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New 3D Simulation Tool for Multipactor in Presence of Dielectrics

. It is an iterative loop between pushing macro particles and computing the field of force. PIC method is numerically following macro particles in position and velocity space. It permits the computation of their charge densities and potentials on the mesh points. On these basis, we developed a multipactor plugins introducing an RF wave in volume in addition to the electrostatic force induced by space charges. This specific solver is now called SPIS-multipactor. Its numerical core can be described as a combination of different solvers and surface boundary conditions as follow.

INTRODUCTION

Multipactor effect is an electronic avalanche which can happen in vacuum. It is the result of a synchronism between the radio frequency (RF) wave and the electron emission [START_REF] Vaughan | Multipactor[END_REF]. This phenomena particularly affects particle accelerators [START_REF] Bourat | On multipactor effect in a 600 MHz RF cavity used in electron linear accelerator[END_REF], radio frequency (RF) devices of fusion reactors [START_REF] Hillairet | Multipactor in High Power Radio-Frequency Systems for Nuclear Fusion[END_REF] and spacecraft telecommunication payloads [START_REF] Raboso | Multipactor effect on board spacecrafts: present situation, future research activities and testing capabilities at the European Space Agency[END_REF]. Multipactor can be described theoretically [START_REF] Sazontov | Multipactor Breakdown Prediction in a Rectangular Waveguide: Statistical Theory and Simulation Results[END_REF] for geometries such as parallel plate situations or rectangular waveguide. But it became quickly necessary to use Monte Carlo simulations due to the number of parameters influencing on multipactor dynamics [START_REF] Hamelin | MUSICC3D: a Code for Modeling the Multipacting[END_REF] and to introduce more detailed inputs. Particle in cell (PIC) method aims to follow macro particles in the position and velocity phase in interaction with a field of force. This method is used in commercial softwares (Spark 3D, CST, HFSS, ...) [START_REF] Fil | Multipactor threshold sensitivity to total electron emission yield in small gap waveguide structure and TEEY models accuracy[END_REF] that are commonly utilized in espace industry. Their main goal is the calculation of multipactor power threshold which is the minimal electromagnetic(EM) power for which multipactor happen.

Today, dielectrics are more and more used in RF devices onboard satellites to reduce the dimensions and the weight of the microwave-components. But the effects of dielectrics on multipactor are still not well understood. Therefore, high RF power margins are applied on such devices including dielectrics. Reduce this margin requires to identify and treat critical sections where multipactor occurs. Coves et al [START_REF] Coves | Multipactor Discharges in Parallel-Plate Dielectric-Loaded Waveguides Including Space-Charge Effects[END_REF] have modeled the multipactor discharge in parallel-plate dielectric waveguide and demonstrated that under certain circumstances the static field generated by the multipactor turns-off the electron avalanche. More recently theoretical works [START_REF] Placais | POTOMAC: towards a realistic secondary and backscattered emission model for the multipactor[END_REF] have shown that in parallel-plate geometry with small gap the multipactor power threshold varies as function of the applied DC electric field. In the case of dielectric presence, complexity of multipactor effect is coupled to dynamic charge of dielectric. This situation requires a better understanding of the numerical method used in the simulation of the multipactor phenomenon.

In this contribution we present an open source 3D mutipactor simulation software. It is able to model multipactor in metallic devices and in situations where dielectric materials are used and influences the multipactor avalanche. We will consider the multipactor avalanche in combination to dynamic dielectrics charging. In this contribution, we present the results of such a code called SPIS-multipactor as it is based on SPIS numerical core [START_REF] Roussel | SPIS Open-Source Code: Methods, Capabilities, Achievements, and Prospects[END_REF]. First SPIS-multipactor numerical core is presented. The results of this code was then benchmarked with CST and SPARK 3D codes in a waveguide developed in the framework of Everest Project [START_REF] Mader | TAS-F multipactor results in EVEREST project[END_REF]. Finally, space charge saturation phenomena in the vacuum is investigated, the link between multipactor and dielectric charging dynamics will also be discussed.

