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When the Earth’s moon is in the supersonic solar wind, the darkside of the Moon and the lunar plasma wake can be very dangerous charging environments. In the absence of photoelectron emission (dark) and in the absence of cool plasma (wake), the emission or collection of charge to reduce electrical potentials is difficult. Unique extreme charging events may occur during impulsive solar-energetic-electron (SEE) events when the lunar wake is dominated by relativistic electrons, with the potential to charge and differentially charge objects on and above the lunar surface to very-high negative electrical potentials. In this report the geometry of the magnetic connections from the Sun to the lunar nightside are explored; these magnetic connections are the pathways for SEEs from the Sun. Rudimentary charging calculations for objects in the relativistic-electron environment of the lunar wake are performed. To enable these charging calculations, secondary-electron yields for impacts by relativistic electrons are derived. Needed lunar electrical-grounding precautions for SEE events are discussed. Calls are made 1) for future dynamic simulations of the plasma wake in the presence of time-varying SEE-event relativistic electrons and time-varying solar-wind magnetic-field orientations and 2) for future charging calculations in the relativistic-electron wake environment and on the darkside lunar surface.
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INTRODUCTION
This report concerns the electrical charging on the dark side of the Moon and in the lunar wake during impulsive solar energetic electron (SEE) events when there are significant fluxes of relativistic (100’s of keV) electrons in the environment.
The electrical charging of an object in the space environment is a balance of all electron and ion currents to and from the object. In sunlight very large photoelectron fluxes off an object often dominate this current balance, keeping the potentials of objects in sunlight to within a few photoelectron temperatures (a few eV) with respect to the potential at infinity. On the nightside surface of the Moon, in shadowed lunar craters, or for objects in eclipse in orbit around the Moon this is not the case. In eclipse, the fluxes of ambient electrons to the object tend to dominate the current balance, with the electrical potential of objects reaching negative potentials associated with the temperatures of the ambient electrons. When the ambient electrons have energies of ∼keV, the emission of secondary electrons associated with the keV-electron impacts on the object reduces the effectiveness of the electron flux and lowers the potentials of the objects; however, as analyzed in Appendix 1, for very-high-energy electrons (100’s of keV) the secondary-electron yields are low (Bruining, 1954; Schultz and Pomerantz, 1963; Suszcynsky and Borovsky, 1991; Xie et al., 2009) and secondary-electron emission no longer reduces the charging.
At 1 AU there are occasional solar-energetic-electron events related to activations on the Sun (Reames, 1999; Kahler, 2007). Solar-energetic-electron events can be impulsive (lasting an hour or less) or gradual (lasting a day or so): impulsive events are associated with solar x-ray flares (e.g. Kallenrode and Svestka, 1994) and gradual events have been associated with coronal mass ejections from the Sun (Stolpovskii et al., 1998). Strong solar energetic electron events (>300 keV) occur about 20 times per year (Wang et al., 2012), with concentrations around solar maximum, but with several events per year throughout the other phases of the solar cycle. The survey by Dresing et al. (2020) also found on average about 20 events per year at 1 AU that had electrons with energies >150 keV. SEE events may or may not be accompanied by multi-MeV protons in the solar wind (Kallenrode et al., 1992), which occur during “solar-energetic-particle” (SEP) events. Posner (2007) pointed out that the flux of solar energetic electrons is often a ∼1-h precursor of the flux of solar energetic protons.
Lunar surface charging has been examined by the Lunar Prospector experiments during SEP events (Halekas et al., 2007; Halekas et al., 2009) where indications of potentials of up to 4.5 kV were found between the nightside lunar surface and the Lunar Prospector spacecraft 100-km above the lunar nightside. SEP events can also lead to deep dielectric charging of the lunar regolith on the nightside or in shadowed craters (Jordan et al., 2015; Jordan et al., 2017).
