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Innovative Technique for Electrostatic Discharges Characterization on a Floating Nanosatellite Mockup

This paper presents efforts made to improve the characterization of electrostatic discharges induced by severe spacecraft surface charging events. The novelty of this work resides in the design and implementation of a test setup that provides more refined information than the techniques usually adopted and prescribed by spacecraft design guidelines. We applied the test setup to two different nanosatellite mockups. By reducing the coupling with ground-test equipment, we significantly improved the measurement precision. An application of such a setup is the evaluation and prediction of inrush currents caused on nanosatellites by electrostatic discharges induced by hazardous space weather conditions.

I. Introduction

S PACECRAFT surface charging is the result of a complex inter- action between the space environment and the satellites [START_REF] Hastings | Spacecraft-Environment Interactions[END_REF][START_REF] Garrett | Guide to Mitigating Spacecraft Charging Effects[END_REF]. The main contributors to spacecraft charging are electrons with an energy of a few kiloelectron volts. During geomagnetic substorms, they are responsible for negatively spacecraft charging levels down to hundreds and sometimes thousands of volts. This effect is partly mitigated by secondary electron emission from spacecraft surfaces, including electrons generated by environmental electron impacts and by ultraviolet light from the sun. Insulators and conductors do not emit the same number of electrons; this depends on their electrical properties, which lead to electrical potential difference buildup on satellite surfaces. Electrostatic discharge (ESD) triggering depends on the nature of the surface materials and on how they are bound to each other (clamping or gluing). The charge and energy released during discharge depend on both the spacecraft and its environment. The geosynchronous Earth orbit (GEO) and middle Earth orbit (MEO) are known to generate a significant ESD risk with many associated anomalies [START_REF] Fennell | Spacecraft Charging: Observations and Relationship to Satellite Anomalies[END_REF][START_REF] Anderson | Spacecraft Charging Anomaly on a Low-Altitude Satellite in an Aurora[END_REF][START_REF] Ferguson | Plasma Conditions During the Galaxy 15 Anomaly and the Possibility of ESD from Subsurface Charging[END_REF][START_REF] Ahmad | Diagnosing Low Earth Orbit Satellite Anomalies Using NOAA-15 Electron Data Associated with Geomagnetic Perturbations[END_REF]. Low Earth orbit (LEO) charging issues occur in the auroral ovals during auroral electron injections [START_REF] Anderson | Characteristics of Spacecraft Charging in Low Earth Orbit[END_REF][START_REF] Eriksson | Charging of the Freja Satellite in the Auroral Zone[END_REF]. ESDs have been detected in GEO, MEO, and LEO [START_REF] Koons | Summary of Environmentally Induced Electrical Discharges on the P78-2 (SCATHA) Satellite[END_REF][START_REF] Shimizu | Solar Array Electrostatic Discharge Current and Image Captured in Orbit[END_REF]. To face this risk, the space industry design guidelines define how to evaluate and prevent the effects of the charging environment [START_REF] Purvis | Design Guidelines for Assessing and Controlling Spacecraft Charging Effects[END_REF][START_REF]Mitigating in Space Charging Effects-A Guideline[END_REF][START_REF]Spacecraft Charging[END_REF][START_REF]Space Systems-Space Solar Panels-Spacecraft Charging Induced Electrostatic Discharge Test Methods[END_REF]. One common approach consists of performing numerical simulations by assuming worst-case conditions [START_REF]Assessment of Space Worst Case Charging Handbook[END_REF][START_REF] Mandell | Nascap-2k Spacecraft Charging Code Overview[END_REF][START_REF] Roussel | SPIS Multitimescale and Multiphysics Capabilities: Development and Application to GEO Charging and Flashover Modelling[END_REF][START_REF] Thiébault | SPIS 5.1: An Innovative Approach for Spacecraft Plasma Modeling[END_REF][START_REF] Muranaka | Development of Multi-Utility Spacecraft Charging Analysis Tool (MUSCAT)[END_REF]. The guidelines also define ground-test setups and protocols to represent the main interactions between the environment and sensitive equipment. They were initiated at a time when almost all satellites were medium to large spacecraft. With the advent of small satellites (microsatellites, nanosatellites, CubeSat, etc.), most of