SPIS SOFTWARE AND MULTIPACTOR EXTENSION

Spacecraft Plasma Interaction Software (SPIS) is an open source software project initiated in 2001 in the frame of the SPINE network [START_REF]SPINE network web page[END_REF] to study spacecraft charging and electrostatic discharge (ESD) risk on space environment [START_REF] Sarrailh | Comparison of Numerical and Experimental Investigations on the ESD Onset in the Inverted Potential Gradient Situation in GEO[END_REF]. Physics of plasma-materials interaction as electron emission and dielectric charging are already implemented and can be used in the frame of multipactor effect modelling. [START_REF] Roussel | SPIS Open-Source Code: Methods, Capabilities, Achievements, and Prospects[END_REF]. The computed 3D potential map is then computed every time step and enable to consider electrostatic interaction between electrons in domain. These interactions permits to reach the space charge saturation described in the results of simulations.

Particle pusher : For this application SPIS uses advanced particle pusher. Every time step it calculates analytical trajectories for each particles considering the total electromagnetic field applied on it. In our simulations we are using no magnetic field and the electric fields described in the next paragraph. Thus trajectory is parabolic. Deposition of electron charges on mesh nodes is pondered depending the trajectory of particle inside an elementary cell.

RF field : RF field is set analytically for simple situation as infinite parallel plates (eq.1), rectangular (eq.2) or infinite coaxial waveguides. It can be imported from a 3D EM external solver for complex shapes but it is not used in this contribution. For infinite plates :

⃗ E(t, x) = E 0 sin(2π f t + k x x + Φ) (1) 
with E 0 The wave amplitude, f the wave frequency, k x the wave vector and Φ the eventual origin phase of the wave.

For rectangular waveguide :

⃗ E(t, x) = E 0 sin y a π sin(2π f t + k x x + Φ) (2) 
with a the waveguide width and electric field amplitude E 0 coming from electric power by eq.3.

P = E 2 0 k 4µ 0 ω ab (3) 
with

k = ω c 2 - π a 2 (4) 
Boundary conditions : Homogeneous Dirichlet potential condition is used on metals. Potential on dielectrics are computed according to eq.5 where C is the capacitance between dielectric surface and the metallic ground surface. I collected is the current collected on the dielectric surface and I emitted the current emitted from it according to SEY and energy DF laws of the surface. On boundary conditions corresponding to open surfaces, Neumann condition are considered for the Poisson equation (zero electric field in the normal direction).

I emitted -I collected = C dV dt (5) 
Macro particles that cross a metal or a dielectric wall is absorbed and contribute to the current I collected . New macro particles are emitted from the surface and their numerical weight (the number of particle represented in one macro particle) is set fallowing the chosen SEY model and secondary distribution function laws. Emitted particles contribute to the current I emitted . If a macro particle intersects a boundary condition which is an open surface, we consider a periodic boundary condition. This means that the macro particle is remitted on the opposite face with the same speed vector.

Surface-particle interaction :

In multipactor simulation, surface interaction is dominated by electron emission. Several secondary emission yield (SEY) models are available in SPIS-multipactor. It is possible to use tabulated SEY curve but also Vaughan [START_REF] Vaughan | A new formula for secondary emission yield[END_REF], Dekker [START_REF] Dekker | Secondary Electron Emission[END_REF] or 3D Dionne model [START_REF] Placais | A three-dimensional Dionne model for multipactor simulations[END_REF]. In this contribution we mainly use Dionne model extracted from A.Placais [START_REF] Placais | A three-dimensional Dionne model for multipactor simulations[END_REF] and a tabulated SEY data from [START_REF] Mader | TAS-F multipactor results in EVEREST project[END_REF]. The SEY curves are presented on Fig. 3.

Both Maxwelian or Chung and Everheart [START_REF] Chung | Simple calculation of energy distribution of lowenergy secondary electrons emitted from metals under electron bombardment[END_REF] emission energy distribution of secondary electrons can be used. It is possible to parameter these models by changing respectively the most probable emission energy and the exit work function ω f of the material. In this contribution, we mainly used Chung and Everheart model which is more representative of the experimental measured secondary distributions. The distribution expression of secondary energies after they crossed the surface is given by eq.6.

f (E se ) = dN se dE se E = 6ω f E se (E se + ω f ) 4 (6)
with N se the normalized number of secondaries and E se the energy of emitted secondary Fig. 3: SEY references from [START_REF] Mader | TAS-F multipactor results in EVEREST project[END_REF] and [START_REF] Placais | POTOMAC: towards a realistic secondary and backscattered emission model for the multipactor[END_REF] used in this article.

