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Surface ionizing dose deposited by low energy electrons (10 eV-10 keV) in eleven monoatomic materials: Monte Carlo calculations and analytical expressions

Introduction

The transportation of low energy electrons in matter and its study is of great interest in many applications such as nuclear physics, medicine and space applications. In the field of space technologies, the estimation of the ionizing dose deposited near the surface of satellites (~10 nm) is a key concern for space missions [START_REF] Inguimbert | Surface ionizing dose for space applications estimated with low energy spectra going down to hundreds of eV[END_REF], as the energy received by the materials (Al, Ag, Cu, Si, glasses, polymer coatings…) may cause some degradations and disturb the on-board systems.

In particular, the ionizing dose, which is the quantity of energy deposited per unit of mass of a target material, is a common metric very useful to several fields. For example, many degradations induced by radiations from the space environment are scaled according to the ionizing dose, such as electrical discharges, or the degradation of the optical properties of surface polymer coatings [START_REF] Inguimbert | Surface ionizing dose for space applications estimated with low energy spectra going down to hundreds of eV[END_REF]. Some domains related to electron beams, such as electron spectroscopy also benefit from an accurate estimation of the dose. The related secondary electron emission (SEE) process is crucial regarding the efficiency of various devices [START_REF] Ohmi | Beam-Photoelectron Interactions in Positron Storage Rings[END_REF][START_REF] Balcon | Secondary Electron Emission on Space Materials: Evaluation of the Total Secondary Electron Yield From Surface Potential Measurements[END_REF], whose materials may be selected to modify the emission rate. For instance, the multipactor electron-cloud effect that happens in Radio-Frequency (RF) components of satellites is driven by the SEE Yield (SEY) [START_REF] Puech | Multipactor effect within RF dielectric components[END_REF][START_REF] Fil | Multipactor threshold sensitivity to total electron emission yield in small gap waveguide structure and TEEY models accuracy[END_REF]. As a result, low emissive materials are needed in order to prevent the formation of an electron cloud which can lead to Corona electrical discharges. In this context, the ionizing dose is related to the SEY, and is a fundamental parameter commonly used in SEE yield models [START_REF] Dionne | Effects of secondary electron scattering on secondary emission yield curves[END_REF][START_REF] Dionne | Origin of secondary-electronemission yield-curve parameters[END_REF]. Indeed, the energy deposited in the material by the incident electrons is the source of production of the secondary electrons that may escape the material. These electrons escape only from depths of a few nanometers, corresponding to energies down to a few tens of eVs. Consequently, the dose needs to be evaluated for electrons down to very low energies, and with a nanometric precision, in order to get an accurate estimation of the resulting electron cascade. But this is not the case in general, the ionizing dose being well simulated for electrons having energies higher than some keV and at micrometric scale.

Therefore, the knowledge of empirical formulas providing the dose deposited as a function of the depth of the irradiated material is very useful.

Several empirical formulas are already available in the literature. They can be found in SEY models, most of them having been extrapolated from or fitted to experimental data and derived from a range-energy relationship [START_REF] Dionne | Effects of secondary electron scattering on secondary emission yield curves[END_REF][START_REF] Dionne | Origin of secondary-electronemission yield-curve parameters[END_REF][START_REF] Plaçais | A three-dimensional Dionne model for multipactor simulations[END_REF][START_REF] Weber | Eine einfache reichweiteenergie-beziehung für elektronen im energiebereich von 3 keV bis 3 MeV[END_REF][START_REF] Kobetich | Energy Deposition by Electron Beams and Delta Rays[END_REF][START_REF] Kobetich | Electron energy dissipation[END_REF][START_REF] Cazaux | A new model of dependence of secondary electron emission yield on primary electron energy for application to polymers[END_REF][START_REF] Bundaleski | Calculation of the angular dependence of the total electron yield[END_REF][START_REF] Clerc | On the Computation of Secondary Electron Emission Models[END_REF][START_REF] Seiler | Secondary electron emission in the scanning electron microscope[END_REF][START_REF] Lin | A new examination of secondary electron yield data[END_REF]. Above some keV the transport of electrons can be approximated by simple laws that neglect at first order the statistical fluctuation of the transport process. But this approximation becomes invalid at lower energies [START_REF] Gibaru | Monte-Carlo simulation and analytical expressions for the extrapolated range and transmission rate of low energy electrons [10 eV-10 keV] in 11 monoatomic materials[END_REF]. Consequently, the validity of the expressions based on a constant energy loss or power law extends at best down to ~1 keV, even though they are used for the SEY of electrons of a few hundred eVs. In this case, fitting factors generally have to be included in the SEY model to compensate for this approximation. But several applications, such as secondary electron emission or surface analysis, would benefit from improved models which accurately describe the transport of low energy electrons down to a few eVs.