the guidelines have been tailored in order to reconsider the capacity of the test methods to fit small satellite configurations. A typical example concerns ESDs on solar arrays. On the one hand, solar panel power buses are much lower than on large telecommunications spacecraft. Therefore, the risk of sustaining secondary arcing can generally be neglected. Only very limited solar cell degradations are expected in the future unless power bus voltages increase. On the other hand, the reduced size of nanosatellites increases the proximity of ESD sites and sensitive components, such as electronics boards. In particular, reducing the electrical wiring length automatically produces higher overvoltage levels on electronics board I/O by direct injection of transient signals. In addition, the ESD radiative component couples more easily with harnesses and with the frame, leading to more or less severe electromagnetic coupling (EMC), depending on the attention given to this aspect by spacecraft engineers. That is the reason why ESD on solar panels could be as detrimental on nanosatellites because they are on telecommunication satellites. There is thus a need to reconsider how to test ESD/EMC effects on small satellites. The inrush current flowing in the spacecraft frame and harnesses when an electrostatic discharge occurs is a key parameter; this current depending on many parameters including the ESD location and the spacecraft architecture. The best method to replicate the inrush current is the "test-asyou-fly" approach. Performing an ESD test at spacecraft scale is impossible in practice for most satellites, except for small satellites that can fit vacuum chamber dimensions. The experimental protocol is not straightforward, however. One major concern is the necessity to limit the electromagnetic interferences between the spacecraft and the ground-test setup. Classical techniques use high negative voltage supply to charge the test coupon through a capacitor component that mimics the spacecraft capacitance with respect to its environment. The coupon is then immersed in a dense plasma, irradiated with an electron beam, or illuminated with an ultraviolet source to represent LEO, GEO, and MEO charging environments. When the differential voltage of an insulator exceeds a given threshold, an ESD occurs. Its physics is described by the cathode spot theory. Electrons flow from the negatively charged component capacitor to the cathode spot, then to vacuum, and finally to the grounded tank walls, closing the electrical circuit loop. The absolute capacitance of GEO/MEO large satellites is about a few nanofarads. That of nanosatellites in LEO is rather on the order of a few tens of picofarads. Such a low value is often overpassed by the parasitic capacitance of the test setup, which in the end significantly distorts the measurement of the blowoff and flashover currents with respect to flight conditions. The blowoff (BO) is the current flowing from the negatively charged nanosatellite to the ambient space environment at the very beginning of the ESD ignition. The most adapted geometrical configuration for blowoff triggering is the so-called triple point, i.e., the junction between a conductive material connected to the structure, an insulator, and vacuum. A triple point increases the ESD occurrence because it locally enhances the electric field [START_REF] Cooke | Introducing the Passive Anode Surface Emission Cathode[END_REF]. This situation is particularly risky for insulators with a large secondary electron emission yield under electron impact or when the insulator is facing the sun. Both situations result in less negative potential than that of the conductive materials because with such an insulator, more electrons are emitted than collected on its surface from the environment. This results in the so-called inverted potential gradient (IPG). The flashover is a plasma bubble that expands from the structure and discharges positively charged dielectrics [START_REF] Sarrailh | Plasma Bubble Expansion Model of the Flash-Over Current Collection on a Solar Array-Comparison to EMAGS3 Results[END_REF][START_REF] Toyoda | Flashover Discharge Measurement with Uniform Surface Charging and Modeling of Current Waveform[END_REF][START_REF] Hoffmann | AFRL Round-Robin Test Results on Plasma Propagation Velocity[END_REF][START_REF] Okumura | Flashover Discharge on Solar Arrays: Analysis of Discharge Current and Image[END_REF][START_REF] Monnin | Flash-Over Propagation Simulation Upon Spacecrafts Solar Panels[END_REF].