CODE VALIDATION ON METALLIC WAVEGUIDE GEOMETRIES

The infinite plates case consists on two plates separated by a gap b. In this situation, electrical field expression is given by eq.1. A more complex situation is the rectangular waveguide (Fig. 4) where the distance between surfaces is still called b and waveguide width is a. In this geometry, the electric field expression is given by TE10 mode detailed in eq.2.

A first comparison between the new SPIS plugin and the POTOMAC code [START_REF] Placais | POTOMAC: towards a realistic secondary and backscattered emission model for the multipactor[END_REF] was made on WR 75 waveguide with b = 0.1 mm. In [START_REF] Placais | POTOMAC: towards a realistic secondary and backscattered emission model for the multipactor[END_REF] A.Placais presents results of its code POTOMAC compared to an experiment. The simulated geometry is the thinner section of a WR75 waveguide. It is equivalent to a waveguide with b = 0.1 mm and a = 19 mm. Frequency is set to 11 GHz. The used SEY has been measured at ONERA on silver plated aluminium representative of the walls of the waveguide. This SEY model was also used by Placais in [START_REF] Placais | A three-dimensional Dionne model for multipactor simulations[END_REF] and presented on Fig. 3. Secondary distribution function was chosen as Chung and Everheart with ω f = 4.08 eV. The simulations were performed using the same SEY Fig. 4: Rectangular waveguide problem illustration curves, geometries and secondary energy distribution. For SPIS-multipactor, the multipactor disharge criterium is reached when number of electron is increasing on three consecutive RF field period. On POTOMAC, power threshold is define as minimum power for which electron population is multiply by 5 from the beginning to an non defined time. Multipactor power threshold of this situation are presented on table 1 and are in good agreement.

Table 1: Multipactor threshold for WR75 waveguide with Placais SEY presented on Fig. 3 SEY Pbd POTOMAC [START_REF] Placais | POTOMAC: towards a realistic secondary and backscattered emission model for the multipactor[END_REF] Pbd SPIS-multipactor Placais SEY from [START_REF] Placais | POTOMAC: towards a realistic secondary and backscattered emission model for the multipactor[END_REF] 240 W 198 W

The second comparison was performed with multipactor tests and simulations results (FEST3D and CST) results extracted from Everest project [START_REF] Mader | TAS-F multipactor results in EVEREST project[END_REF]. We used KS-1 SEY from Fig. 3 and a 0.5 mm gap situation. Secondary distribution functions used in the other codes were not given. For the SPIS simulation we used Chung and Evereart with an work function equal to 4.7 eV. Multipactor power thresholds for this situation are reported on table 2. Again, SPIS-multipactor power thresholds are in very good agreement with comparable codes and experiment results used for their validation.

Table 2: Multipactor threshold for WR75 waveguide with KS1 SEY presented on Fig. 3 SEY

CST PS [START_REF] Mader | TAS-F multipactor results in EVEREST project[END_REF] FEST 3D [START_REF] Mader | TAS-F multipactor results in EVEREST project[END_REF] Experimental [START_REF] Mader | TAS-F multipactor results in EVEREST project[END_REF] SPIS-multipactor KS-1 from [START_REF] Mader | TAS-F multipactor results in EVEREST project[END_REF] 130 W resonant 130 W resonant 126 W resonant 130 W resonant

As a conclusion of the first part of this contribution, SPIS multipactor thresholds are equivalent to other codes and to experiments. The good agreement observed between SPIS-multipactor, experiments and other simulations results may be considered as a validation of SPIS-multipactor results on simple geometries.

