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Modelling the impact on the secondary electron yield of carbon layers of various thicknesses on copper substrate
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This work presents comparisons between numerical simulations and secondary electron emission yield measurements. The impact on the secondary electron emission yield of a growing graphite layer deposited on copper substrates is analyzed. The numerical simulations confirm experimental observations showing that a very thin coating deposit, with a thickness of few nm, can affect significantly the emission yield of an irradiated material. Beyond 5 nm thickness, the surface material alone drives the secondary emission.

Introduction

Secondary electron emission is a physical process that can often appear as a parasitic phenomenon in systems that either use electrons of a few hundred eV, or that can evolve in an environment where low energy electrons are present . In certain cases, the secondary electrons, by an avalanche phenomenon arising when the secondary emission yield of a surface becomes greater than one, can multiply to a level that can disturb the functioning of sensitive equipments (multipactor) [1][START_REF] Cazaux | Secondary electron emission and charging mechanisms in Auger Electron Spectroscopy and related e-beam techniques[END_REF][START_REF] Vaughan | Multipactor[END_REF][START_REF] Gopinath | Multipactor electron discharge physics using an improved secondary emission model[END_REF]. This electron multiplication can also be used to magnify the response of some sensors [START_REF] Wiza | Microchannel Plate Detectors[END_REF][START_REF] Ivanov | Calibration procedure in microchannel amplifiers design[END_REF]. Any electron present in a radio frequency device, can be accelerated by the field of the transmitted wave, and collide the walls of the device, where it can multiply by a resonant phenomenon [START_REF] Vaughan | Multipactor[END_REF][START_REF] Gopinath | Multipactor electron discharge physics using an improved secondary emission model[END_REF] addition to the fact that this phenomenon can be a source of noise, other potentially catastrophic effects, corona discharges can be caused. Beam stability is affected by electron clouds in accelerator facilities [START_REF] Kirby | Secondary electron emission yields from PEP-II accelerator materials[END_REF][START_REF] Yin Vallgren | Amorphous carbon coatings for the mitigation of electron cloud in the CERN Super Proton Synchrotron[END_REF][START_REF] Pinto | Carbon coatings with low secondary electron yield[END_REF][START_REF] Calatroni | Optimization of the secondary electron yield of laserstructured copper surfaces at room and cryogenic temperature[END_REF]. Similarly, the multipactor mechanism strongly impacts the functioning of tokamak facilities [11][12][13][14][START_REF] Lee | Secondary electron emission and the bifurcation of the heat flux to the targets in fusion plasmas[END_REF][START_REF] Fil | Multipactor threshold sensitivity to Total Electron Emission Yield in parallel-plate waveguide and TEEY models accuracy[END_REF]. Multipacting is also an issue for space systems that undergo electrons trapped in the earth radiation belts and that are a source of various damages [START_REF] Prokopenko | High-voltage differential charging of geostationary spacecraft[END_REF][START_REF] Balcon | Secondary Electron Emission on Space Materials: Evaluation of the Total Secondary Electron Yield From Surface Potential Measurements[END_REF][START_REF] Sorolla | New multipactor dynamics in presence of dielectrics[END_REF][START_REF] Inguimbert | Surface Ionizing Dose for Space Applications Estimated With Low Energy Spectra Going Down to Hundreds of Electronvolt[END_REF][START_REF] Sydorenko | Kinetic simulation of secondary electron emission effects in Hall thrusters[END_REF]. The satellite's power chain is particularly sensitive to this physical mechanism. In this context, it is usual to mitigate the risk associated with the electron secondary emission by limiting the transmitted power. But to overcome this strong constraint and allowing gain in competitiveness, satellite's