The main objective of this paper is to show the feasibility to perform ESD tests on nanosatellite models under charging conditions representative of flight environments and with limited disturbance from the test setup itself. We first aim at demonstrating the feasibility to evaluate the BO current. Another objective of this paper is to collect preliminary information on the flashover (FO) current.

Section II presents the experimental setup used to characterize ESDs on two nanosatellite mockups. Section III describes typical results obtained in vacuum chamber under electron and vacuum ultraviolet (VUV) irradiation. Section IV is a discussion around the definition of new test protocols. Section V summarizes the work and presents some perspectives.

II. Experimental Setup A. Overview

The tests reported in this paper are performed in the JONAS vacuum chamber located at ONERA's Toulouse center in France [START_REF] Mateo-Velez | Ground Plasma Tank Modeling and Comparison to Measurements[END_REF]. This cylindrical chamber is 3.4 m long along the horizontal axis and 1.85 m in diameter. The nanosatellite mockups are mounted one by one at the center of the chamber with nonconducting nylon wiring. The onboard electronics used to monitor the events on the nanosatellite mockup are connected to the laboratory acquisition system with optic fibers. As a result, the mockups are electrically floating with respect to the ground. Two additional panels are mounted on the mockup: one on each side. They are insulated from the mockup platform by nonconducting Teflon® brackets and screws. The panels consist of dielectric coupons fixed on a conductive substrate, hence producing numerous triple points. To test the technique on a large variety of arrangements, we used several panels made of different triple-point assemblies. The orientation of the mockup faces and the position of the two panels are defined in Fig. 1. The rear side was exposed to UV irradiation, whereas the front side was exposed to electron gun bombardment.

B. 2U-Like Model

The 2U-like model is a box made of 5-mm-thick aluminum plates. Its size is 265 × 130 × 91 mm. panel configurations used with this mockup. Details are given in Table 1. The panel substrate is conductive and located at the front. It is made of copper in configurations 1 to 4 and of graphite in configurations 5 and 6.

C. 8U-Like Model

The 8U-like model is composed of a frame made of a 5-mm-thick aluminum plate. Its dimensions are 300 × 200 × 145 mm. Three aluminum panels and three printed circuit board (PCB) panels are attached to the frame. The PCB panels are made of 1.6-mm-thick epoxy coated with 100-μm-thick copper. The faces located at the front and at the rear are made of PCB panels with dimensions of 200 × 145 mm. The rear face is covered by two sheets of Teflon with dimensions of 80 × 110 × 0.5 mm that are separated by a gap of 40 mm. The face oriented in the -Z vertical direction is made of aluminum, and its dimensions are 300 × 200 × 2 mm. The face oriented in the +Z direction is made of PCB, and its dimensions are 300 × 200 mm. The right and left sides are made of aluminum, and their dimensions are 300 × 145 × 3 mm. PCB and aluminum panels are electrically connected to each other and connected to the frame. Figure 3 schematically presents the two panel configurations used with the 8U mockup, i.e., configuration 7 and configuration 8. Details are given in Table 2. On configurations 7 and 8, and from outside toward the mockup structure, the four first alumina patches are glued with a dielectric glue. The next two patches are glued with conductive H20E, and the last two patches are glued with Duralco 127 graphite. The generated triple points are of two kinds. For half of them, the glue is masked by the insulator. For the second half, the glue overflows from the patch to the substrate junction. The panel's front side is made of graphite.

D. Model Instrumentation

A shunt resistor R shunt of 4.7 Ω connects each panel's substrate to the structure, see Fig. 4. A 100-mm-long and 1-mm-diameter wire made of copper is fixed outside the mockup at the center and perpendicular to the surface located at the right of the mockup. It is electrically connected to the structure through a resistor R ant of 100 kΩ. The mockup embeds the electronic board of a Picoscope® PS4227 with a bandwidth of 100 MHz, a sampling rate of 250 MS/s, and 12 bit input channels. This board digitalizes the signals from the analog inputs of channel 1 and channel 2. Channel 1 measures the voltage drop across one of the two shunt resistances. The instrumented panel is located on the right. Channel 1 thus detects the current flowing between the frame and the right panel. Channel 2 measures the wire voltage at the R ant terminals. This device detects the mockup potential variations through high-impedance measurement. This part of the measurement chain is not treated in this paper. The electronic board is connected to the data acquisition system through an optical fiber. A battery mounted inside the mockup powers the electronics. The test setup is thus electrically floating with respect to the ground. It is located at a distance of at least 60 cm from any grounded element inside the tank.