This is what we did in a previous paper [START_REF] Gibaru | Monte-Carlo simulation and analytical expressions for the extrapolated range and transmission rate of low energy electrons [10 eV-10 keV] in 11 monoatomic materials[END_REF]. The Monte Carlo electron transport code MicroElec [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for electrons in silicon[END_REF][START_REF] Raine | Geant4 physics processes for silicon microdosimetry simulation: Improvements and extension of the energy-range validity up to 10 GeV/nucleon[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], a module of GEANT4 [START_REF] Allison | Recent developments in Geant4[END_REF], has been used for 11 materials as a reference to extend the validity domain of the range/energy and transmission probability expressions proposed by Kobetich & Katz [START_REF] Kobetich | Energy Deposition by Electron Beams and Delta Rays[END_REF][START_REF] Kobetich | Electron energy dissipation[END_REF]. The improved formula ranges from a few tens of eV up to several tens of MeV [START_REF] Gibaru | Monte-Carlo simulation and analytical expressions for the extrapolated range and transmission rate of low energy electrons [10 eV-10 keV] in 11 monoatomic materials[END_REF].

Within this scope, we propose here to carry on with this work and determine numerically the ionizing dose of electrons down to a few tens of eVs. In this paper, we propose an analytical expression for the dose-depth profile of low energy electrons. This expression uses our analytical model for the range and transmission rate of electrons [START_REF] Gibaru | Monte-Carlo simulation and analytical expressions for the extrapolated range and transmission rate of low energy electrons [10 eV-10 keV] in 11 monoatomic materials[END_REF]. Our approach was to follow the physics of the transport of low energy electrons, to derive analytical expressions for the dose profiles. This approach allows the model to faithfully reproduce the dose-depth profiles given by Monte-Carlo simulations, with a validity spanning from a few tens of eVs up to 14.5 keV, while, above this energy former expressions can profitably be used [START_REF] Kobetich | Energy Deposition by Electron Beams and Delta Rays[END_REF][START_REF] Kobetich | Electron energy dissipation[END_REF].

Monte-Carlo code for low energy electrons

Monte-Carlo simulation codes have been widely used to compute the secondary electron emission of various materials under electron irradiation, including metals [START_REF] Azzolini | Secondary electron emission and yield spectra of metals from Monte Carlo simulations and experiments[END_REF][START_REF] Pierron | Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for Al, Ag, and Si Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for[END_REF] or insulators [START_REF] Chang | Monte Carlo modeling of low-energy electron-induced secondary electron emission yields in micro-architected boron nitride surfaces[END_REF][START_REF] Dapor | Secondary electron emission yield calculation performed using two different Monte Carlo strategies[END_REF], or under ion irradiation [START_REF] Ohya | Modeling of charging effect on ion induced secondary electron emission from nanostructured materials[END_REF]. In this work, we use the MicroElec module [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for electrons in silicon[END_REF][START_REF] Raine | Geant4 physics processes for silicon microdosimetry simulation: Improvements and extension of the energy-range validity up to 10 GeV/nucleon[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] of the toolkit GEANT4 for Monte-Carlo simulation. The code can handle the transport of low energy electrons down to a few eV for 11 materials, and has been validated for this purpose using experimental SEY data.

In the [eV -keV] energy range, electrons can be elastically scattered by the nuclei or inelastically scattered by the electrons. In this case, the main source of energy loss for the incident electrons are inelastic interactions with weakly bound and plasmon electrons.

The cross sections for the inelastic interaction can be obtained with the complex dielectric function theory. MicroElec uses this formalism, with the Mermin dielectric function model being used to fit experimental OELF data, following an approach also found in other Monte-Carlo codes such as Denton et al. [START_REF] Denton | Energy loss of swift H and He projectiles in Al, Si, Ni and Cu targets[END_REF] or Da et al. [START_REF] Da | Extended Mermin Method for Calculating the Electron Inelastic Mean Free Path[END_REF]. A detailed description of the code is available in reference [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].

The dielectric function formalism is used in MicroElec for all types of inelastic interactions, namely plasmons, interband transitions and core shells. Finally, the elastic cross sections are obtained from the ELSEPA code [START_REF] Salvat | ELSEPA-Dirac partial-wave calculation of elastic scattering of electrons and positrons by atoms, positive ions and molecules[END_REF] and the partial wave method, and the surface barrier is modelled with its associated height and crossing probability.

MicroElec can be used to compute the SEY of several materials. In the newly released version of MicroElec (GEANT4 10.7), the transportation of low energy electrons can be simulated in C, Al, Si, Ti, Ni, Cu, Ge, Ag, W, SiO 2 and Kapton. SEY simulations can also be done on Be, Fe and Au, these materials should be available in a future release of GEANT4. The experimental validation for these 3 new materials is shown in this paper below. For the other 11 materials currently available in GEANT4 10.7, the validation can be found in [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].

The SEY of materials is driven by several factors. The inelastic mean free path and differential cross sections control the number of secondary electrons, which can be set into motion by a primary particle, as well as their energy distribution. The elastic Mean Free Path (MFP) has a strong influence on the penetration and escape depth of low energy electrons in the material, as the associated angular deviations make these electrons highly scattered. Finally, the surface potential barrier is associated with a transmission probability which limits the quantity of low energy electrons escaping from the material. As a result, the SEY is an interesting quantity that depends on the combination of all the electron-matter interactions handled in MicroElec. SEYs are also available from experimental measurements, and the comparison between the MicroElec SEY and the experimental data can be used as a validation of the code.