operators usually moderate this effect by limiting the Secondary Electron Emission Yield (SEY) of the guide walls. This is generally achieved by surface treatments [START_REF] Petit | Role of the different chemical components in the conditioning process of air exposed copper surfaces[END_REF][START_REF] Nistor | Multipactor suppression by micro-structured gold/silver coatings for space applications[END_REF][START_REF] Aguilera | CuO nanowires for inhibiting secondary electron emission[END_REF][START_REF] Montero | Secondary electron emission under electron bombardment from graphene nanoplatelets[END_REF][START_REF] Larciprete | Evolution of the secondary electron emission during the graphitization of thin C films[END_REF][START_REF] Xie | 17th International Symposium on Antenna Technology and Applied Electromagnetics (ANTEM)[END_REF][START_REF] Wang | Secondary electron emission characteristics of graphene films with copper substrate[END_REF][START_REF] Angelucci | Minimum thickness of carbon coating for multipacting suppression[END_REF]. The secondary electron emission is studied in many fields, either to prevent it when the effect is undesirable or to use this phenomenon as a signal amplifier. Different mitigation techniques can be applied to limit the secondary electron emission. The simplest one consists in using the conditioning of the surface induced by the irradiation itself [START_REF] Petit | Role of the different chemical components in the conditioning process of air exposed copper surfaces[END_REF]. The chemical state of the surface is modified by the irradiation in a way that the SEY can be reduced. Etching (laser, chemical) [START_REF] Nistor | Multipactor suppression by micro-structured gold/silver coatings for space applications[END_REF]can be used to enhance the roughness of the surface, that can act as a source of natural traps for the emitted electrons. Another method also consists in depositing a low emissive coating on the material surface [START_REF] Aguilera | CuO nanowires for inhibiting secondary electron emission[END_REF][START_REF] Montero | Secondary electron emission under electron bombardment from graphene nanoplatelets[END_REF][START_REF] Larciprete | Evolution of the secondary electron emission during the graphitization of thin C films[END_REF][START_REF] Xie | 17th International Symposium on Antenna Technology and Applied Electromagnetics (ANTEM)[END_REF][START_REF] Wang | Secondary electron emission characteristics of graphene films with copper substrate[END_REF][START_REF] Angelucci | Minimum thickness of carbon coating for multipacting suppression[END_REF]. Carbon is known as a low secondary electron emitter [START_REF] Montero | Secondary electron emission under electron bombardment from graphene nanoplatelets[END_REF][START_REF] Larciprete | Evolution of the secondary electron emission during the graphitization of thin C films[END_REF][START_REF] Xie | 17th International Symposium on Antenna Technology and Applied Electromagnetics (ANTEM)[END_REF][START_REF] Wang | Secondary electron emission characteristics of graphene films with copper substrate[END_REF][START_REF] Angelucci | Minimum thickness of carbon coating for multipacting suppression[END_REF]. The impact of a layer of carbon deposited on a copper substrate has been studied experimentally [START_REF] Angelucci | Minimum thickness of carbon coating for multipacting suppression[END_REF]. It is shown that a very thin layer of carbon is surprisingly enough to reduce significantly the SEY of the copper substrate. But, few numerical simulations of such behavior have already been performed [START_REF] Nguyen | Calculations of secondary electron yield of graphene coated copper for vacuum electronic applications[END_REF]. The objective of the work presented here is to study the impact of thin carbon layer deposits of different thicknesses on the SEY performance of a copper substrate. Thicknesses ranging from 0 nm up to 50 nm are investigated. Comparison with experimental SEY [START_REF] Angelucci | Minimum thickness of carbon coating for multipacting suppression[END_REF] is shown and discussed for incident electrons in the [20 ~eV, 2 ~keV] energy domain.

