transport. Two situations will be considered in 3.3.1 and 3.3.2:

-Deposited energies by high-energy protons in smaller and smaller volumes. Comparisons of our combined model with Mermin and Livermore are proposed and discussed.

-Deposited energies by low-energy protons in small volumes. As previously, comparisons between our combined model, Mermin and Livermore are discussed.

High incident energies

Results of our combined model and Mermin are presented but at this energy (5 MeV) and for these volumes, only Mermin contribution is called.

When the targets volumes are large enough, all models provide very similar results (as shown in Figure 12). But when the volumes become smaller, differences can be noted between Livermore and the other models (DF/Mermin and our combined model). However, the deposited energy distribution tails remain very close whatever the model, even for very small volumes (see Figure 15). For SEU calculations, it is often this part of the distribution that is important (only deposited energy higher than a given critical energy can cause upset). In this sense, the use of a discrete model allowing transport down to very low energies or a continous model does not seem particularly critical when the incident energy is high enough. 

Low incident energies

Practically, the sensitive volumes of the memory devices are not directly exposed to radiation. The calculation of the SEU cross sections generally takes into account overlayers that correspond to thickness of several micrometers between the beam and the sensitive volumes. In addition, the fluxes of trapped particles in the Earth's radiation belts are continuous over energy ranges from keV to ten MeV for electrons and from keV to several hundred MeV for protons. Thus, the sensitive regions of embedded devices will necessarily be exposed to low energy particles. Comparisons of 10 keV protons are presented in Figure 16 and Figure 17. At this energy, our combined model calls the BCF contribution and different results are expected compared to DF/Mermin. Indeed, the deposited energy distributions proposed by the three models are relatively different. The Livermore model systematically overestimates the ability of low-energy protons to deposit energy. According to this model, a 10 keV proton can deposit all its energy in a volume of 100x100x100 nm 3 while this is not possible with other models (see Figure 16). Moreover, DF/Mermin produces deposited energies lower than our BCF model. This makes sense according to the differences in stopping powers (Figure 7). But the distribution shapes remain very similar. For SEU calculations, the Livermore overestimation or the DF/Mermin underestimation can be critical as the deposited energies are compared to a critical energy, which is in general in the same order of magnitude of the deposited energy (few keV). For a given threshold, let's say for illustration 6 keV, our combined model predicts near to 80% probability to trigger an error while this probability becomes very low using the DF/Mermin model (Figure 16). 

Conclusion

New GEANT4 Physic Lists have been developed based on Dielectric and Binary Theory formalisms. A combined model has been proposed to handle protoninduced ionization process down to very low energies. The comparison of several dielectric models has shown that the Mermin model is the most suitable dielectric model for simulating electrons and high-energy protons (> 50 keV). Combined with adapted Coulomb elastic models, our new GEANT4 Physic Lists are able to properly simulate electrons associated with energies ranging from several MeV down to few eV and protons associated with energies ranging from several MeV down to few keV. Several applications (dose profiles and deposited energies) have been analysed to demonstrate the limitations of existing GEANT4 models as Livermore to properly simulate particle transport when small volumes and low energies are considered. Compared to GEANT4-MicroElec module, a better description of the electron-induced ionization process is allowed with the Mermin model and thanks to our model based on the Binary Collision formalism, proton transport is extended to very low energies. The consequences of these improvements are multiples:

