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Abstract we present examples of unusual “stair-step” differential flux spectra observed by the Apollo 14
Suprathermal lon Detector Experiment on the lunar dayside surface in Earth’s magnetotail. These spectra
exhibit a relatively constant differential flux below some cutoff energy and then drop off precipitously, by
about an order of magnitude or more, at higher energies. We propose that these spectra result from
photoions accelerated on the lunar dayside by nonmonotonic potentials (i.e., potentials that do not decay to
zero monotonically) and present a model for the expected differential flux. The energy of the cutoff and the
magnitude of the differential flux are related to the properties of the local space environment and are
consistent with the observed flux spectra. If this interpretation is correct, these surface-based ion
observations provide a unique perspective that both complements and enhances the conclusions obtained
by remote-sensing orbiter observations on the Moon's exospheric and electrostatic properties.

1. Introduction

Surfaces in space plasma environments, such as spacecraft exteriors and the regoliths of airless bodies, will
reach a voltage that assures that the steady state net current to the surface is zero [e.g., Whipple, 1981;
Manka, 1973]. This means that surfaces in sunlight will typically reach a positive potential, because solar ultra-
violet radiation liberates photoelectrons efficiently. In contrast, surfaces in shadow generally receive a larger
current from electrons, because electrons tend to have much higher thermal speeds than ions, resulting in a
negative potential. It is worth noting that this only describes general charging behavior which occurs at air-
less bodies throughout the solar system including, for example, at Saturn’s moons [e.g.,Roussos et al., 2010]
and that there are some exceptions, for example, in Saturn’s inner magnetosphere in large measure because
photoemission is significantly lower there than at 1AU [Olson et al., 2010; Hsu et al., 2012].

However, under conditions where a surface in a plasma emits a large number of photoelectrons and/or
secondary electrons, the surface potential may be negative in sunlight. In this case, rather than the potential
decaying to zero above the surface in the familiar exponential-like manner (like Debye shielding), these “non-
monotonic” potentials reach an extremum somewhere above the surface where the electric field is zero
before the potential approaches zero somewhere farther above the surface [Guernsey and Fu, 1970; Nitter
et al., 1998; Poppe and Horanyi, 2010].

Thus, we have the intriguing situation that the potential configuration above the surface in sunlight can have
two types of profiles: (i) a monotonic solution in which the first derivative (i.e., the electric field) does not
change sign above the surface and (ii) a nonmonotonic solution in which the potential reaches an extremum
above the surface where the first derivative changes sign. For examples of these types of profiles, refer to
Guernsey and Fu [1970, Figure 1] and Poppe et al. [2011, Figure 3].

Theory [e.g.,Grard and Tunaley, 1971] and experiments in the laboratory [e.g.,Wang et al., 2016] have
confirmed the existence of these two solutions. On the modeling side, Ergun et al. [2010] used a three-dimen-
sional self-consistent simulation to determine the potential profile surrounding a spacecraft in a high photo-
electron environment and showed that under certain conditions, the spacecraft potential can
become negative.

Although it is not unusual for nonlinear systems to have multiple steady state solutions, we reasonably expect
any system to seek the solution with the lowest potential energy. Guernsey and Fu [1970] calculated the total
potential energy associated with both solutions and concluded that the potential energy of the
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nonmonotonic solution is lower than that of the monotonic solution. Thus, the nonmonotonic potential
structure may be the energetically preferred configuration (i.e., stable) and, if so, would be expected to exist
above the lunar surface and, by extension, above the surfaces of airless bodies throughout the solar system
[e.g. Grard, 1997].

Halekas et al. [2005, 2008] reported the first evidence for nonmonotonic potentials above the lunar surface.
They examined Lunar Prospector Electron Reflectometer data, correcting for the spacecraft floating potential
and self-consistently fitting the entire electron distribution. They found, in general, on the lunar dayside posi-
tive potentials smaller than about 20V, consistent with previous observations [Freeman et al., 1973; Freeman
and Ibrahim, 1975; Goldstein, 1974]. However, in the plasma sheet in sunlight, they observed negative poten-
tials of up to several hundred volts. They suggested that one possible explanation for the large negative
potentials was the presence of nonmonotonic potentials near the lunar surface.