Methods and definitions

Monte Carlo SEY simulations

A code performing the transport of electrons in a parallelepipedic volume made of a substrate of copper covered with a thin layer of carbon (< 100 nm) has been developed. The interaction cross sections of the Monte Carlo code are extracted from optical energy loss function obtained from the literature [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for electrons in silicon[END_REF]. In the case of carbon, optical data are representative of graphite but the type of hybridation of the carbon atoms is not known. Three physical quantities are evaluated: first, the energy deposited in the volume as a function of the depth (dose vs. depth curve), second, the amount of electrons escaping from the surface (secondary emission yield), and third the energy spectrum of emitted electrons. The basic geometrical configuration required to calculate secondary emission therefore includes a parallelepiped substrate of copper topped with a carbon sub-volumes. The thickness of the surface layer of carbon can be parameterized and has been varied from 1 nm to 50 nm according to the 9 following values (1nm, 2nm, 3nm, 5nm, 7nm, 10nm, 15nm, 20nm, 50nm).This volume is irradiated with normal incident electrons with energies going from 25 eV up to 3 keV (25eV, 50eV, 100eV, 200eV, 300eV, 400eV, 500eV, 600eV, 700eV, 800eV, 1000eV, 2000eV). All electrons produced during the simulation and re-emitted by the surface are counted using a spherical detector surrounding the irradiated volume. Primary and secondary electrons can be differentiated with the purpose of evaluating secondary emission, and elastically backscattered yields. It is also possible to evaluate the energy spectrum of emitted electrons. The evolution of the secondary emission is estimated for each simulated carbon thickness. The SEY of the electrons is computed with a Monte Carlo simulation toolkit based on the MICROELEC module of the GEANT4 package [START_REF] Palik | Handbook of Optical Constants of Solids[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] Pierron | Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for Al, Ag, and Si[END_REF][START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF]. GEANT4 offers a large variety of particle transport models over a wide range of incident energies going from about ten eV and beyond the GeV. We are interested in this work, in the transport of electrons over a range of energies ranging from some ~eV up to a few keV. GEANT4 offers several possibilities to perform this type of calculations. The PENELOPE code, now present in the GEANT4 distribution, addresses the transport of electrons down to an energy of ~50 eV. It proposes a mixed approach which combines a continuous transport (condensed history) and switches to a discrete mode for interactions producing large energy losses. The used interaction cross sections combines data from first-principles simulations, with semi-empirical formulas and evaluated databases. But, the underlying approximations of the model are expected to be valid only for energies larger than about 1 keV, even if PENELOPE can be used down to its energy limit with less accuracy. Other GEANT4 modules allow performing transport for low energy (< keV). For example, the DNA module, specialized in electron transport for radiobiology applications, is based on the exploitation of the complex dielectric function. It is a purely discrete module that follows the particles interactions after interactions. But, the application of this module is restricted to transport in "living materials" (water). On the other hand, the MICROELEC module which follows a similar approach as the DNA module, is dedicated to the transport in other dense materials. This module developed, in partnership with the CEA (French Alternative Energies and Atomic Energy Commission), can be applied to evaluate at small scale, the generation rate of carriers in semiconductor materials (silicon), or to the modeling of Secondary Electronic Emission (SEE). In order to properly deal with the latter issue, a quantum reflection/refraction interaction process at the vacuum/matter or matter/matter interfaces has been implemented [START_REF] Palik | Handbook of Optical Constants of Solids[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] Pierron | Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for Al, Ag, and Si[END_REF][START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF]. The height (some eV) of the Work Function (WF), existing at the interface between two materials, and that strongly affect the crossing electrons, is taken into account in our simulations [START_REF] Palik | Handbook of Optical Constants of Solids[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] Pierron | Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for Al, Ag, and Si[END_REF][START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF]. At low energy, it is also important to take into account the