E. Current Paths

The current monitored by channel 1 integrates both BO and FO currents flowing by the instrumented right panel. The FO plasma bubble expanding from the cathodic spot can reach other parts of the mockup [START_REF] Toyoda | Flashover Discharge Measurement with Uniform Surface Charging and Modeling of Current Waveform[END_REF][START_REF] Hoffmann | AFRL Round-Robin Test Results on Plasma Propagation Velocity[END_REF][START_REF] Monnin | Flash-Over Propagation Simulation Upon Spacecrafts Solar Panels[END_REF]. Depending on the location and duration of the cathode spot, the measurement can produce different signals. shows three different situations. The situation in Fig. 5a corresponds to a BO that occurs on the instrumented right panel. The measurement includes the electron currents flowing from the structure, from the left panel to the right panel, and (in the end) to vacuum. This current evacuates the negative charges of the mockup frame. The situation in Fig. 5b corresponds to a BO that occurs outside the instrumented right panel. The measured current is composed of the current flowing from the right panel to the cathode spot located either on the mockup or on the left panel. This current also discharges the negative potential of the mockup. The situation in Fig. 5c corresponds to a FO that expands from the cathode spot located on the right panel, to the mockup frame, and to the left panel. The measured current is composed of a BO current (as in the situation in Fig. 5a) and of a second component associated to the return current when the plasma gets to the mockup and to the left panel. In addition to discharging the negative potential of the mockup, this current partly or fully discharges the insulators with a positive voltage with respect to the mockup frame. The last situation, which is not represented here for the sake of conciseness, is when a FO expands from a cathode spot located on the mockup or on the left panel. is used to negatively charge the mockup. It is located at a distance of 1.6 m from the model's front side. It is powered by an EGPS-4104C power generator and by a Glassman PS/FJ30N04.0 voltage generator. The dielectric differential charging is obtained with a VUV lamp (Hamamatsu 30 W L2D2/ L7296). This VUV lamp is located at a distance of 2 m from the model's rear side. The energetic photons skip electrons out from surfaces, making them tend to 0 V with respect to the tank.

Measurements

A set of complementary chamber instruments aims to monitor extra parameters. It includes a video camera to observe the ESD's onset location. A wire antenna is mounted on the JONAS chamber wall and connected to an oscilloscope (Lecroy WaveRunner 640Zi) with an input impedance of 1 MΩ to detect electrical transients inside the chamber. We have also used a three-dimensional translating arm equipped with different instruments: 1) a contactless electrostatic potential kelvin probe (KP) to map the rear side potential with respect to the ground (using TREK 17284-189B), 2) a 1 cm 2 copper patch (PA) located on the rear of the kelvin probe to evaluate the photoemission flux induced by VUV light (this current is measured with a Keithley 2410 ammeter), and 3) a Faraday cup (FC) located under the kelvin probe to monitor the electron beam current density (this current is measured with a Keithley 6485 picoammeter).

The software used are LabView and Pico6. All results are posttreated with Python 3.8 and associated NumPy, Matplotlib, and pandas libraries.

G. Calibrations 1. Electron Beam

The electron beam current density profiles are measured in the absence of the nanosatellite mockups for beam energies of 5.5, 10, and 20 keV, as well as for different injected currents. An example of the X-Y-Z profiles is presented in Fig. 7 with a maximal current density of 200 pA∕cm 2 in absolute value. During the tests, the maximal current density ranged from 100 pA∕cm 2 up to 150 nA∕cm 2 . Under a 5.5 keV electron beam with a current density of 200 pA∕cm 2 , the mockup equilibrium potential scaled from -105 0 to -3100 V with respect to the ground, depending on the panel configurations. This is the result of materials with different secondary electron emission yields.

VUV

The photoelectron emission current density is mapped at the rear side of the model. It is almost uniform and scales from 0.5 up to 1.0 nA∕cm 2 . This is representative of sun exposure at 1 astronomical unit [START_REF]Mitigating in Space Charging Effects-A Guideline[END_REF].

ESD Threshold

The main difficulty when using a floating mockup is to measure the time evolution of the structure during ESDs. Indeed, the KP must be located far enough from the mockup to reduce its interference with The ringing parasitic oscillations observed on the current are related to the measurement setup and not to the physical phenomenon itself. The resonance frequency of this circuit is about 10 MHz. This is related to the LC (inductor L and capacitor C connected together) circuit composed a 2 m copper cable in series with the C mes capacitor. We clearly see those oscillations during the ESD onset (time < 2 μs) and after the ESD has stopped (2 μs < time < 5 μs). The oscillations are about 25% of the signal amplitude, which illustrates the drawbacks associated with this type of measurement, as well as the necessity to improve the test setup.

III. Results

A. ESD Main Characteristics

A total number of 130 ESDs have been obtained with an electron current density ranging from 0.1 to 150 nA∕cm 2 and with the electron beam energy ranging from 5 to 15 keV. Figures 9 and10 the ESD waveforms measured on the 2U-like and 8U-like mockups, respectively. The current is positive when the ESD occurs on the right panel and negative when it occurs anywhere else (on the left panel or on the mockup). The current generally follows a bimodal time evolution: a fast dynamic blowoff with a high current peak, followed by a slower flashover with a lower but longer current.