MULTIPACTOR SATURATION DUE TO SPACE CHARGE

In this section we are still considering the case of metallic walls. We took an infinite plate situation with Dionne SEY extracted from A.Placais [START_REF] Placais | A three-dimensional Dionne model for multipactor simulations[END_REF] and Chung and Everheart secondary energy distribution function [START_REF] Chung | Simple calculation of energy distribution of lowenergy secondary electrons emitted from metals under electron bombardment[END_REF] with ω f = 4 eV. The critical gap b between plates is still 0.1 mm and frequency of the field is 11GHz. Multipactor can not be an infinite exponential growth of the electron population in the wave guide. This would results in an infinite kinetic energy would be stored between the plates. It is well known that electrostatic interaction between electrons in vacuum create space charge effect that limits the currents such as diode current following Child Langmuir law [START_REF] Langmuir | The Effect of Space Charge and Residual Gases on Thermionic Currents in High Vacuum[END_REF]. This phenomena leads to the limitation of the multipactor effect with a saturation of the number of electron after some time. Fig. 5 presents the evolution of the number of electron in function of time when considering space charge interactions and electric fields high enough for multipactor to happen. First, the number of electron increase exponentially as a classical multipactor discharge. When the charge volumic density reach a certain level, the number of charge stops growing and saturates. Saturation density is dependant of electric field and can be qualitatively described with Debye length definition presented on eq.7. When the Debye length is greater than the waveguide gap, there is a negligible space charge effect. As measure the electron density increases, Debye length decreases and space charge effect becomes dominant. As a first approximation, we can consider the first crossover energy of the Dionne SEY (30 eV) as the mean energy of electrons when saturation happen. Gap width b = 0.1 mm is assimilated to Debye length. By inversion of the eq.7, the obtained electron saturation density is equal to 1.7 × 10 17 electrons per m 3 which is in the same order of magnitude than the observed saturation density of 5 × 10 17 electrons per m 3 . Considering now that the saturation density depends on the electric field, it can be explain by the fact that hen electric field amplitude rises, mean temperature also rises. Then, we need a higher electron density to reach Debye length close to the gap width. We focus now on other SPIS outputs at the stationary situation in the case of E 0 = 650 kV.m -2 . A 70 kA.m -2 mean peak current density is obtained on surfaces after 0.2 × 10 -8 s. This electron current (with a mean energy of 30 eV) leads to a deposited energy flux of 2.1 MW.m -2 . This energy deposit can easily raise material temperature, create desorption that can led to pressure raise in the waveguide and even to corona discharges. The temperature increase has not been estimated but the addition of a thermal model to the simulation is in progress.

POLARIZED PLATES CASE

First approach to model dielectrics charge effect on material is to study multipactor for two metallic polarized plates (Fig. 6) and see what is multipactor threshold for different V dc potentials values. This work has been done on WR75 geometry by A.Placais in his thesis [START_REF] Placais | Modlisation et mesures de l'mission secondaire de dilectriques et des phnomnes multipactor en prsence de champ magntique pour la fusion nuclaire contrle et le spatial[END_REF] (description of the code was made in [START_REF] Placais | POTOMAC: towards a realistic secondary and backscattered emission model for the multipactor[END_REF]). This configuration was reproduced with SPIS-multipactor. The results are shown on Fig. 7. We can see that the increase of the potential mainly leads to the increase of the multipactor power threshold. It can be explained by the fact that the added static field disrupt electron trajectories. Thus a higher RF field amplitude is then needed to find back the resonance between electron trajectories and the wave. Both codes are in good agreement and the small discrepancies can be explained by the different thresholds definition and numerical parameters.

DYNAMIC CHARGING OF INFINITE PARALLEL PLATES

Despite the fact that it was established that the built up charge affect the multipactor dynamics [START_REF] Sorolla | New multipactor dynamics in presence of dielectrics[END_REF], the most used commercial 3D codes does not take into account the dynamic of charging effect on the multipactor dynamic. Precisely, one of the objectives of the SPIS-multipactor code is to consider the dynamic of dielectric charging under electron irradiation and its effect on the power threshold of the multipactor discharge. SPIS-multipactor is able to dynamically model the dielectric charging phenomena and its impact on the discharge. To do so, each dielectric surface mesh elements is considered as electrical points linked to the surface electrical super node by a capacity C e = ε 0 ε r A d with ε r the relative permittivity of the dielectric, A the element surface and d the width of dielectric.