potential energy of the electrons in the material, which is no longer negligible regarding the incident energy. The binding energy of each atomic shell as well as the potential energy of the weakly bound electrons populating the valence and/or the conduction bands are thus taken into account. The interaction cross sections is evaluated for each inner shell (K,L,…). A random draw is used to select among the different shells the interaction that occurs at a given step. When an energy Q is transferred to an electron having a binding energy I, its remaining kinetic energy is equal to the energy Q reduced from its binding energy I (Q-I) in order to allows the electron to reach the Fermi level with the proper energy. Weakly bound electrons of conduction and valence bands are treated analogously assuming that the excited plasmon is damped systematically by producing a secondary electrons emitted from the band. In this last case, the electrons are assumed to come from an average energy level representing the width of the band. This potential energy is defined regarding the Fermi level. In the case of copper, this energy is taken equal to 1.8 eV. It is the energy of the most important peak in the density of state of the copper. For carbon this energy is taken equal to 2 eV. The last release of the GEANT4/MICROELEC module [START_REF] Palik | Handbook of Optical Constants of Solids[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] Pierron | Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for Al, Ag, and Si[END_REF][START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF][START_REF] Asai | The PENELOPE Physics Models and Transport Mechanics[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] allows the transportation of electrons in 9 elements (C, Al, Si, Ti, Ni, Cu, Ge, Ag and W). At low energy [eV -keV] electrons trajectories are driven by both elastic scattering with nuclei and inelastic interactions with the electrons of the medium. At these energies the main source of energy loss are the inelastic interactions with weakly bound and plasmon electrons. The dielectric formalism is used to evaluate those typical energy losses. Mermin's dielectric function, is used to derivate the interaction cross section from experimental Optical Energy Loss functions (OELF) [START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF]. The elastic coulombian interaction cross sections are computed with the ELSEPA code using the partial-wave method [START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF][START_REF] Asai | The PENELOPE Physics Models and Transport Mechanics[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][START_REF] Allison | Recent developments in Geant4[END_REF]. Readers who want to get a more detailed description of the code are invited to report to references [START_REF] Palik | Handbook of Optical Constants of Solids[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] Pierron | Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for Al, Ag, and Si[END_REF][START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF]. The goal of the work is to investigate, with the simulation toolkit of ref. [START_REF] Palik | Handbook of Optical Constants of Solids[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] Pierron | Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for Al, Ag, and Si[END_REF][START_REF] Pierron | Ionizing Dose Calculations for Low Energy Electrons in Silicon and Aluminum[END_REF], the impact of a thin carbon layer on the SEY of a copper substrate. In this work, the SEY represents the emission yield of "true" secondary electrons i.e. native electrons from the irradiated material. The amount of backscattered incident electrons is given by the BEY (Backscattered Emission Yield). This corresponds to the amount of the incident electrons escaping from the material. It is different from the BEY(>50eV) that corresponds to the amount of electrons having an energy greater than 50 eV that are emitted by the surface. Since this 50eV criterion is the convention used by experimentalists to discriminate secondary electrons from backscattered electrons, it can also be chosen for the sake of comparison with experimental data. In this case, all electrons having an energy greater than 50 eV are considered to be backscattered electrons. Depending on the case we will use one or the other of these conventions. The corresponding BEY will then be noted BEY or BEY (>50eV).The total amount of electrons emitted by the irradiated surface is referenced as the TEY = SEY+BEY (Total Emission Yield). Throughout the paper simulated SEY are real secondary electrons while experimental SEYs assume obviously a cutoff at 50 eV between backscattered and secondary electrons. The comparison of the experimental and simulated SEYs is therefore not strictly accurate, but the differences remain quite minor. Moreover, only TEY are presented for the measurements made on the copper substrate topped with graphite layers.