Eighty-seven ESD waveforms have been detected on the 2U-like model. The highest current magnitude reached 400 mA. The ESD duration ranged from about 1 μs up to 15 μs (which is the output duration limit during these tests). The average duration was about 8 μs. Forty-three ESD waveforms have been detected on the 8U-like mockup. The highest current magnitude reached 500 mA. ESDs lasted from about 1 μs up to 9 μs (which was the time duration limit during these tests). The average duration was about 4 μs, but one can notice that some FOs obviously exceeded the acquisition time. That means that FOs with durations greater than 20 μs have probably occurred during the tests. The curve shapes obtained with the 2U-like and 8U-like mockups are comparable even though the BO appears to last longer on the largest mockup. We have observed ESDs on all panel configurations. The panels equipped with alumina sheets bound with the conductive H20E glue had the highest ESD occurrence level. The next paragraphs show a few typical examples. 8 with the aforementioned "classical" setup. The noise-to-signal ratio is less than 5%.

B. Typical Results on 2U-Like Mockups

Figure 12 presents the surface potential profiles at two consecutive times. The curve in blue is the last profile measured shortly before the ESD occurred (typically a few seconds to a few tens of seconds). From the left to the right (i.e., from 0 to 550 mm), the rear side elements are the left panel (from 0 to 200 mm), the mockup (from 200 to 350 mm), and the right panel (from 350 to 550 mm). Because ESDs are spurious events, it was not possible to control the time lapse between the last profile and the ESD occurrence. The profile is thus an approximation of the surface potential just before the ESD. The curve in red is the profile measured a few tens of seconds after the ESD occurred, which is the time necessary to switch the electron gun and the VUV lamp off manually (as soon as an ESD is detected) and then to move the KP from its waiting position to the mockup location. The profile scan lasts about 1 min. The structure potential with respect to the ground reference potential is measured at two locations free of insulators, i.e., at x 200 and 350 mm. This potential evolves at a timescale much faster than the experimental time resolution because the mockup electrical capacitance with respect to the ground walls is small (about a few tens of picofarads). A more reliable information is contained in the insulator differential charging because 1) this differential charging actually triggers ESDs and 2) it evolves at a timescale of a few minutes due to both high capacitance and low conductivity. Consequently, we present the spatial distribution of the differential charging instead of the absolute potential with respect to the ground. The ESD associated with the profiles presented in Fig. 12 is the result of triple points in the IPG situation. Insulators are positively charged with respect to the mockup structure. That ESD did not significantly reduce the insulator differential potential. Therefore, one can suggest that it was mainly composed of a BO current. The potential profiles do not allow us to assess with precision where the ESD occurred because no significant change is observed before and after the ESD. The analysis of video camera recordings has shown that the ESD location is on the left panel.

Figure 13 is the current evolution of an ESD that occurred on the right panel in configuration 2. It was composed of a bimodal BO and FO structure. The BO is similar to the BO of Fig. 11. It occurred on the right panel, as indicated by the positive current and confirmed by the video camera. The maximal current of 400 mA is reached after about 150 ns, and the BO current ends after around 500 ns. It is followed by a FO current with a magnitude of 30 mA on average, which lasts up to 8 μs and then suddenly stops. This phenomenon is the expansion of the plasma bubble generated at the cathode spot. During its expansion, it progressively discharges the dielectrics nearby the cathode spot as long as the cathode spot remains. The electrons flow through this conductive path and recombine with the positive charges stored at the surface of the charged insulators. Part of this current loops locally on the panel where the ESD occurred. When the duration of the cathode spot is long enough, the plasma bubble expands to the other mockup surfaces. The flashover of the ESD presented in Fig. 13 lasts a bit less than 8 μs. Given the size of the mockup, this duration is consistent with previous works [START_REF] Sarrailh | Plasma Bubble Expansion Model of the Flash-Over Current Collection on a Solar Array-Comparison to EMAGS3 Results[END_REF][START_REF] Toyoda | Flashover Discharge Measurement with Uniform Surface Charging and Modeling of Current Waveform[END_REF][START_REF] Hoffmann | AFRL Round-Robin Test Results on Plasma Propagation Velocity[END_REF][START_REF] Okumura | Flashover Discharge on Solar Arrays: Analysis of Discharge Current and Image[END_REF][START_REF] Monnin | Flash-Over Propagation Simulation Upon Spacecrafts Solar Panels[END_REF].