Electrostatic charging is of great concern for objects and astronauts on the lunar surface (Halekas et al., 2007; Jackson et al., 2011; Zimmerman et al., 2012; Chou et a., 2019; Rhodes et al., 2020; Wang and Huang, 2020) and for objects in space (Rosen, 1976; Reagan et al., 1983; Fennell et al., 2001; Koons et al., 2006; Roeder and Fennell, 2009; Delzanno et al., 2013), and dust-charging phenomena on the lunar surface are of great interest (Borisov and Mall, 2006; Pines et al., 2011; Borisov and Zakharov, 2015; Rakesh Chandran et al., 2017). When the Moon is in the solar wind upstream from the bow shock, objects on the nightside lunar surface are in a plasma void produced by the plasma wake of the Moon in the supersonic solar-wind flow (Ogilvie et al., 1996; Farrell et al., 1998; Halekas et al., 2005; Zhang et al., 2014; Xu et al., 2019). Several studies (E.g. Knott, 1973; Halekas et al., 2002; Zimmerman et al., 2012; Rakesh Chandran et al., 2017) point out that objects on the nightside lunar surface or in the lunar plasma wake will undergo strong electrical charging. This note points out that during impulsive solar electron events objects on the lunar surface or in the wake can undergo extreme electrical charging with respect to the solar wind outside of the plasma wake. This note explores the electrical charging of objects on the nightside lunar surface and in the lunar wake when SEE events occur to lay out future problems that must be solved 1) to determine the nature of the charging and 2) to protect objects on the lunar surface and in lunar orbit.
This manuscript is organized as follows. In Geometry of the Environment the magnetic connection of the solar wind to the nightside of the Moon is examined for 216 SEE events. In High-Voltage Charging rudimentary calculations of the charging of objects in the lunar wake during SEE events are performed and in Charging across the Sunlight Terminator the charging across the lunar terminator during SEE events is examined. In Electrical Grounding the electrical grounding of objects on the lunar surface is discussed and in Needed Future Calculations calculations and simulations needed in the future are outlined. In Appendix 1 empirical expressions for the secondary-electron yield from oxidized-aluminum and silicon-dioxide surfaces are derived for relativistic-electron impact and in Appendix 2 an expression is derived for the effective relativistic-electron collection area of a charged sphere.
GEOMETRY OF THE ENVIRONMENT
In Figure 1 the lunar orbit (red dashed curve) is sketched around the Earth (light blue) along with a Fairfield-Greenstadt bow shock model (Fairfield, 1971; Greenstadt et al., 1990) (Eqs. 1a,b of Greenstadt (1990)) plotted in blue. Also indicated in green in Figure 1 is the orientation of the interplanetary magnetic field (IMF) projected into the ecliptic plane during the first hour of each of 216 strong impulsive SEE events observed near the Earth by the WIND spacecraft. The 216 events are those with maximum electron energies above 300 keV in the catalog of Table 1 of Wang et al. (2012). The magnetic-field orientation is determined from the Magnetic Field Instrument (MFI) (Lepping et al., 1995) on board the WIND spacecraft. The right-handed GSE X,Y,Z reference frame is indicated in the sketch. In Figure 1, with the Sun to the right, the Earth-facing side of the Moon will be in darkness much of the time that the Moon is on the sunward side of the bow shock in the supersonic solar wind (Properties of the electron strahl and the solar-wind plasma at Earth during these 216 SEE events are further analyzed in Borovsky (2021)).
[image: Figure 1]FIGURE 1 | A depiction of the lunar orbit (red dashed) relative to the Earth (light blue) and the Earth’s bow shock (blue solid). Indicated in green is the orientation of the solar wind magnetic field at the onsets of 216 strong solar-energetic-electron events. The orientation of the GSE coordinate system is also indicated.
Figure 2 depicts the Moon (with its nightside shaded in gray) in the presence of a nominal 45o Parker-spiral magnetic-field orientation. The orientation of the GSE X,Y,Z coordinate system is indicated in the figure, with the Sun-Moon line sketched in green. The sketch is drawn without accounting for any distortion of the solar-wind magnetic field by the Moon or by the Moon’s plasma wake (e.g. Taylor et al., 1968; Owen et al., 1996). Red arrows indicate the direction of a field-aligned flux of energetic electrons from the Sun, but note that often during solar-energetic-electron events the observed relativistic solar electrons at 1 AU are isotropic and will hit the Moon from both directions along the magnetic-field lines (e.g. Lario et al., 2016; Gomez-Herrero et al., 2017; Dresing et al., 2018). In a typical ∼5-nT magnetic-field strength for the solar wind, 100-keV electrons have gyroradii of ∼220 km and 500-keV electrons have gyroradii of ∼580 km, both of which are small compared with the 3476-km diameter of the Moon. Figure 2 depicts how far past the daylight terminator the surface of the Moon is magnetically connected to the Sun in a Parker-spiral-oriented magnetic field. However, instantaneously the magnetic-field of the Sun varies substantially about the Parker-spiral direction in both the ecliptic and the out-of-plane (north-south) senses (Borovsky, 2010). For the case sketched in Figure 2 where the field is in the ecliptic plane, if the angle between the solar-wind magnetic-field orientation and the Sun-Moon line is ϕ (labeled in green in Figure 2), then the direct magnetic connection of the Sun to the dark surface extends back from the terminator about ϕ degrees of lunar longitude into the darkness. When the solar-wind magnetic field has a Parker-spiral orientation, the midnight-to-dawn sector of the Moon’s dark surface will have direct magnetic connection to the Sun.