There have been two articles examining in detail specific periods that provide evidence for lunar surface non-
monotonic potentials in the terrestrial magnetotail. Poppe et al. [2011], using Lunar Prospector Electron
Reflectometer data and examining upward going electron beams, determined the lunar surface potential
in the terrestrial plasma sheet late on 1 March 1999 (~2100-2400 UT). Although common expectation is
for lunar surface potentials to be positive in sunlight and negative in shadow [Halekas et al., 2002], Poppe
et al. found negative surface potentials on the dayside in the plasma sheet and, through comparison to mod-
eling results, concluded that these negative potentials were evidence for nonmonotonic potentials.
Geomagnetic activity was high during this period, with Dst below about —60nT.

In another study revealing evidence for nonmonotonic potentials, Halekas et al. [2011] examined events
when the ARTEMIS spacecraft [Angelopoulos, 2011] was magnetically connected to the lunar dayside while
the spacecraft was in both the lobe and plasma sheet. The period studied was about 3h early on 28 March
2010 and was a time near which Dst dropped from near zero to about —25nT. AE was also elevated during
this period indicating a generally higher than average level of geomagnetic activity present at this time.
Halekas et al. analyzed the entire electron spectrum and used well-established techniques [Halekas et al.,
2008] to conclude that the dayside surface potential was negative. They also showed a strong correlation
between negative surface potential and electron temperature, as predicted by Poppe et al. [2011, 2012].
These observations show that nonmonotonic potentials can occur in both the plasma sheet and magnetotail
lobe and suggest that nonmonotonic potentials on the lunar dayside are common when the moon is in
the magnetotail.

2. The Potential Profile Close to the Surface

Poppe et al. [2011] have performed particle-in-cell (PIC) modeling of nonmonotonic potentials above the
lunar surface in the plasma sheet. In this section, we develop a simple idealized model that reproduces some
essential aspects of Poppe et al.’s simulations.

The scale over which we are modeling the potential is less than about a kilometer, so as pointed out by Poppe
et al. [2011], a one-dimensional model is adequate provided that the sheath is strongly magnetized, which
constrains the electrons to move along the magnetic field, i.e.,in one dimension. However, as discussed in
Poppe and Horanyi [2010], it is also the case that across the lunar surface there exists quite a bit of complexity
including variations in topography and magnetic anomalies. Furthermore, regions with high hydrogen con-
tent may produce greater photoemission than normal regolith [Burinskaya, 2015]. These characteristics are
not captured in a one-dimensional treatment that is most applicable to a flat plain on the lunar surface at
local noon. With these caveats, we develop our analytic model in one dimension.

For nonmonotonic potentials, the potential difference between the surface and the minimum is mainly con-
trolled by the photoemission from the surface. The photoelectrons are cold, about 3eV, but have very high
density relative to the plasma sheet electrons, so they dominate the charge density near the surface.

The premise for the analytical model is simply that the potential profile is determined by the photoelectrons
emitted from the lunar surface and that the density of the photoelectrons decreases with distance above the
lunar surface with a scale length L. It is assumed that the ion and electron densities associated with the intrin-
sic magnetotail plasma are almost in balance (i.e., quasi-neutrality) and that any difference between the two
densities is small compared to the density in the large photoelectron population. If p is the charge density, ng
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Figure 1. A comparison between the analytical form of the nonmonotonic potential profile (equation (4); dotted curve)
and realistic simulations performed by Poppe et al. [2011] (solid curve).

is the photoelectron density at the lunar surface, g is the magnitude of the electron charge, &; is the permit-
tivity of free space, x is the distance above the lunar surface, and ¢ is the electric field, then the equation for
the electric field is
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Expressed in terms of the potential, ¢, using Poisson’s equation this is
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Integrating equation (2) twice yields
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where physically E_ represents the electric field far from the lunar surface and @ is the potential of the
lunar surface. As will be discussed shortly, we take the potential to be zero at heights above where the poten-
tial is equal to zero. If we recast this expression as

B(x) = AV [1-€T|~E_X + @, 4

and note that if, as will be discussed, (E_-L)/AV«1, then we can identify AV physically as the potential drop
between the surface and the minimum of the potential function (see Figure 1).