Experimental Data

The experiment data have been acquired at the Material Science INFN-LNF laboratory of Frascati (RM), with a dedicated experimental apparatus which is described elsewhere [START_REF] Larciprete | Evolution of the secondary electron emission during the graphitization of thin C films[END_REF][40][START_REF] Cimino | Nature of the Decrease of the Secondary-Electron Yield by Electron Bombardment and its Energy Dependence[END_REF][START_REF] Cimino | Can Low-Energy Electrons Affect High-Energy Physics Accelerators?[END_REF][START_REF] Cimino | Detailed investigation of the low energy secondary electron yield of technical Cu and its relevance for the LHC[END_REF]]. The UHV system includes a μ-metal chamber (pressure <1 × 10 -10 mbar) with less than 5 mG residual magnetic field at the sample position, dedicated to XPS and SEY analysis and a second chamber for in situ sample preparation. The SEY is evaluated as Iout/Ip = (Ip -Is)/Ip, where Ip is the current of the primary electron beam hitting the sample and Is is the sample current to ground, as measured by a precision picoammeter (Keithly 6487). A Faraday cup positively biased was used to measure Ip, whereas Is was determined by biasing the sample at -75V. For this study we used an ELG-2 Kimball Physics e-gun with a standard Ta disc cathode. A Polycrystalline, flat 8 × 8 mm 2 Cu sample was used as substrate for C evaporation. The sample was atomically cleaned by cycles of Ar+ sputtering at 1 kV and thermal annealing at temperatures between 800 and 1000 K. Carbon was deposited by means of an electron beam evaporator (Tectra GmbH) from a 99.999% purity C rod at room temperature. During C evaporation, the background pressure was <5 × 10 -10 mbar. C layers, assumed to be reasonably homogeneous, were deposited during increasing time lapses and, after each evaporation, XPS and SEY analyses were performed. As reported in [START_REF] Larciprete | Evolution of the secondary electron emission during the graphitization of thin C films[END_REF], the XPS analysis confirmed that a-C grows with a stable rate and allowed to convert deposition time to carbon coverage in nm.

Results and discussions

SEY and BEY of both pure copper and carbon

Both SEY and BEY have been calculated for pure bulk copper and carbon materials (Fig. 1 (a,b) and Fig. 1 (c,d)). As can be seen in Fig. 1 the Monte Carlo simulations are in satisfactory agreement with the measured data of Bronstein [START_REF] Spallino | On the compatibility of porous surfaces with cryogenic vacuum in future high-energy particle accelerators[END_REF][START_REF]A database on electron-solid interactions -Joy -1995 -Scanning -Wiley Online Library[END_REF] and measurements of [START_REF] Angelucci | Minimum thickness of carbon coating for multipacting suppression[END_REF]. The location of the maximum of both SEY and BEY are well reproduced, while the magnitude are predicted with a good accuracy too. This good agreement allows us to analyse the impact of different carbon layer's thicknesses on the SEY of the copper substrate. It can be seen that a very thin layer of 1 or 2 nm is sufficient to reduce significantly the TEY of the copper substrate. Beyond 5 nm of carbon the TEY is mainly driven by the overlayer of carbon. The comparisons of these simulations with experimental data from [START_REF] Angelucci | Minimum thickness of carbon coating for multipacting suppression[END_REF] for three overlayers of respectively 2.1 nm, 6.3 nm and 11.5 nm is shown in Fig. 3 nm and 11.5 nm thick carbon layers [START_REF] Angelucci | Minimum thickness of carbon coating for multipacting suppression[END_REF]. A very thin layer of carbon of few nanometers is sufficient to change significantly the TEY of the copper substrate.