In Figure 1, the SEYs for the 3 new materials are compared with experimental data from Bronstein [START_REF] Bronshtein | VTORICHNAYA ELEKTRONNAYA EMISSIYA[END_REF] and multiple SEY datasets from the database of Joy [START_REF] Joy | A database on electron-solid interactions[END_REF], to take into account the possible dispersion between different SEY measurements for a single material. All the simulations have been performed considering in the case of a normal incidence beam on a flat semi-infinite surface, to match the experimental conditions. Overall, the SEYs are in a satisfactory agreement with the experimental data (average error for Be: 23%, Fe: 15%, Au: 9%), considering the spread between the different datasets for the materials, and assuming that the samples have the least possible amount of surface contamination.

Figure 1: SEYs of Be, Au and Fe computed with MicroElec and compared to experimental data from Bronstein [START_REF] Bronshtein | VTORICHNAYA ELEKTRONNAYA EMISSIYA[END_REF] (Fe, Au), and 2 SEY datasets from the database of Joy [START_REF] Joy | A database on electron-solid interactions[END_REF] (Be)

Another metric which has been used to validate the code are the stopping powers, which are deduced from the inelastic cross sections σ by the relation

𝑆(𝐸) = 𝑁 ∫ ℏ𝜔 𝑑𝜎 𝑑(ℏ𝜔) (𝐸, ℏ𝜔)𝑑(ℏ𝜔) 𝐸 𝑚𝑎𝑥 0 ( 1 
)
Where N is the density of atoms per cm 3 . As a result, the stopping powers can be used to check the validity of the inelastic mean free paths and the modeling of the OELF. The stopping powers of electrons in the 3 materials are shown below, and compared with calculated data from Shinotsuka et al. [START_REF] Shinotsuka | Calculations of electron stopping powers for 41 elemental solids over the 50eV to 30keV range with the full Penn algorithm[END_REF] and ESTAR [START_REF] Berger | Stopping-Power & Range Tables for Electrons, Protons, and Helium Ions[END_REF]. Experimental stopping power data from Joy's database [START_REF] Joy | A database on electron-solid interactions[END_REF] for Au is also added. As can be seen in Figure 2, the stopping powers computed for these materials are also satisfactorily consistent with the data from the literature, as is the case of the stopping powers of the other 11 materials which can be found in [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]. The average error between MicroElec and the reference data is 10.3% for Be, 11.4% for Fe and for Au.

The models used in MicroElec have been validated by Inguimbert et al. [START_REF] Inguimbert | Surface ionizing dose for space applications estimated with low energy spectra going down to hundreds of eV[END_REF] for the calculation of ionizing doses for low energy electrons. In particular, a discrepancy with the standard physics of GEANT4 has been shown. The simulation results of MicroElec have also been used to extend the validity of the analytical formula proposed by Kobetich & Katz [START_REF] Kobetich | Electron energy dissipation[END_REF] for the extrapolated range and transmission probabilities of electrons, down to a few tens of eVs in monoatomic materials.

In this study, we propose to use MicroElec as a reference to compute the ionizing dose of low energy electrons in 11 monoatomic materials, and use the simulated data with our improved range-energy expression to calibrate an analytical model for the dose-depth profile of low energy electrons.

3 Analytical model for the dose of low energy electrons The dose is the average energy transferred to the electrons of the medium consecutively to inelastic electron/electron interactions. It corresponds to the average energy deposited by unit of mass of the target material thanks to ionizing interactions. The number of secondary electrons set into motion in the medium is proportional to this physical quantity.

General expression for the dosedepth profile

Let us calculate the dose deposited in a layer of thickness dh, located at the depth h of a material irradiated with a fluence of incident electrons having an energy E. The amount of energy dE deposited in this layer of thickness dh is given by the subtraction from the amount of energy arriving at the depth h of the amount of energy leaving the volume at the depth h+dh. The amount of energy transported at the depth h is also proportional to the transmitted fluence x(h,E), (h,E)

being the transmission probability of the electrons of energy E through a material of thickness h. It is also proportional to the energy of the particle at the depth h (E(r-h)), rh being the remaining distance that the particle of energy E has to travel after having previously travelled the distance h in the medium :

𝜑 ⋅ 𝜂(ℎ, 𝐸) ⋅ 𝐸(𝑟 -ℎ) (2)
Similarly, the amount of remaining energy at the depth h+dh is given by :

𝜑 ⋅ 𝜂(ℎ + 𝑑ℎ, 𝐸) ⋅ 𝐸(𝑟 -(ℎ + 𝑑ℎ)) (3) 
The substraction of these two terms leads to the expression of the dose deposited at the depth h:

𝑑𝑜𝑠𝑒 ∝ 𝜑 𝑑[𝜂(ℎ, 𝐸) ⋅ 𝐸(𝑟 -ℎ)] 𝑑ℎ (4)
What is noticeable here is that the dose is, for electrons of energy E, a simple function of both the transmission probability (h,E), and the practical range vs. energy expressions r(E) (explicitly E(r-h) in formula ( 4)) of these electrons..