The surface potential maps shown on Fig. 14 suggest that the considered ESD occurred on the right panel. Before the charging process, the maximal potential difference was 1600 V at the junction between the inner dielectric of the right panel and the structure. After the ESD, the potential difference decreased to 500 V. The flashover significantly discharged the right panel. 

IV. Discussion

From the large variety of triple-point configurations tested in this work, those involving alumina appear to have the highest probability to trigger ESDs. Seventy-three ESDs over a total number of 130 have been triggered these panels. Their locations have been deduced from the electrical transient waveforms, from the electric potential profiles, and from the video camera. We have measured the total secondary electron emission of alumina under electron impact. The second crossover is greater than 10 keV. That confirms that the secondary electron yield of alumina is very large [START_REF] Balcon | Secondary Electron Emission on Space Materials: Evaluation of the Total Secondary Electron Yield from Surface Potential Measurements[END_REF]. The alumina sample thickness is either 150 or 250 μm, depending on the configurations. This thickness does not seem to play a major role. In addition, the ESDs obtained with the 8U-like mockup all occurred at the triple point involving the conductive glue and alumina. The combination of a conducting glue and a high secondary electron emission yield insulator is thus favorable to ESD generation.

Regarding the blowoff discharges, the events are, on average, shorter on the 2U-like mockup than on the 8U-like mockup. We believe it is the result of different insulator attachments to the conductive part rather than of the mockup size and shape. The configurations with conducting adhesive tapes as in the 8U-like mockup are more representative of assemblies such as solar cells. Configurations with adhesive tapes are more representative of multilayer insulators bindings.

The flashover is, on average, shorter on the 8U-like mockup than on the 2U-like. Levels are, however, similar: about a few tens of microamperes for both models. The relative sizes of the mockup and of the panels (for which the sizes are identical on the 2U and 8U models) may increase or decrease the flash-over duration, depending on the size of the covering insulators and on their distance to the ESD cathode spot.

Regarding the 8U mockup, the current measured on R shunt terminals reaches a maximal amplitude of 200 mAwhen the ESD occurs on the instrumented right panel. The dissipated charge varies from 50 to 100 nC. When an ESD occurs out of the instrumented panel, the peak current and the charge dissipated during the BO range, respectively, from 15 to 35 mA and from 2 to 20 nC. In both cases, the potential difference generated through the resistor R shunt remains lower than 1 V, and thus has very little impact on the discharge dynamics, meaning the measurement is not intrusive at all. We have double checked this by using a Pearson probe instead of R shunt .

We can propose a simple and easy reasoning to understand at first order the reason how the maximal peak current measured on the wire connecting the structure to the right panel is affected by the location of the ESD. We assume a uniform electric field around the mockup. Applying the Gauss theorem to each surface element S element leads to

E n × S element Q element ∕ε0
with E n as the component of the electric field normal to the surface. The net charge Q element stored on each conductive parts is proportional at the first order to its surface. Assuming that the net charge is totally evacuated at the end of the blowoff and that the blowoff has the same time evolution, whatever the surface element, one can directly relate the current to the surface of each element. The charge exchanged between the structure and the instrumented panel varies with ESD localization. Q total is defined as the total charge emitted by the cathode spot; that reaches the space environment during the ESD blow-off. During the tests we measure Q shunt ; that is defined as the total charge flowing between the spacecraft structure and the instrumented panel. When an ESD occurs on the instrumented panel, the charge Q shunt transferred to the instrumented panel is the sum of the charges released by the non-instrumented panel and spacecraft structure surfaces. When an ESD occurs anywhere else, the charge Q shunt transferred from the instrumented panel to the structure involves the surface of that panel only. Given the actual elements sizes, the relation between Q total and Q shunt writes:

Q total ≈ 15 13 Q sh unt
when an ESD occurs on the instrumented panel, and

Q total ≈ 15 2 Q sh unt
when an ESD occurs elsewhere. From this model, on average, the ESDs located on the right panel produce a blowoff current 6.5 times greater than ESDs produced anywhere else, which is consistent with the current magnitudes presented earlier. Considering this model, the actual net charge dissipated during the blowoff varied from 60 to 110 nC during the tests presented in this paper. The capacitance of the mockup with respect to the tank wall has been computed by numerical simulation. It lies between 20 and 50 pF. Combining this with the aforementioned net charge dissipation leads to a potential drop of 2 to 5 kV during the blowoff. These values are compliant with the electron beam energy of 5 to 10 keV used during the tests and with the potential difference measured between the insulator and the mockup frame.