Monte Carlo simulations: SEY vs. BEY

The calculated SEY and BEY of clean Cu and for C coverage with different thickness layers (1 nm, 3 nm, 7 nm and 15 nm), are reported in Fig. 3 (a) and (b) respectively. Different aspects of BEY behavior can be highlighted. First, the BEY of copper is an increasing function up to 500 eV, meanwhile, that of clean C is a decreasing function over the energy range. This is in good agreement with experimental measurements in the literature [START_REF] Assa'd | Backscattering coefficients for low energy electrons[END_REF]. The second thing to note is the direct impact of the atomic C layers on both the SEY and BEY. From 1 to 7 nm, both yields show significant variation in terms of intensity and shape. For this thickness, the curves are a combination of emission contribution from Cu and C layers. From a thickness of about 7 nanometers both the SEY and the BEY are essentially driven by the C surface layers. However, the BEY presents a minimum at different energies as function of C thickness. This minimum can be understood considering the energy of the incident electrons and their mean free path in solid. At very low energy (<~200 eV) the electron path length in carbon does not exceed few nanometers [START_REF] Assa'd | Backscattering coefficients for low energy electrons[END_REF]. The backscattering phenomenon is entirely governed by the carbon layer. This tendency can be seen on the SEY curve too, which follows the carbon values below 200 eV (Fig. 3 (a)). On the other hand, beyond a few hundred eV and around 1 keV the BEY tends again towards the values of the copper substrate. This shows that the BEY in this case comes from electrons that have crossed the carbon layer and almost all reached the copper substrate. It is thus possible to interpret this behavior according to the penetration distance of the incident electrons. The order of magnitude of the penetration depth of incident electrons is given by what is called the "practical range" [START_REF] Gibaru | Surface ionizing dose deposited by low energy electrons (10 eV-10 keV) in eleven monoatomic materials: Monte Carlo calculations and analytical expressions[END_REF]. It is an average distance travelled by an incident electron in the irradiated material projected on the direction of incidence. The way it is commonly estimated is described in ref. [START_REF] Gibaru | Surface ionizing dose deposited by low energy electrons (10 eV-10 keV) in eleven monoatomic materials: Monte Carlo calculations and analytical expressions[END_REF]. Plotting the practical range [START_REF] Gibaru | Surface ionizing dose deposited by low energy electrons (10 eV-10 keV) in eleven monoatomic materials: Monte Carlo calculations and analytical expressions[END_REF] rmin of the electrons at the energy of the minimum of the BEY, as a function of the thickness of the graphite layer (thC), a clear correlation can be observed (Fig. 4). This clearly shows that the backscattering phenomenon occurs in the very first nanometers. The electron emission phenomenon is thus demonstrated to take place essentially in the first nanometers of the irradiated material. process. Similarly, the peak of the low energy electrons (< 200 eV) remains very close to the carbon case. Here again, we understand that very low energy electrons can only leave the volume if they are produced to the very near surface. This indicates that the carbon layer will be the main contributor to the population of electrons with the lowest energies. Between these two extremes (plateau region), the copper sub-layer impacts the spectrum which presents a stronger amplitude. We just recall at this point, that the distributions are normalized (integral = 1) to be able to analyze the impact of the surface layer on the relative shape of the different energy distributions. Analogous calculations have been performed for a graphite overlayer of 1 nm 6). Similar conclusions as the 5 nm case have been drawn. As can be seen in Fig. 6, the 400 eV incident electrons are able to cross the 1 nm graphite overlayer (projected range ~ 1.5 nm in carbon [START_REF] Gibaru | Surface ionizing dose deposited by low energy electrons (10 eV-10 keV) in eleven monoatomic materials: Monte Carlo calculations and analytical expressions[END_REF]). A similar behavior observed for 1 keV electrons on a 5 nm graphite layer can be seen. In that case, the plateau region is close to that of the pure copper substrate, while the two extreme peaks (400 eV, <100 eV) are comparable to those present on the graphite distributions.

Impact of the work function

The work function (WF) is a physical quantity that can plays an important role on the emission of low energy electrons.

In the case of copper, the work function employed in our calculations (4.7 eV) has been modified in order to evaluate its impact on the SEY. Indeed, adding a simple layer of coating material can change the work function and impact the SEY. In the following, WF has varies from 4.2 eV up to 5.2 eV using four different values including that of carbon (4.81 eV). The impact on both the SEY and TEY of a target of copper has been studied (Fig. 7 