Many analytical expressions have been

proposed for the transmission probabilities and extrapolated ranges of electrons [START_REF] Kobetich | Electron energy dissipation[END_REF][START_REF] Weber | Eine einfache reichweiteenergie-beziehung für elektronen im energiebereich von 3 keV bis 3 MeV[END_REF][START_REF] Kobetich | Energy Deposition by Electron Beams and Delta Rays[END_REF][START_REF] Katz | Range-Energy Relations for Electrons and the Determination of Beta-Ray End-Point Energies by Absorption[END_REF][START_REF] Feldman | Range of 1-10 kev Electrons in Solids[END_REF][START_REF] Subba Rao | A simple formula for the transmission and absorption of monoenergetic electrons[END_REF][START_REF] Tabata | Generalized semiempirical equations for the extrapolated range of electrons[END_REF][START_REF] Tabata | An analytic formula for the extrapolated range of electrons in condensed materials[END_REF][START_REF] Tabata | Extrapolated ranges of electrons determined from transmission and projected-range straggling curves[END_REF][START_REF] Tan | Simple empirical relations for electron CSDA range and electron energy loss[END_REF]. However, the expressions found at higher energies (> keV) are based on the fact that the number of interactions by unit path length is large. At lower energies the inelastic mean free paths reaches values of the order of the distance that can be travelled by the particles while the probability that elastic interactions occur is increasing. The models developed for high energies (> keV) fail at very low energy and the formula established at higher energies, in the form of a power law relationship, becomes invalid below 1 keV. In our previous work [START_REF] Gibaru | Monte-Carlo simulation and analytical expressions for the extrapolated range and transmission rate of low energy electrons [10 eV-10 keV] in 11 monoatomic materials[END_REF], we have extended the work of Kobetich and Katz [START_REF] Kobetich | Energy Deposition by Electron Beams and Delta Rays[END_REF][START_REF] Kobetich | Electron energy dissipation[END_REF], which is based on the expressions proposed by Weber [START_REF] Weber | Eine einfache reichweiteenergie-beziehung für elektronen im energiebereich von 3 keV bis 3 MeV[END_REF]. These expressions have been made applicable for low energy electrons, down to a few tens of eVs. These analytical expressions (reminded below) will be used in this work to propose an analytical formula for the dose profile of low energy electrons.

The range-energy relationship 𝑟(𝐸) is given by: 10𝑒𝑉 < 𝐸 ≤ 14.5𝑘𝑒𝑉: 𝑟(𝐸) = 𝐷(𝐸 + 𝐸 𝑟 ) 𝐹 (5a)

𝐸 ≥ 14.5𝑘𝑒𝑉: 𝑟(𝐸) = 𝐴𝐸 [1 - 𝐵 (1+𝐶𝐸) ] (5b)
Above 14.5 keV the original expression of ref. [START_REF] Kobetich | Electron energy dissipation[END_REF] is retained (eq 5b), since it is able to faithfully reproduce the extrapolated range.

The transmission probability is inferred from 𝑟(𝐸) by the following relationship:

𝜂(𝐸, ℎ) = 𝑒 -( 𝑞ℎ 𝑟(𝐸) ) 𝑝 (6)
The different parameters of the model (A, B, C, D, 𝐸 𝑟 , F, G) are provided in ref. [START_REF] Gibaru | Monte-Carlo simulation and analytical expressions for the extrapolated range and transmission rate of low energy electrons [10 eV-10 keV] in 11 monoatomic materials[END_REF] and reminded in Appendix I. They are specific to each material and have been tabulated for 11 different materials thanks to the Monte Carlo simulations. The parameters A, B and C are from Weber's formula and depend on the atomic number Z of the material. F and G are defined per material and are provided in ref. [START_REF] Gibaru | Monte-Carlo simulation and analytical expressions for the extrapolated range and transmission rate of low energy electrons [10 eV-10 keV] in 11 monoatomic materials[END_REF] for the 11 materials studied here. The parameters D and 𝐸 𝑟 depend on the other parameters A, B, C, F and G. 𝐸 𝑟 is a constant in the form of an energy, it is defined by the value of the range below 100 eV but also constrained by the connection between the equations 5a and 5b at 14.5 keV. The connection between the two models is defined such that the values given by the two expressions at 14.5 keV are equal, as well as the derivatives of the two expressions at 14.5 keV.

Analytical formulas for the dosedepth profile

For higher energies, above 14.5 keV, eq. 5b can be used to calculate the ionizing dose leading to a different formula. This high energy relationship is shown in equation 14 of section 4.2 and compared to the low energy model presented below.

Under some keV, the domain of energy of interest for secondary electron emission and surface analysis, the dose-depth profile can be directly derived from equations ( 4), (5a) and ( 6). This gives the expression for the dose:

𝐷𝑜𝑠𝑒 𝐸 (ℎ) = 𝑑 𝑑ℎ (𝜂 𝐸 ⋅ 𝐸(𝑟 𝐸 -ℎ)) = 𝐼′ 𝐸 (ℎ)𝜂 𝐸 (ℎ) -𝐼 𝐸 (ℎ)𝜂 𝐸 ′ (ℎ) (7) 
Where 𝜂 𝐸 (ℎ) is given by eq. 6.