In general, and as observed in Figs. 12 and 13, the IPG level varies from 500 to 1500 V. Accounting for the mockup capacitance computed earlier in this paper, the energy dissipated during the ESD ranges between 1 to 25 μJ under the tests conditions used in this work.

V. Conclusions

The technique presented in this paper significantly refines the ESD characteristics measurement. It is very well adapted to ESD tests on nanosatellite models. The main recommendation is to perform the measurements on a floating object to get rid of parasitic capacitive and inducting coupling between that object and the rest of the test setup. This implies to embed an acquisition board with an autonomous power supply and to achieve data acquisition through an insulated communication link (like in the present work, an optical fiber). The time resolution then only depends on the acquisition board performance and on the embedded sensors. No additional signal filtering is required to remove ringing. Such a setup is useful to extrapolate the on-ground results to flight conditions and to predict the effects of ESDs in an operational context.

The results obtained with an electron beam and a VUV source are applicable to outside of LEO. Some aspects of spacecraft charging in LEO auroral arcs are nevertheless very similar to charging conditions in GEO. This is because the plasma sheath size around a highly negatively charged spacecraft in LEO gets much larger than the spacecraft dimensions.

The test setup presented in this paper represents part of this situation (i.e., the long sheath) but fails to mimic the plasma behavior: especially the ram and wake effects. It is planned to perform tests in conditions more representative of LEO, including exposure to plasma. The difficulty resides in the capacity to operate the plasma source without deteriorating the electron gun performances. Complementary numerical simulations could be used to assess charging in LEO plasma as well.

This work finds a particular application in the definition and realization of protections of nanosatellites against the ESD risk. High-fidelity inrush current patterns can be deduced from a set of dedicated tests under vacuum using a reduced nanosatellite mockup. Such results can be used to specify the EMC tests. The released energy on the order of a few tens of microjoules suggests that such ESDs can generate some undesired effects, such as bitflips on electronics. In addition, the cable lengths are significantly smaller on nanosatellites with much lower resistive and inductive losses from the ESD site to sensitive electronics. Cables are possibly less shielded as well. All this would suggest reevaluating the risks with regard to ESD electromagnetic coupling on nanosatellites.

Ultimately, nanosatellites carrying miniaturized versions of the instrumentation designed in this work would provide actual ESD characteristics. They could be directly compared to on-ground test results to validate and improve our understanding of the multiphysics and multiscale problem of satellite charging, discharging, and coupling with systems.

An evolution of this experiment would consist of generating ESDs with two separate electron guns: one to negatively charge the structure, and the other one for differential charging instead of the VUV source. It would be representative of a spacecraft in eclipse. The test setup could also upgraded with a real-time and contactless measurement of the mockup potential to assess the predischarge potential.

The following protocol could be proposed to perform qualification of ESDs on nanosatellites:

1) Obtain the ESD threshold using the classical method, which involves a capacitor, a voltage generator to charge the mockup, and a plasma source and/or an electron gun and/or a VUV source to charge the insulators.

2) Perform a precise characterization of the transient signals on a floating mockup using the present test setup with its proposed adaptations.

Finally, extending the techniques with an additional measurement of the flashover current and with more complex mockup geometries would help validate recent flashover models and numerical simulation tools in the nanosatellite context [START_REF] Sarrailh | Plasma Bubble Expansion Model of the Flash-Over Current Collection on a Solar Array-Comparison to EMAGS3 Results[END_REF][START_REF] Toyoda | Flashover Discharge Measurement with Uniform Surface Charging and Modeling of Current Waveform[END_REF][START_REF] Hoffmann | AFRL Round-Robin Test Results on Plasma Propagation Velocity[END_REF][START_REF] Monnin | Flash-Over Propagation Simulation Upon Spacecrafts Solar Panels[END_REF]. In return, the simulation would provide complementary information on the flashover expansion.
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 45 Fig. 4 Schematics of the electronic setup installed in the mockup.
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 8 presents a typical time evolution of an ESD obtained on the 2U-like mockup equipped with a left panel in configuration 3 and a right panel in configuration 4. The ESD occurred at the triple point between Teflon and copper. The ESD threshold was about -1500 V. It lasted 2 μs. It only partially discharged the 100 pF capacitor with a residual mockup potential of -800 V at the end of the ESD.

  present

Fig. 6

 6 Fig. 6 JONAS chamber test setup. The wire connecting the mock-up to the ground electrical circuit is mounted only during calibration tests including the ESD threshold measurements.