Conclusion

In this work comparisons between numerical simulations and secondary electronic emission yield measurements were presented. The impact of a growing graphite layer on copper substrates has been analyzed. The simulations confirm the experimental observations, which showed surprisingly that a very thin layer of coating was able to greatly modify the emission efficiency of a surface. The calculation confirms that beyond a thickness of 5 nm of a carbon deposit on copper, the yield is essentially driven by the material deposited on the surface. The electron populations most impacted by the change in the nature of the surface are the elastically backscattered and the low energy secondary (< 100 eV) electrons. The first ones are produced essentially at the vacuum/material interface, whereas the low energy secondaries can only leave the material if they are produced at very short distances from the surface. Since these two populations represent an important part of the emitted electrons, a change in the surface state significantly affects the emission yields. In that sense, it is important to remind that in general, but this is true in particular for the calculations presented here, the simulations do not take into account the real state of the material surface. Including in the calculations a contamination layer or a roughness could improve the predictions by the simulations and their comparisons with experimental data.
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 1 Fig. 1. Secondary electron emission yield (SEY) and backscattered emission yield (BEY) are shown for copper respectively in (a) and (b) panels and for graphite in (c) and (d) panels . Comparisons are shown with experimental data of Bronstein [44, 45] and ref. [29].

Fig. 2 .

 2 Fig. 2. (a)Total electron emission yield (TEY) calculated for various carbon thickness layers (0.2 nm, 0.6 nm, 1 nm, 2.1 nm, 3 nm, 6.3 nm, 7 nm, 11.5 nm, 15 nm, 20 nm, 50 nm). (b) Comparisons with measured TEY for a copper substrate covered with 2.1 nm , 6.3 nm and 11.5 nm thick carbon layers[START_REF] Angelucci | Minimum thickness of carbon coating for multipacting suppression[END_REF]. A very thin layer of carbon of few nanometers is sufficient to change significantly the TEY of the copper substrate.

Fig. 3 .

 3 Fig. 3. (a) Secondary electron emission yield (SEY) calculated for various carbon thickness layers (1 nm, 3 nm, 7 nm, and 15 nm,). (b) Backscattered Emission Yield (BEY) calculated for various carbon thickness layers (1 nm, 3 nm, 7 nm, and 15 nm,).

Fig. 4 .

 4 Fig.4. The practical range rmin of the electrons at the energy of the minimum of the BEY, as a function of the thickness of the graphite layer (thC). The BEY is strongly correlated to the thickness of the over-layer material.

Fig. 7 .

 7 Fig. 7. (a) SEY of a copper target as a function of the incident energy. (b) TEY of a copper target as a function of the incident energy. In both cases the work function of the copper target has been varied form 4.2 eV up to 5.2 eV.

The Fig. 5(a) shows the energetic spectra of the secondary electrons emitted by a flat surface irradiated with 300 eV incident electrons. Three cases are shown: a pure copper volume, a pure graphite volume and a substrate of copper topped with a layer of 5 nm of graphite. The shapes of these distributions are very common. At low energy, below ~100 eV one can recognize the peak of "true" secondaries (SEY). The peak of elastically backscattered incident electrons can easily be observed at 300 eV (Fig. 5(a)). In between (plateau region) there is a mix of inelastically backscattered electrons and energetic secondary electrons. It is clearly obvious from the Fig. 5(a) that the energetic distribution of the "Cu+C(5nm)" sample is identical to the one of the pure graphite volume (C). The projected range of the 300 eV incident electrons is in the order of ~1 nm in carbon [START_REF] Gibaru | Surface ionizing dose deposited by low energy electrons (10 eV-10 keV) in eleven monoatomic materials: Monte Carlo calculations and analytical expressions[END_REF], far shorter than the thickness of the overlayer. It is not surprising to see that the secondary electron emission process is driven in that case by the graphite overlayer. However, when the energy of the incident electrons is increased, the electrons begin to penetrate the copper substrate, and the influence of copper layer starts to be felt. At 1 keV (Fig. 5(b)), the electrons have a practical range of ~5 nm [START_REF] Gibaru | Surface ionizing dose deposited by low energy electrons (10 eV-10 keV) in eleven monoatomic materials: Monte Carlo calculations and analytical expressions[END_REF]. In this case we can see several things. First, the peak at 1 keV of the backscattered electrons remains close to that of graphite. This clearly shows that the backscattering phenomenon at the surface of the material is the dominant