[image: Figure 2]FIGURE 2 | A sketch of the Moon and its darkside (shaded) in the presence of a nominal θ = 45o Parker-spiral-oriented magnetic field. The Sun-Moon line is indicated as the green dashed line.
The magnetic-field orientations in the first hour of each of the 216 solar-energetic-electron events are examined in Figure 3 (The orientations were drawn in green in Figure 1.) For the energetic-electron events Figure 3A plots (solid black curve) the distribution of the angle ϕ that the projection of the magnetic field into the ecliptic plane makes with the Sun-Moon line: ϕ = 0 is alignment with the Sun-Moon line and the Parker spiral lies at ϕ = + 28o to ϕ = + 53o for a typical range of solar wind speeds (300–750 km/s). For values of ϕ that are negative, the magnetic field is considered to have an “ortho-Parker-spiral” or “ortho-gardenhose” orientation (cf. Lockwood et al., 2019). The 216 field orientations are concentrated around the Parker-spiral direction, and in fact the distribution strongly resembles the typical distribution of field orientations in the solar wind (Borovsky, 2010); this typical distribution is plotted in Figure 3A as the red dashed curve, which is the distribution of 380,458 1 h values of the field orientation at Earth in the years 1963–2020 obtained from the OMNI2 data set (King and Papitashvili, 2005). Figure 3A indicates that the midnight to dawn sector of the dark side surface of the Moon will most often be magnetically connected to the Sun, but a fair amount of the time the dawnside will be directly connected instead. In Figure 3B the angle θ between the solar-wind magnetic-field line and the Sun-Moon line is binned (solid black curve) for the 216 solar-energetic-electron events, accounting for all three components of the magnetic-field orientation. The mean value of θ is 55o and the median value is 53o; hence the direct magnetic connection to the Sun will tend to extend to about 55o past the sunlight terminator. Note that when there is a strong north-south component to the magnetic field the magnetic connection to the Sun will extend into the lunar nightside over on of the polar regions. The dashed red curve in Figure 3B is the distribution of 380,458 hourly magnetic-field orientations from the OMNI2 data set: considering the weak statistics of the 216 energetic-electron events, the distribution of the field orientations for the energetic-electron events shows no outstanding difference from the typical distribution of values.
[image: Figure 3]FIGURE 3 | The orientation of the solar-wind magnetic field at the onset of 216 strong solar-energetic-electron events is binned (black solid) and compared with 380,458 hourly values of the solar-wind magnetic field from the OMNI2 1963-2020 data set (red dashed). (A) is the orientation of the projection of the magnetic field into the ecliptic plane and (B) is the angle of the field line from the Moon-Sun line.
Note that the orientation of the interplanetary magnetic field changes rapidly with time. Examining statistics similar to those in Figure 1 of Borovsky (2020), the magnetic-field direction in the solar wind at Earth changes by an average of 8.4o every minute, and large (∼90o) changes in the field direction in timescales of 2–3 s are common as the Earth passes through the heliospheric magnetic structure. As a result, during a single solar-energetic-electron event the magnetic-field orientation of the solar wind will vary substantially and various dark-side-surface regions of the Moon will be intermittently directly connected to the Sun. Note that when there are sudden strong changes in the direction of the interplanetary magnetic field, there can also be sudden changes in the flux of energetic electrons (e.g. Gosling et al., 2004a; Gosling et al., 2004b; Tan and Reames, 2016), with the change in field direction representing a change in the magnetic-field connection back to the Sun (Gosling et al., 2004a; Gosling et al., 2004b; Borovsky, 2021).
CHARGING ISSUES
For the nightside surface of the Moon in the plasma void created by the Moon’s plasma wake in the supersonic solar wind, and for objects on or above that surface, the environment during a solar-energetic-electron event can be severe for charging. The energetic-electron fluxes are time varying and the magnetic connections of objects on the lunar surface to the Sun and to the anti-sunward solar wind are rapidly time varying. There are a number of dynamic lunar charging issues associated with solar-energetic-electron events.