𝐼 𝐸 (ℎ) = 𝐸(𝑟 𝐸 -ℎ) is the inverse function of the range expression of eq. 5a:

𝐼 𝐸 (ℎ) = 𝐸(𝑟 𝐸 -ℎ) = [( 𝑟 𝐸 -ℎ 𝐷 ) 1 𝐹 -𝐸 𝑟 ] (8) 
The expressions of the derivatives 𝐼′ 𝐸 (ℎ) and 𝜂 𝐸 ′ (ℎ) can be written as follows:

𝐼′ 𝐸 (ℎ) = 𝑑𝐸(𝑟 𝐸 -ℎ) 𝑑ℎ = [ (𝑟 𝐸 -ℎ) 1 𝐹 -1 𝐹𝐷 1 𝐹 ⁄ ] (9) 
𝜂 𝐸 ′ (ℎ) = 𝑑𝜂 𝐸 (ℎ) 𝑑ℎ = - 𝑝𝑞 𝑟 𝐸 ( 𝑞ℎ 𝑟 𝐸 ) 𝑝-1 𝑒 (- 𝑞ℎ 𝑟 𝐸 ) 𝑝 (10) 
Combining all these expressions lead to a pure analytical expression for the dose vs. depth function. But this initial expression (equation 7 combined with 8-10) is found to slightly underestimate the dose near the surface. Indeed, we have assumed that all primary electrons can only travel forward into the material. However, a part of the primary electrons can be inelastically backscattered, and leave the material. These electrons will only transfer a part of their energy to the material before exiting it, this energy being deposited near the surface. Another part of the incident fluence can also be elastically backscattered, in which case the electrons will not lose energy in the material. As a result, some corrections have been brought to eq. 7 to take into account these effects and better fit the dose-depth profiles.

For a given depth ℎ, a retrodiffusion factor 𝜁 𝑅𝑒𝑡𝑟𝑜 has been added to reduce the energy deposited by the electrons moving forward into the material. The removed part is compensated by the energy deposited at the depth ℎ by the electrons reflected from deeper into the material, which are traveling back to the surface. The effect of this factor is to redistribute the dose towards the surface and simulate the electrons which have escaped the material but deposited a significant part of their initial energy. The expression [START_REF] Dionne | Origin of secondary-electronemission yield-curve parameters[END_REF] becomes:

𝐷𝑜𝑠𝑒(ℎ) = 𝐼 ′ 𝐸 (ℎ)𝜂 𝐸 (ℎ) -[(1 -𝜁 𝑅𝑒𝑡𝑟𝑜 )𝐼 𝐸 (ℎ)𝜂 𝐸 ′ (ℎ) + 𝜁 𝑅𝑒𝑡𝑟𝑜 ∫ 𝐼 𝐸 (𝑧)𝜂 𝐸 ′ (𝑧) 𝑑𝑧 𝑟 𝐸 ℎ ] (11) 
The retrodiffusion factor has been chosen as 𝜁 𝑅𝑒𝑡𝑟𝑜 = 0.1.

At very low energy, around some tens of eV, the equation [START_REF] Kobetich | Electron energy dissipation[END_REF] does not apply anymore because the transport regime changes to a kind of random walk motion governed by the elastic process that becomes dominant. Indeed, the inelastic mean free path starts to increase very significantly at energies close to the plasmon energy. Equation ( 11) overestimates the deposited energy, which can become higher than the incident energy.

To correct that, below a cutoff energy chosen equal to the plasmon energy of the target material, the ionizing dose have been simplified, following 𝑑𝐸 = 𝜑 ⋅ 𝐸. 𝑑𝜂⋅ 𝑑ℎ . And the dose-depth profile is simplified to:

𝐷𝑜𝑠𝑒 𝐸 (ℎ) = -𝐸 • 𝜂 𝐸 ′ (ℎ) 𝑖𝑓 𝐸 ≤ ℏ𝜔 𝑝 (12) 
This formula avoids any overestimation of the deposited dose at very low energy (E< ħ p ).

In the intermediate energy range [ħ p , ~300eV], in order to connect smoothly both expressions ( 11) & ( 12), a linear combination of these two formula is proposed:

𝐷𝑜𝑠𝑒 𝐸 (ℎ) = [ 𝐸 -ℏ𝜔 𝑝 𝐸 𝐿𝑜𝑤 -ℏ𝜔 𝑝 ] 𝐼′ 𝐸 (ℎ)𝜂 𝐸 (ℎ) -[𝐸 𝐸 𝐿𝑜𝑤 -𝐸 𝐸 𝐿𝑜𝑤 -ℏ𝜔 𝑝 + 𝐼 𝐸 (ℎ) 𝐸 -ℏ𝜔 𝑝 𝐸 𝐿𝑜𝑤 -ℏ𝜔 𝑝 ] 𝜂 𝐸 ′ (ℎ) (13) 
Where 𝐸 𝐿𝑜𝑤 = 𝐸 𝑟 /2, the definition of E r is given in Appendix I. E r is a parameter extracted from the range-energy model in ref. [START_REF] Gibaru | Monte-Carlo simulation and analytical expressions for the extrapolated range and transmission rate of low energy electrons [10 eV-10 keV] in 11 monoatomic materials[END_REF]. This expression can be used in the energy range (ħ p <E < 𝐸 𝑟 /2). Depending on target material, E r /2 corresponds to energies of a few hundreds of eV.