In this section we present simulation results in the conditions described in Sorrola et al [START_REF] Sorolla | New multipactor dynamics in presence of dielectrics[END_REF]. The simulated configuration consists on two infinite parallel plates. We used Placais SEY model [START_REF] Placais | A three-dimensional Dionne model for multipactor simulations[END_REF] of Fig. 3 for the two plates. Dielectric slab width is set to 9.9 mm. Electric field amplitude was set to 600 kV/m for which multipactor occurs. Secondary distribution function was Chung and Everheart with work function of 4 eV. In our situation dielectric capacitance was 50 times smaller 8 presents the evolution of potential and electron volume density for a parallel plate electric field (see equation 1). In multipactor situation, mean SEY of dielectric surface is superior to one. This create holes (positive charge) inside the dielectric and at its surface that increases its electric surface potential. When the created electrostatic field becomes significant, compared to that of RF wave amplitude, it disrupts the synchronism of the multipactor. This perturbation leads to a decrease of the electron density. But the charge of holes in the dielectric does not disappear and the potential remains positive after multipactor extinction. This is due to the fact that the decrease of electron density does not mean that the net current density of electrons becomes negative on both walls. The dielectric recollects major part of electrons emitted by both walls due to its positive charge. But the electrons have a higher energy on dielectric than on the metallic wall. It leads to a SEY greater than one on the dielectric and lower than one on the metal.Thus a small positive current is still collected by the dielectric surface during the electron density decreases and a negative current is collected by the metallic wall. This situation doesn't lead to a high saturation current on surfaces as observed metallic plates situations but thermal effect on dielectric could generate a risky situation for corona discharge. The induce electric potential at saturation (35 V) is too low to trigger ESD. Indeed ESD risk can be considered when potential difference is higher than a hundred of volts. It can be probably considered as safer than a full metallic situation in which multipactor saturates.

EFFECT OF THE EM MODE ON THE CHARGE DYNAMICS

For this simulation we kept gap width b = 0.1 mm, frequency f = 11GHz, dielectric width and SEY as Dionne model from [START_REF] Placais | A three-dimensional Dionne model for multipactor simulations[END_REF]. We only changed RF electric field form to TE10 (equation 2) with a length a = 2 mm. A 3D representation of surface potential at different time steps is presented on Fig9. We used an amplitude E0 of 600 kV/m. This amplitude is high enough to trigger a multipactor effect. Thus, as the RF energy is higher on the middle of the waveguide, the dielectric slab is uniformly charged.

Fig. 9: Surface potential for a TE10 electric field with E0 = 600 kV/m at 1 ns ,1.5 ns and 2.5 ns of the simulation When potential is high enough on the middle, electron avalanche is shifted to the sides. It leads to an expansion of potential on the dielectric. This phenomena is clearly represented on Fig. 10. When surface density is stable on the surface, electron densities in volume decreases as shown on Fig. 11. Here again, current on surfaces is quite low during a long period from the beginning. The number of electrons decreases when potential saturates. Comparatively to the the infinite plate case, the maximum density of electrons is almost 4 times lower. This can be explained by the volume power density being lower for the TE10 field. Maximum potential for the TE10 situation is also lower than for the parallel plate situation reducing the ESD risk. This present dielectric-metal with TE10 field situation is even safer than the infinite dielectric-metal situation. The simulation results are showing the saturation of electron volumic density during multipactor in a metallic domain. In the case of a dielectric-metal waveguide simulations led to the saturation of surface potential with a decrease of electron volumic density. Theses saturation currents or potentials on the walls proposes a new way to compare simulations with experiences based on current densities measurement or temperature evaluations.

Other geometries have now to be tested. Some preliminary studies on 3D geometries didn't led to this dynamic and show elevated potential gradients on dielectrics. These situation could lead to electrostatic discharge [START_REF] Sarrailh | Comparison of Numerical and Experimental Investigations on the ESD Onset in the Inverted Potential Gradient Situation in GEO[END_REF] we could also study with SPIS.
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 5 Fig. 5: Evolution of the number of electron volumic density function of the time for different electric fields amplitudes
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 6 Fig. 6: Representation of the A.Placais setup on WR75 waveguide for the electrostatic approach. Extraxted from A.Placais thesis [19].
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 78 Fig. 7: WR75 waveguide multipactor power thresholds function of Electrostatic potential imposed between two plates.
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 10 Fig. 10: Surface potential for a TE10 electric field with E0 = 600 kV/m at different time