High-Voltage Charging
During impulsive SEE events in the absence of solar energetic protons, portions of the negatively-charged lunar wake will be dominated by the population of SEE electrons. The nightside surface of the Moon, objects upon the nightside surface, and objects in the lunar wake will charge to negative potentials with respect to the distant solar wind that are large enough to prevent the flux of solar energetic electrons from reaching the surface. Secondary-electron emission from electron impact is small at energies of 100’s of keV or more (cf. Appendix 1), so secondary electrons will not be effective in reducing the charging flux of the solar energetic electrons. With electron energies of 500 keV and higher, negative potentials of 500 kV and higher would be possible with sufficient time and sufficient electron flux. Objects with different sizes, with different shapes, and with different surface materials will have different temporal charging profiles as the electron fluxes change, resulting in differential charging at high Voltages.
Calculations of charging for objects well above the charged lunar surface are simpler than charging calculations for objects on the charged lunar surface. For two spherical objects, one with a radius r = 1 cm and one with r = 1000 cm, rudimentary charging calculations in the lunar wake are shown in Figure 4. Plotted is the potential ϕ of the object with respect to infinity as a function of time. The objects are in baths of electrons comprised of two populations: a population of solar energetic electrons and a population of solar-wind strahl electrons. The calculations ignore 1) the possible presence of solar-energetic-proton fluxes (e.g. Mewalt et al., 2005; Cliver and Ling, 2007; Cane et al., 2010), 2) cycloidal protons reflected from dayside crustal magnetic anomalies (e.g. Richmond and Hood, 2008; Halekas et al., 2010; Nishino et al., 2015), and 3) ions and electrons from the Earth’s foreshock (e.g. Nishino et al., 2017). The calculations also ignore photoelectron emission produced by Earthshine on the objects. For the solar-energetic-electron population the fluxes as a function of electron kinetic energy E of Figure 2 of Dresing et al. (2020) are used: those differential fluxes F are
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where EMeV is the electron kinetic energy in units of MeV. For the strahl population the reduced distribution f (e.g. Shevchenko and Galinsky (2010)) is taken as
[image: image]
with a strahl number density nstrahl = 0.25 cm−3 and with Emin = 20 eV and Emax = 3000 eV. The potential ϕ of the object is taken to be ϕ = Q/r, where Q is the charge collected on the object as a function of time. Debye shielding of the 1/r potential outside the sphere is negligible in this electron gas: for the strahl population (nstrahl = 0.25 cm−3 and Tstrahl ∼ 1 keV, where Tstrahl is a characteristic energy spread of the strahl) the Debye length is λDe ∼ 5 × 104 cm and for the SEE population (n ∼ 4 × 10−5 cm−3) and T ∼ 50 keV dominated by the population below the 0.114 MeV break) the Debye length is λDe ∼ 3 × 107 cm. In collecting electron flux, angular-momentum orbital effects are accounted for as negative electrons approach the negatively charged object with potential ϕo resulting in a reduction of the collection area from πr2 of the object to an effective collection area
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where Φo = |eϕo/mc2| is the dimensionless potential of the sphere, γ = (1-(vo/c)2)−1/2 is the relativistic factor, vo is the velocity of the electron far from the sphere, e is the electron charge, and m is the electron mass. Expression Eq. 3) is derived in Appendix 2. For non-relativistic electrons, expression Eq. 3) reduces to πr2 (1+(eϕ/Eo)) where ϕ (negative) is the potential of the object and Eo is the kinetic energy of the electron at infinity (cf. Eq. (7) of Borovsky (1986)). The collection cross section is plotted in Figure 5 as a function of the initial electron kinetic energy for six values of the potential of a sphere (Note that for illustration purposes the electron kinetic energies and the sphere potentials in Figure 5 extend well above the upper limits for SEE events.) As can be seen in the plot, electrons with kinetic energies < −eϕ cannot reach the sphere and σ → πr2 for electron kinetic energies much larger than the potential of the sphere. Magnetization effects in the electron orbits are unimportant for the electron collection by r = 1 cm and r = 1000 cm spheres: in a 5-nT solar-wind magnetic field the gyroradius of a 1 keV electron is 21 km and that of a 1 MeV electron is 590 km. In these example calculations electron collection is only on one side of the object πr2: for isotropic SEE events the collection will be on all sides of the object 4πr2 and the charging rate will be four times faster than these calculations. In collecting the electron charge, the emission of secondary electrons from the electron impacts is accounted for. The secondary-electron yields used are those plotted in Figure 6A appropriate for an oxidized-aluminum surface, derived in Appendix 1. The energy downshift Eo-|ϕ| of electrons hitting the surface caused by the negative potential ϕ of the object is accounted for in the calculation of the secondary electron yield from the ambient electron populations. However the angle at which the electron strikes the object surface is not accounted for: for all electrons hitting the object the normal-incidence secondary-electron yield Y (expressions (A1) and (A2)) is used.