The deposited energy expression given in (eq. 7) is defined for any electrons entering a target solid. But a part of an incident beam is elastically backscattered limiting the number of entering electrons. The deposited dose which is equal to the product of the incident fluency by the energy loss must be reduced from the amount of reflected electrons.

The proportion of incident electrons entering the irradiated material is equal to 1 -𝐵𝐸𝑌 𝐸 , 𝐵𝐸𝑌 𝐸 being the amount of elastically backscattered electrons (or Backscattered Electron Yield) for an incident energy 𝐸. To summarize, the contribution of the elastically backscattered electrons for a given energy must be removed from the three relationships for 𝐷𝑜𝑠𝑒 𝐸 (ℎ) (Eqs. 11-13) by removing the BEY. The dose-depth profile is thus obtained by the final expression:

𝐷𝑜𝑠𝑒 = 𝐷𝑜𝑠𝑒 𝐸 (ℎ) * (1 -𝐵𝐸𝑌 𝐸 )
In For materials with Z > 22 however, we have to reduce the BEY value used in the model at higher energies to get a better agreement with the Monte-Carlo simulations. In this case, we have used the BEY only computed with the part of incident electrons that are elastically backscattered. We can suppose that for higher Z materials, the backscattered electrons are able to travel deeper into the material and lose more energy. This effect is only partially included in the model, by the use of the factor 𝜁 𝑅𝑒𝑡𝑟𝑜 in eq. 11. Consequently, this modification of the BEY is required to reproduce the Monte-Carlo simulations, which compute the full backscattering process for the incident electrons.

The BEY values with their domain of validity are given in Table 1 below. Between the low energy and high energy values, a linear fit is applied. For W, a unique value has been used.

As can be seen in Table 1, the dose model proposed in this work has only been validated for monoatomic materials, since the transmission probabilities and range expressions are functions of the atomic number of the material.

Validation of the analytical model 4.1 Comparison of the analytical model with Monte-Carlo data

The dose-depth profiles, calculated with this model, are compared with Monte Carlo simulation results from MicroElec, in an aluminum target for energies ranging from 10 eV up to 2000 eV. To get these dose profiles, only the primary electrons have been simulated. The secondary electrons, which would have been created from the energy deposited by the incident electrons, have not been generated in the simulation. As the resulting electronic cascade is not simulated, the dose is independent of the SEY. This allows us to get the dose-depth profile per incident electron fluence. Indeed, the elastically and inelastically backscattered electrons are also simulated, and their contribution is thus included in the dose. 50 000 incident electrons have been simulated for each energy, with a computation time of about 1 min per energy.

As can be seen in Figure 4 the analytical model is also in quite good agreement with the Monte Carlo simulation of Walker [START_REF] Walker | The secondary electron emission yield for 24 solid elements excited by primary electrons in the range 250-5000 ev: a theory/experiment comparison[END_REF] (9%) at 2 keV. The dispersion between the data of Walker, OSMOSEE [START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF], MicroElec and the analytical model is higher at 500 eV (25%) than 2 keV (11%), which can be attributed to a difference in the mean free paths used by the different Monte Carlo codes. Indeed, the authors of ref. [START_REF] Walker | The secondary electron emission yield for 24 solid elements excited by primary electrons in the range 250-5000 ev: a theory/experiment comparison[END_REF] indicate that the dose is given by primary electron without considering the effect of the secondary electron cascade, in the same way as MicroElec. [START_REF] Walker | The secondary electron emission yield for 24 solid elements excited by primary electrons in the range 250-5000 ev: a theory/experiment comparison[END_REF] and OSMOSEE [START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF]. Small circles of different colors are for MicroElec simulations, big circles of different colors are for Walker [START_REF] Subba Rao | A simple formula for the transmission and absorption of monoenergetic electrons[END_REF] reference data and different squares are our former simulations performed with OSMOSEE code [START_REF] Tabata | Generalized semiempirical equations for the extrapolated range of electrons[END_REF].

Our Monte-Carlo reference code (MicroElec) can be compared with the other electromagnetic physics modules of GEANT4.

In figure 5, the dose profiles of electrons in Si given by MicroElec and GRAS [START_REF] Tabata | An analytic formula for the extrapolated range of electrons in condensed materials[END_REF] are plotted. GRAS [START_REF] Santin | GRAS: a general-purpose 3-D Modular Simulation tool for space environment effects analysis[END_REF] is based on the Geant4 standard electromagnetic physics, which are continuous processes with a condensed history and multiple scattering approach. MicroElec however uses discrete processes, which are slower but more precise at low energies where the step lengths become nanometric. At 2 keV and above, both models give similar dose profiles. Below 1 keV, the electron energy gets closer to the low energy limit of GRAS, and the dose below a depth of 2E-6 g/cm² given by GRAS is much higher than MicroElec. MicroElec is able to give the dose profiles of electrons down to a few eVs, which is an improvement over the low energy limit of GRAS (250 eV). The comparison between MicroElec and GRAS for the other materials studied in this work can be found in Appendix III, and a more detailed comparison between MicroElec and other GEANT4 models can be found in ref. [START_REF] Inguimbert | Surface ionizing dose for space applications estimated with low energy spectra going down to hundreds of eV[END_REF]. MicroElec has been chosen as the reference for the analytical dose model due to its ability to transport electrons below 250 eV down to a few eVs. This transport has been validated with experimental SEY data in 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].