Fig. 7

 7 Fig. 7 Electron beam current density profiles as a function of the distance from the chamber center. The X-Y-Z axes are defined in Fig. 6.

Fig. 8

 8 Fig. 8 Typical ESD current and voltage transient during ESD threshold calibration tests on the 2U-like nanosatellite. The results show oscillations induced by the charging circuit.

Figure 11

 11 Figure 11 presents the time evolution of an ESD that occurred on the mockup structure or on the left panel in configuration 1 under a 12 keVelectron flux of 100 nA∕cm 2 and VUV flux. The current peak of -140 mA was reached at around 150 ns. The ESD lasted about

Fig. 9

 9 Fig. 9 ESD current waveforms measured on the 2U-like mockup.

Fig. 10 ESD

 10 Fig. 10 ESD current waveforms measured on the 8U-like mockup.

Fig. 11

 11 Fig. 11 Current evolution of an ESD that occurred on the 2U-mockup structure or on the left panel in configuration 1, under a 12 keV electron beam with a current density of 100 nA∕cm 2 and under VUV flux.

C

  Figures 15 and 16 show the current evolution of two ESDs that occurred on the 8U-like mockup. The first one occurred either on the mockup structure or on the left panel in configuration 7. The second one occurred on the right panel in configuration 8. Both present characteristics and shapes are comparable to those previously presented on the 2U-like mockup. The BO lasts about 1 μs and reaches a peak magnitude after about 500 ns. The highest peak currents are lower than in the 2U configurations. They are about -40 mA for the negative values (to be compared to -140 mA) and 200 mA for the positive values (to be compared to 400 mA). The FO lasts about 6 μs, which is comparable to the 8 μs duration of the ESD presented in Fig. 13.

Fig. 13

 13 Fig. 13 Current evolution of an ESD that occurred on the right panel in configuration2 of the 2U-mockup, under a 12 keV electron beam with a current density of 100 nA∕cm 2 and under VUV flux.

Fig. 14

 14 Fig. 14 Surface potentials measured before and after the ESD presented in Fig. 13.

Fig. 15

 15 Fig. 15 Current evolution of an ESD that occurred on the 8U-mockup structure or on the left panel in configuration 7, under a 9 keV electron beam with a current density of 150 nA∕cm 2 and under VUV flux.

Table 1

 1 Characteristics of the panels used with the 2U-like mock-up a

	Panel		Substrate
	Configurations	Dielectrics (at the rear)	(at the front)
	1	×2 Teflon FEP	200 × 10 × 2 mm raw
		(100 × 100 × 0.1 mm)	PCB with copper
			layers on each side
			connected to each
			other.
	2	×2 Teflon PTFE	Bounded with
		(100 × 100 × 0.1 mm)	Kapton ® scotch on
			corners
	3	×3 Conf 1 Teflon SSM	

(200 × 100 × 0.1 mm) 4 Teflon PTFEa sin Conf2 Alumina39 × 39 × 0.25 mm Alumina39 × 39 × 0.125 mm PEEK90 × 40 × 0.15 mm 5 ×2Alumina 80 × 60 × 0.15 mm PEEK panels 200 × 80 × 6.5 mm. Front side covered with graphite plate. Rear side covered with 2 μm thick gold layer. PEEK 80 × 60 × 0.15 mm bounded with 3M TM dielectric epoxy glue 2216 6 ×2PEEK80 × 60 × 0.15 mm) a FEP is fluorinated ethylene propylene, PTFE is polytetrafluoroethylene, SSM is secondsurface mirror, PEEK is polyetheretherketone and PCB is printed circuit board.

Table 2

 2 

Characteristics of the panels used with the 8U-like mock-up Panel configuration Dielectrics (at the rear) Bonding Substrate (at the front) 7 Alumina 8× 37 × 37 × 0.25 mm 4× glued with 3M TM dielectric epoxy glue 2216 2× glued with EPO-TEK® conductive H20E 2× glued with DURALCO®127 epoxy glue dopped with graphite 200 × 80 × 2 mm aluminum panels with 2 μm gold deposit 8 Alumina 8× 37 × 37 × 0.15 mm
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