[image: Figure 4]FIGURE 4 | Rudimentary charging calculations for spherical objects in a bath of energetic electrons using a measured distribution of solar energetic electrons at 1 AU.
[image: Figure 5]FIGURE 5 | The reduction of collection area of a negatively-charged sphere (vertical axis) as a function of electron kinetic energy (horizontal axis) and as a function of the potential of the sphere (colored curves).
[image: Figure 6]FIGURE 6 | Theoretical secondary-electron yield curves for relativistic electrons hitting (A) aluminum oxide and (B) SiO2.
In Figure 4 potential on the sphere ϕ(t) = Q(t)/r as a function of time is calculated by numerically integrating the current I(t) to the sphere
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where ϕ is negative in expressions (Eqs. 4a,b), -e is the charge of an electron, and Y (E+ϕ) indicates that the secondary-electron yield Y is a function of the downshifted electron kinetic energy E+ϕ. Looking at the green and red curves in Figure 4 that represent the charging in the presence of only the SEE population, one can see that different sized objects charge at different rates and that there will be potential differences between objects of different sizes. There will also be potential differences between objects of different shapes and with different surface properties. The green curve in Figure 4 indicates that, in the SEE flux of Figure 2 of Dresing et al. (2020) (expressions (Eqs. 1a,b)), a 1000 cm object will charge to 105 V in about 105 s ≈ 28 h. These are slow timescales, however SEE fluxes at 1 AU can be one or two orders of magnitude higher than the fluxes of expressions (Eqs. 1a,b) and so the charging times can be one or two orders of magnitude faster. This puts charging times to high voltage in the range of minutes, certainly within the lifetime of an SSE event. For various sized and shaped objects, differential Voltages of the magnitude of |ϕ| can be expected.
Objects of larger radius will charge up more rapidly. This is the case for the Moon itself with a radius of 3476 km. However, for the case of the darkside of the Moon with the hot-electron Debye length being a non-negligible fraction of the wake size, a full temporal sheath model of the lunar wake must be calculated to look at the rudimentary temporal charging evolution the lunar surface with respect to the solar wind outside of the wake.
In the wake of the Moon it is unlikely that low-energy strahl electrons will be present if solar energetic electrons are present, owing to the fact that the solar energetic electrons will drive the region to a large negative potential which the strahl electrons are incapable of entering. However, it is interesting to see (purple and blue curves of Figure 4) that the strahl electrons would not significantly change the charging time to reach high potentials.
Note for future charging calculations that the electron spectra in Figure 2 of Dresing et al. (2020) is the time-integrated spectra of an SEE event at 1 AU: for actual SEE events there is a systematic time evolution of the electron spectra at 1 AU that must be used in the calculation. And along with the time evolution, there are temporal fluctuations in the intensity of the SEE electrons owing to the fine-scale spatial structure of the magnetic field in the solar wind (Gosling et al., 2004a; Gosling et al., 2004b; Tan and Reames, 2016; Borovsky, 2021).
Charging Across the Sunlight Terminator
Owing to the fact that the solar-wind velocity vector is not aligned with the Sun-Moon line, the lunar plasma wake is not aligned with the Sun-Moon line. 1) The solar-wind velocity vector is time dependent with Y (dusk-dawn) and Z (north-south) velocity components that are often 50 km/s or more; the solar-wind vector velocity varies by ±5o with time (cf. Borovsky 2012; Borovsky, 2018). 2) The solar-wind flow to the Moon is aberrated duskward by 30 km/s owing to the motion of the Earth-Moon system around the Sun. 3) The average flow of th solar wind at 1 AU is not exactly radial, but has on average a ∼10 km/s duskward offset from radial (Nemecek et al., 2020). Particularly on the duskside (owing to the aberration and the non-radial mean flow), the sunlight terminator can be in the plasma void of the lunar plasma wake, even accounting for the angle of the Mach cone of the solar-wind plasma filling the wake.