-Results similar to those of SRIM are now obtained for the dose profile calculations. As a result, the dose levels received by different elements of a satellite can be accurately estimated. -Accurately deposited energies can now be simulated which is particularly critical for SEE calculations due to the increasing integration of the electronic devices. However, this paper focuses on silicon material but other materials are used in space domain such as metals and insulators. As perspectives and to be totally compliant with space specifications and performed representative simulations, other materials must be analysed and integrated.
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 1 Figure 1 : 100 eV electron differential cross sections. Blue, orange and black curves correspond respectively to Drude, Lindhard and Mermin models.
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 2 Figure 2 : 10 keV electron differential cross sections. Blue, orange and black curves correspond respectively to Drude, Lindhard and Mermin models.
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 3 Figure 3 : 1 keV proton differential cross sections. Blue, orange, black and red curves correspond respectively to DF/Drude, DF/Lindhard, DF/Mermin and BCF models.
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 41 Figure 4 : 1 MeV proton differential cross sections. Blue, orange and black curves correspond respectively to Drude, Lindhard and Mermin models.
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 31 Drude and Mermin models are very close down to the energy associated with the maximum stopping powers (near to 100 eV). Below this energy, Lindhard and Mermin models provide very similar results and Drude model underestimates the stopping powers. Compared to Luo et al. data[START_REF] Luo | Experimental determinations of electron stopping power at low energies[END_REF] and ESTAR[START_REF] Berger | ASTAR: Computer Programs for Calculating Stopping-Power and Range Tables for Electrons, Protons, and Helium Ions[END_REF] (which are considered here as references), Mermin model is the best DF model to reproduce the stopping powers over the whole energy range.
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 5 Figure 5 : Electron stopping powers. Blue, orange and black curves correspond respectively to Drude, Lindhard and Mermin models. Green and purple curves correspond to ESTAR and Tanuma et al. estimations. Red circles are the experimental data of Luo et al.
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 51 , Konac et al. [52], Hobler et al. [53], extracted from Paul database [54]), SRIM and PSTAR results are also presented. Above the energy associated with the maximum of the stopping powers, Drude and Mermin models produce similar estimations which are also very close to SRIM and the measures of Melvin et al. Below this energy, Drude model strongly underestimates the stopping powers whereas Lindhard and Mermin models converge to the same estimations. However, compared to experimental data (especially to Hobler et al. data) and SRIM/PSTAR results, neither Mermin nor Lindhard are able to accurately reproduce the lowenergy proton stopping powers. Konac's data have been analyzed in numerous papers and several authors have identified a discrepancy with their data/models [55-57].
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 6 Figure 6 : Proton stopping powers. Blue, orange and black curves correspond respectively to Drude, Lindhard and Mermin models. Cian and purple curves are the estimations of SRIM and PSTAR respectively. Brown circles, triangles and squares are respectively the experimental measurements of Mewin et al., Konac et al. and Hobler et al.
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 7 Figure 7 : Proton stopping powers at low energy regime. Red and black curves correspond respectively to BCF and DF/Mermin models. Green curve is the estimation of SRIM. Brown circles and triangles are respectively the experimental measurements of Mewin et al., Konac et al. and Hobler et al.
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 8 Figure 8: Integrated fluxes as a function of proton energies for GEO and LEO (JASON) missions.

Figure 9 :

 9 Figure 9 : Dose profile induced by 2 keV protons in silicon. Red and black curves correspond respectively to BCF and DF/Mermin models. Green and blue curves are the results of SRIM and GEANT4/Livermore models. A maximum step size of 1 angstrom is associated to Livermore model.

Figure 10 :

 10 Figure 10 : Dose profile induced by 10 keV protons in silicon. Red and black curves correspond respectively to BCF and DF/Mermin models. Green and blue curves are the results of

Figure 11 :

 11 Figure 11 : Dose profile induced by 50 keV protons in silicon. Red and black curves correspond respectively to BCF and DF/Mermin models. Green and blue curves are the results of SRIM and GEANT4/Livermore models. A maximum step size of 1 angstrom is associated to Livermore model.

Figure 12 :

 12 Figure 12 : Deposited energy distribution induced by 5 MeV protons in 500x500x500 nm 3 of silicon. Red and black curves correspond respectively to BCF and DF/Mermin models. Blue curve is the results of GEANT4/Livermore model with a maximum step size of 1 angstrom.

Figure 13 :

 13 Figure 13 : Deposited energy distribution induced by 5 MeV protons in 100x100x100 nm 3 of silicon. Red and black curves correspond respectively to BCF and DF/Mermin models. Blue curve is the results of GEANT4/Livermore model with a maximum step size of 1 angstrom.
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 14 Figure 14 : Deposited energy distribution induced by 5 MeV protons in 50x50x50 nm 3 of silicon. Red and black curves correspond respectively to BCF and DF/Mermin models. Blue curve is the results of GEANT4/Livermore model with a maximum step size of 1 angstrom.

Figure 15 :

 15 Figure 15 : Deposited energy distribution induced by 5 MeV protons in 10x10x10 nm 3 of silicon. Red and black curves correspond respectively to BCF and DF/Mermin models. Blue curve is the results of GEANT4/Livermore model with a maximum step size of 1 angstrom.

Figure 16 :

 16 Figure 16 : Deposited energy distribution induced by 10 keV protons in 100x100x100 nm 3 of silicon. Red and black curves correspond respectively to BCF and DF/Mermin models. Blue curve is the results of GEANT4/Livermore model with a maximum step size of 1 angstrom.

Figure 17 :

 17 Figure 17 : Deposited energy distribution induced by 10 keV protons in 10x10x10 nm 3 of silicon. Red and black curves correspond respectively to BCF and DF/Mermin models. Blue curve is the results of GEANT4/Livermore model with a maximum step size of 1 angstrom.

Table 1 : Models used as a function of the incident velocity

 1 

𝒗 𝒊 . 𝒗 𝐭𝐡 is the threshold velocity given by (15).

𝒗 𝒊 < 𝒗 𝐭𝐡 𝒗 𝒊 ≥ 𝒗 𝐭𝐡 Electrons DF/Mermin DF/Mermin Protons BCF/this work DF/Mermin As seen in 2.3.2 and 2.4.2, our BCF model provides better results at low-energy protons than DF/Mermin and will be preferred in this corresponding energy range. As a result, protons can be transported down to few keV more efficiently.