Comparison between the low and high energy models

The high energy model proposed in ref. [START_REF] Kobetich | Electron energy dissipation[END_REF], which includes the range expression given by eq. 5b, can be used to calculate the ionizing dose leading to a formula different from eq. 11.

In the same way as in the low energy model (section 3.2), the ionizing dose in the high energy model can be expressed as:

𝐷𝑜𝑠𝑒 𝐸 (ℎ) = 𝑑 𝑑ℎ (𝜂 𝐸 ⋅ 𝐸(𝑟 𝐸 -ℎ)) = 𝐼′ 𝐸 (ℎ)𝜂 𝐸 (ℎ) -𝐼 𝐸 (ℎ)𝜂 𝐸 ′ (ℎ) (14) 
Where 𝑟 𝐸 = 𝐴𝐸 The expressions of the transmission probability and its derivative remain the same as eq. 6 and 10 respectively. However, the values of p and q are changed, following the expressions given by Kobetich & Katz [START_REF] Kobetich | Electron energy dissipation[END_REF]: 𝑞 = 0.0059 𝑍 0.98 + 1.1 𝑝 = 1.8 (log 10 𝑍) -1 + 0.31 This dose expression should only be considered valid above 10 keV, as it is the domain of validity of the range energy relationship (eq. 5b) used in this case. The dose profiles resulting from the high energy model are shown in figure 6. They are compared with MicroElec and our low energy model based on eq. 5a in the example of Cu. At 10 keV, the maximum difference between the high energy analytical model and MicroElec is 40%, and the shapes of the dose profiles are similar. However, the maximum error for the low energy dose model is 20%, thus it can still be considered acceptable. At 14.5keV, which corresponds to the limit of validity of the low energy model, it underestimates the peak of the dose with an error of 40%. However, the dose deposited near the surface is still more accurate with the low energy model. Indeed, the high energy model is based on the first assumption of eq. 11 which does not consider the backscattering process.

For the energies below 10 keV, the dose given by MicroElec is significantly underestimated by the high energy model, and the improvements brought by the low energy model are clearly visible.

Finally, the dose profiles given by this work's model for the rest of the materials are provided in Appendix II. The analytical formulation of the deposited energy is in relatively good agreement with the Monte Carlo simulations for most materials.

The agreement is less satisfactory for lower energies, which can be linked to the limitations of the models used. Indeed, the error increases on average to 50% at 50 eV and below, up to a factor 2 in worst cases. This is due to the fact that the transport of electrons at very low energies becomes a random-motion walk due to the predominance of the elastic interactions. When an inelastic interaction happens, the electron deposits all its energy on a single point and comes to rest. As a result, the amount of energy deposited between h and h+dh cannot be approximated by a continuous energy loss anymore, which can explain the discrepancies between the model and the simulation at 50 eV and below. For the same reason, the dose-depth profiles have been validated for depths above a few angströms only. Indeed, a depth of a few angstroms becomes very close to the atomic distances and the notion of a deposited dose in a volume becomes questionable in both the analytical model and the Monte-Carlo simulations. The quantity of backscattered electrons and the energy they can deposit near the surface may also vary with the incident energy.

Nevertheless, the average error decreases to 30% at 100 eV. At 250 eV and above, the error for all materials is about 15% on average, and always less than 30%. Consequently, despite the approximations of the model, we can still consider that the agreement with the simulations is satisfactory above 50 eV, and the shape of the dose-depth profiles are generally well reproduced. At 50 eV and below, the model reaches its limits, but still gives a correct reproduction of the depth reached by the very low energy electrons and the dose is estimated within the right order of magnitude, as can be seen in Appendix II.

Conclusion

In this work, we have first validated the Monte-Carlo code MicroElec for 3 new materials, namely Fe, Au and Be. Simulations of the dose-depth profiles of electrons have then been performed for 11 monoatomic materials (Be, C, Al, Si, Ti, Fe, Ni, Cu, Ge, Ag, W). Analytical expressions of the dose-depth profiles of electrons have been proposed, based on the analytical expressions for the transmission probabilities and extrapolated ranges of electrons (valid from 10 eV to 14.5 keV) from our previous work [START_REF] Gibaru | Monte-Carlo simulation and analytical expressions for the extrapolated range and transmission rate of low energy electrons [10 eV-10 keV] in 11 monoatomic materials[END_REF]. As the code MicroElec is valid for the modeling of the transport of low energy electrons and secondary electron emission, the simulation results have been used to calibrate these new dose expressions. MicroElec was chosen since its validity for electrons spans from the eV to the MeV, which is a definite improvement over the standard GEANT4 models for low energy electrons, which are only valid down to 250eV.