If the terminator is in the plasma void during an impulsive solar-energetic-electron event, then the lunar soil on the dark side of the terminator could be charged to 100’s of kV negative while the soil on the sunlit side of the terminator is charged to a few V positive owing to the copious emission of low-energy photoelectrons. With the Debye lengths of solar-wind suprathermal electrons being λDe ∼ 1 km and the Debye lengths of the SEE population being λDe ∼ 300 km (cf. Section High-Voltage Charging), the lunar surface at the terminator in the wake could be many solar-wind Debye lengths away from the solar-wind plasma but less than one SEE Debye length away from the solar-wind plasma outside of the wake.
Earlier works (Farrell et al., 2010; Zimmermann et al., 2012) have suggested that large-scale topographic structures near the terminator or in the polar region can be electrically complex, creating mini-wakes that obstruct the solar wind flow. In the leeward sides, an electron cloud can be formed, deprived of ions, which drives the surface potential to large negative values (∼−100 V). Since the electron current to the surface is unbalanced, Farrell et al. (2010) have suggested that negatively-charged dust particles could then be mobilized to produce a remediating current. This idea is supported by Lunar Ejecta and Meteorite (LEAM) observations from the Apollo 17 mission (Berg et al., 1976). Farrell et al. (2010) have also analyzed the charging of objects in these shadowed craters, showing that small objects with secondary-emission properties that are very different from the lunar regolith can differentially charge by tens of Volts. Similar considerations are applicable to the extreme charging cases treated in this paper, where it is however expected that dust mobilization or differential charging of objects would be stronger. Note that mobilized dust is potentially a serious concern for human lunar operations because of its tendency to stick to surfaces and several methods to clean surfaces from accumulated dust are being pursued (Afshar-Mohajer et al., 2015).
DISCUSSION
During solar-energetic-electron events there is a potential for very high Voltage charging on the lunar surface and in the lunar wake.
Electrical Grounding
Thought must be given to provide a grounding of objects on the lunar surface to prevent electrical discharges. Grounding of objects on the Moon may be difficult since the conductivity of lunar soil is so poor. For examples, Strangway et al. (1972) report electrical conductivity values 10−14–10−15 siemens/m and Olhoeft et al. (1974) report conductivity values of 10−14–10−10 siemens/m, with the conductivity being lower at cooler temperatures such as occur on the night side of the Moon, particularly the midnight-to-dawn sector of the lunar surface where sunlight has been absent for seven or more days. The conductivity values of the lunar soil are similar to the values for glass, which are 10−10–10−17 siemens/m (cf. Table 10.26 of Cardarelli (2018)). The lunar-soil electrical conductivity is seven or more orders of magnitude less than the conductivities of Earth soil, which tends to be in the range 10−3–10−2 siemens/m (cf. Figures 5, 6 and Table 28-1 of ITT (1977)). The interior lunar electrical conductivity is in the range of 10−4–10−3 siemens/m (Sonett 1975; Vanyan, 1980), with a higher-conductivity lunar core (Hood et al., 1982).
Of course, in such an insulating environment, one can ask: If a charged object were to discharge, to what would it discharge? Wise precautions would be 1) to electrically connect nearby objects together to prevent discharges between objects, 2) to ensure that the outer surfaces of objects placed on the lunar surface are conducting to avoid differential surface charging, and 3) to be cautious if an astronaut exits from the inside of a structure (a Faraday cage) to the outside of the structure.
Needed Future Calculations
Solutions to the lunar-wake problem need to be performed for a variety of relativistic-electron properties (energy spectrum, maximum energy, number density, anisotropy) and for a variety of solar-wind magnetic-field orientations. Full two-dimensional and three-dimensional time-dependent simulations for the plasma wake with relativistic electrons will be eventually needed. The plasma refilling of the wake is driven by ambipolar electric fields set up by the high mobility of solar wind electrons, with the ambipolar field strength (and potential) related to the electron temperature of the solar-wind plasma. When there are multiple electron populations present, the ambipolar driving of the ions is controlled by the temperature of the hotter population of electrons (cf. Diaw and Mora, 2013; Kiefer et al., 2013; Bennaceur-Doumaz et al., 2015). Ambipolar electric fields set up by a relativistic-electron population with 100-keV temperatures can result in proton acceleration to 1000’s of km/s from the edge of a plasma (e.g. Figures 1A, 3, and 7 of Tan and Borovsky, 1986). During a solar-energetic-electron event, the energetic-electron temperature can be in the 100’s of keV and the plasma refilling of the wake may be governed by that electron population, changing the geometry of the plasma wake.
Following the wake calculations, more-sophisticated object-charging calculations in the wake environment are needed. Additional physics that needs to be added to those future object-charging calculations are processes that can limit the potential of an object. One such process mentioned in High-Voltage Charging is photoelectron emission caused by Earthshine on the object in the eclipse of the Moon. Another process is field electron emission into vacuum (Fowler and Nordheim, 1928; Lau et al., 1994), which becomes important as electric fields near the object surface approach strengths of 107 V/cm (Cooray, 2003). Charged objects of smaller size (e.g. an isolated dust grain) are more susceptible to field emission and field emission is particularly effective for sharp protuberances from an object where the electric field becomes concentrated (e.g. a needle cathode (Fukuyama et al., 2009)).
Calculations and simulations of the charging of objects on the lunar surface for a variety of magnetic-field orientations and relativistic-electron populations are critically needed. These calculations and simulations would use the results of wake calculations as boundary conditions. A complication to the emission of secondary electrons by insulating materials is small-scale differential charging on the surface, which can cause secondary electrons emitted from more-negative regions of the surface to be collected by more-positive regions instead of escaping to infinity. This electrical trapping of secondaries can reduce the overall secondary-electron yield of a surface (Olsen et al., 1981; Ura, 1998; Maekawa et al., 2007; Thomsen et al., 2013). One should anticipate that this collection effect will be stronger if the surface is comprised spatially of different materials, such as a soil of different grains with different compositions. See Richterova et al. (2012), Richterova et al. (2016), Yu et al. (2015), and Mishra and Bhardwaj (2020) for other secondary-electron-emission complications.
The dynamic effects of rapid temporal variations of the energetic-electron energy distribution function and of the magnetic-field orientation of the solar wind (cf. Gosling et al., 2004a; Gosling et al., 2004b; Borovsky, 2021) need to be investigated for the dynamics of the wake and the dynamics of charging and differential charging at the lunar surface. An interesting analysis will be the passage of a strong solar-wind current sheet (a directional discontinuity) and its effect on the high-Voltage lunar wake driven by relativistic electrons. Across a strong current sheet, the magnetic-field direction can change by 90o or more. Typical thicknesses of solar-wind current sheets are ∼1000 km (e.g. Siscoe et al., 1968; Vasquez et al., 2007) but some strong current sheets are considerably thinner (See, for example, Figure 4D of Borovsky and Burkholder (2020) where an oblique-oriented current sheet is advected past the WIND spacecraft in 1 s with a solar-wind speed of 450 km/s: an analysis accounting for the sheet orientation finds the sheet was 270 km thick.). These transitions of the solar-wind plasma and magnetic field, which occur several times per hour, have spatial scales much smaller than the Moon and its wake.
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APPENDIX 1
SECONDARY-ELECTRON YIELDS FOR RELATIVISTIC SEE ELECTRONS AND HIGH-ENERGY SEP IONS
Secondary-electron yields have been rarely measured for relativistic-electron impacts (e.g. Pomerantz et al., 1960; Schultz and Pomerantz, 1963; Checkik et al., 1994). Here we will construct yield-versus-energy curves at high electron energies using the Sternglass-57 theory of secondary emission (Sternglass, 1957) based on the Coulomb-collisional energy deposition of the energetic electrons in the material of a target (see also Sect. 6.1 of Bruining (1954)).