The proposed dose model is based on the energy loss process of electrons in matter and follows a physical approach. It depends on the atomic number and on the parameters F and G from the range-energy relationship that are specific for each material. Since the model is given per incident electron, corrections have been introduced to simulate the elastically and inelastically backscattered electrons. These are respectively the backscattered electron yield of the material, and the computation of the energy deposited by the electrons traveling back to the surface corrected by a retrodiffusion factor. This also allows the model to better reproduce the dose-depth profiles and give a better estimation of the surface dose induced by the inelastically backscattered electrons. The accuracy of the model has been checked with MicroElec and other Monte-Carlo simulations for 11 materials. The model is less accurate at 50 eV and below, and some discrepancies can be observed depending on the energy or the material, but on the whole the dose-depth profiles are faithfully reproduced by the model. The agreement with the reference data from MicroElec is acceptable (error less than 30% above 100 eV), as well as the one with the other Monte-Carlo codes (Walker, OSMOSEE, GRAS) above 1keV. This low energy analytical model is also a definite improvement over the high energy model below 10 keV. As a conclusion, and taking into account all these elements, the validity of the dose model proposed in this work can be considered to span from about 10-20eV to 14.5keV with a satisfactory agreement with our Monte-Carlo code in this range of energies.

This analytical model allows the estimation of the dose deposited close to the surface of a material by low energy electrons (<keV). As the ionizing energy released by incident electrons in irradiated materials is dissipated in the form of secondary electrons, this kind of formula can be used to develop simple expressions of secondary emission yield models. The proportion of electrons (ionizing dose) produced close to the surface of the solid and escaping from the material can be estimated by combining the presented dose analytical expression with both the range/energy and the transmission rate function described in this work. This approach
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 4 Figure 4. Dose-depth curve given by the analytical model (Model) proposed in this work for incident electrons in aluminum. The model is compared with Monte Carlo simulations of MicroElec, Walker[START_REF] Walker | The secondary electron emission yield for 24 solid elements excited by primary electrons in the range 250-5000 ev: a theory/experiment comparison[END_REF] and OSMOSEE[START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF]. Small circles of different colors are for MicroElec simulations, big circles of different colors are for Walker[START_REF] Subba Rao | A simple formula for the transmission and absorption of monoenergetic electrons[END_REF] reference data and different squares are our former simulations performed with OSMOSEE code[START_REF] Tabata | Generalized semiempirical equations for the extrapolated range of electrons[END_REF].
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 5 Figure 5: Comparison of the dose profiles in Si from MicroElec and GRAS

]

  is the high energy range expression from eq. 5b. This gives the inverse range function 𝐼 𝐸 (ℎ):𝐼 𝐸 (ℎ) = 𝐸(𝑟 𝐸 -ℎ) = 1 2𝐴𝐶 [(𝑟 𝐸 -ℎ)𝐶 -𝐴(1 -𝐵) + √∆(𝑟 𝐸 -ℎ)] -ℎ)𝐶) -4𝐴𝐶)] Where ∆(𝑟 𝐸 -ℎ) = [𝐴(1 -𝐵) -(𝑟 𝐸 -ℎ)𝐶 2 ] + 4𝐴𝐶(𝑟 𝐸 -ℎ)is the discriminant of the high energy range expression.
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 6 Figure 6: Comparison of the low energy and high energy analytical models

  

  

  

  

  

  

Table 1 : BEY values

 1 

	Material	C	Be Al Si Ti	Fe Ni Cu Ge Ag	W
	Z		6	4 13 14 22	26 28 29 32 47	74
	Low	Value	0.1	0.3	0.35	
	energy BEY High	Energy domain Value	E < 21 eV 0.02	E < 200 eV 0.225	E < 400 eV 0.14	0.35
	energy BEY	Energy domain	E > 700 eV	E > 2 keV	E > 3 keV	
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of SEY modelling will be presented in a future work.

Appendix I: Parameters of the range and transmission rate model

In this section, the expressions of the range and transmission rate model from ref. [START_REF] Gibaru | Monte-Carlo simulation and analytical expressions for the extrapolated range and transmission rate of low energy electrons [10 eV-10 keV] in 11 monoatomic materials[END_REF] are reminded.

The parameters F and G are specific to each material and given in Table A1 in ref. [START_REF] Gibaru | Monte-Carlo simulation and analytical expressions for the extrapolated range and transmission rate of low energy electrons [10 eV-10 keV] in 11 monoatomic materials[END_REF].

The practical range 𝑟(𝐸) is defined by:

With the following parameters:

is the extrapolated range of 50 eV electrons in aluminum obtained from the MicroElec simulations,

The transmission rate is given for an energy E in MeV as:

Appendix II: Comparison between the analytical model and the Monte-Carlo simulations for the 11 materials

In this section, the dose profiles computed with MicroElec (dots) are compared with the analytical model (solid lines).

Appendix III: Comparison of MicroElec and GRAS dose profiles

In this section, the dose profiles computed with MicroElec (dots) are compared with GRAS (lines).