The Sternglass-1957 theory for secondary-electron emission by fast electrons assumes that there is a layer of the material near the surface (typically 100-Å or so thick) wherein electrons from the target material that are dislodged from their orbitals by Coulomb scattering have a chance to diffuse to the surface and escape as secondary electrons. The larger the number of electrons freed in this layer, the larger the secondary-electron yield. The number of electrons freed per unit pathlength of the fast primary electron passing through the target material is proportional to the collision stopping power dE/dx of the fast electron through the material. Note that for relativistic electrons, the “total” stopping power dE/dx is comprised of the sum of the collisional stopping power (which frees electrons) and the radiative (bremstralung) stopping power (which does not free electrons). Only the collisional stopping power is relevant for the production of secondary electrons. To construct the yield Y curves in Figure 6, a fit with the shape of the high-energy collisional dE/dx curve is matched onto a low-energy secondary-electron-yield curve. In Figure 6A, the oxidized-aluminum stopping-power curve is a fit to the collisional stopping data in the Page-89 table of Berger and Seltzer (1982) for electrons in aluminum that is matched onto a low-energy “Sternglass-49 formula” (Sternglass, 1949) for the normal-incidence secondary-electron yield Y (number of secondary electrons emitted for each incident primary electron)
[image: image]
with δmax = 1.7 and Emax = 0.5 keV, where E is in keV in expression (A1). Normal-incidence secondary electron measurements for electrons with energies >1 keV on oxidized aluminum in Table 2 of Suszcynsky et al. (1990) (black points) are used to guide the matching of the curves. Above 2.5 keV the high energy curve is
[image: image]
where E is in keV. In creating this yield curve, a modification to the Sternglass-57 theory that accounts for secondary electrons created by the exit of backscattered primary electrons (Suszcynsky and Borovsky, 1992) was not implemented: at relativistic energies the backscatter of electrons from a target no longer occurs. The green points in Figure 6A are measured secondary-electron yields for oxidized aluminum from Figure 6 of Schultz and Pomerantz (1963). The theoretical curve and the measurement points are close, but note that the secondary-electron yield of oxidized-aluminum targets vary from target to target according to the alloy of the aluminum and the aging of the surface (cf. Borovsky et al., 1988). When the primary electron strikes the target at an angle θ from normal, the pathlenth through the critical surface layer increases by a factor 1/cos(θ) and so the energy deposited in the layer increases by the factor 1/cos(θ) and the secondary-electron yield increases by the factor 1/cos(θ) from the normal-incidence value.
As a proxy for lunar soil (e.g. Heiken, 1975), SiO2 is used. In Figure 6B, the stopping-power curve that is a fit to the collisional stopping data in the Page-145 table of Berger and Seltzer (1982) for electrons in SiO2 is fitted onto a “Sternglass-49 formula” with δmax = 2.4 and Emax = 0.4 keV (cf. Figure 2 of Suszcynsky et al. (1992) and see also Richterova et al. (2007)). Above 1.6 keV the high-energy yield curve is.
[image: image]
where E is in keV. At low energies the yield curve of Figure 6B is similar to those of lunar soil samples (e.g. Horanyi et al., 1998; Dukes and Baragiola, 2013).
Note that the measured secondary-electron yields for energetic protons (appropriate to SEP energies) (Borovsky et al., 1988) follow the dE/dx law rather than the Sternglass-49 formula, as do the measured yields for high-energy heavy ions (Borovsky and Barraclough, 1989) and for high-charge-state heavy ions (Borovsky and Suszcynsky, 1991). These secondary-electron yields for high-energy electrons and ions are much larger than predicted by a Sternglass (1949) formula, rather they follow the Sternglass (1957) theory.
APPENDIX 2
RELATIVISTIC COLLECTION AREA OF A SPHERE
For a flux of relativistic electrons moving toward a negatively charged sphere, the cross section for the collection of electrons is
[image: image]
where bo is the impact parameter of an electron that strikes the charged sphere with a grazing incidence. For an electron, the relativistic Hamiltonian H is conserved, where H = (p2+m2c2)1/2 + eϕ. In spherical coordinates the momentum pp of the electron can be written p2 = pr2 + pθ2 with pθ = J/r, where J is the (conserved) angular momentum of the electron J = bopo, with po being the momentum of the electron far from the sphere (r→∞). Thus, (e.g. Newton, 1982)
[image: image]
Far from the sphere H = c (po2 + m2c2)1/2 and when the electron is grazing the charged sphere (pr=0) the Hamiltonian is H = c (m2c2 + bo2po2/ro2)1/2 + eϕo, where ro is the radius of the sphere and ϕo is the potential of the sphere. Conservation of H can be written
[image: image]
Subtracting eϕo/c from both sides of expression (A3), squaring, and solving for bo2 yields
[image: image]
Writing po = γmvo = (γ2-1)1/2mc where γ = (1 - vo2/c2)-1/2 is the relativistic factor far from the sphere and defining Φo = eϕo/mc2, this becomes
[image: image]
With expression (A4), the cross-sectional area (expression (A1)) becomes
[image: image]
For electrons repelled by a negatively charged sphere, both e and ϕo are taken to be negative quantities so that Φo is positive.
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