The potential drop AV is essentially the potential required to balance the currents between the incoming
plasma sheet electrons that can make it over the large potential well and the very small fraction of photoelec-
trons that are energetic enough to escape from the near-surface potential well out to infinity. Also, the den-
sity difference between the incoming plasma sheet electrons and that of the trapped and accelerated
photoions must be small relative to the photoelectron density, a condition that also requires that the ener-
getic plasma sheet electrons be able to make it over the potential well. Note that while the lunar surface
potential may be negative, the lunar surface itself will be positively charged because of the change in slope
of the potential around the minimum. Poppe et al. [2011] using modeling estimate a charge density of about
4x107""C/m? independent of plasma sheet parameters. Note that this value is dependent on the photoemis-
sion current that is assumed. Poppe et al. used values derived from measurements made on Apollo samples
[Willis et al., 1973].
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In Figure 1, we have fit data from Poppe et al.’s [2011] PIC simulations to the functional form given in equation
(4). (This figure is plotted on a linear scale in height to emphasize the structure of the electric field region
above the well. However, the reader is referred to Poppe et al.'s Figure 3 which is logarithmic in height,
and their format displays the nonmonotonic potential well better.) The functional form fits the simulation
results reasonably well at the plasma sheet temperatures modeled including 200eV, 300eV, 400eV, and
500eV (not shown). In the fits, L varies from about 7.5 to 9.0m, while AV is about —30V.

3. Discussion of the Functional Form

The functional form given in equation (4) has an extremum above the surface where the potential reaches its
lowest value. Furthermore, when E_is zero, the expression (4) displays monotonic behavior, so the equation
covers both classes of profile. Note also, with reference to Figure 1, that photoions created in the potential
well with very small energies will be trapped and presumably oscillate within the well. However, photoions
created above the well will be accelerated down toward the lunar surface and through the well. These accel-
erated photoions can be observed on the lunar surface and provide a probe of the lunar exosphere above
these nonmonotonic potentials.

Campanell and Umansky [2016] performed simulations of nonmonotonic profiles starting with a negative
surface potential and concluded that these are nonequilibrium states that quickly evolve to a positive poten-
tial configuration. Given the observational evidence for nonmonotonic negative surface potentials on the
lunar dayside, it seems likely that nonmonotonic potentials are stable for extended periods relative to
characteristic plasma time scales in the lunar environment. Because Campanell and Umansky make the
observation that a steady nonmonotonic potential can be maintained in their simulations only if no cold ions
are created in the dip, if lunar ions, formed by photoionization of exospheric neutral atoms, that are created in
the well escape perpendicular to the magnetic field, their simulations may be consistent with these observa-
tions near the Moon. Magnetotail convection will cause trapped photoions to Ex B drift, perhaps resulting in
enough perpendicular energy gain to escape the surface potential and become lost to space. Note that cold
ions could become trapped in the well and oscillate spatially up and down, perhaps inhibiting exospheric
escape on the Moon.

4, Derivation of the Differential Flux Profile

Because the potential profile above the minimum potential region in a nonmonotonic profile is approxi-
mately linear (although in realistic PIC simulations it asymptotes toward zero farther from the surface) and
the photoions ionized within the minimum potential well are trapped, as discussed above, we can determine
the expected differential flux spectrum above a nonmonotonic potential by considering the spectrum that
results from simply a linear potential, i.e., a constant electric field, above the lunar surface, as shown in
Figure 2 (left). In this profile, we have assumed that the potential changes linearly from ¢+ at x=x, to zero
at X=Xmax remaining at zero beyond Xax SO the maximum energy, Eax @ photoion can have at the lunar
surface, x=0, is e, Where e is the charge of an electron.

If we assume that the neutral density is uniform with a density n,, which is reasonable because the atmo-
spheric scale heights are much larger than the scale heights of interest here [Stern, 1999] (note also that
the temperature of the lunar surface goes up to only about 400K, so the thermal energy is less than 1eV),
and we consider an altitude above the lunar surface x and a small volume region at that altitude of height
Ax and area A, the rate of photoion production in that volume element, n, is given by

fp = ny-A-AX- 2, (5)

where Z is the photoionization rate at Earth’s orbit. In steady state, the number of photoions created in this
volume per unit time must be equal to the number of photoions per unit time from this volume hitting the
lunar surface because the lunar surface is the only sink for the newly created photoions.

If a photoion is originally ionized at a height x above the lunar surface and x; is the height above the surface at
which the potential is equal to the surface potential (i.e. the top of the well), then the energy, E, it will have at
the surface of the Moon will be given by
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Figure 2. (left) Derivation of the differential flux profile for photoions accelerated above the lunar surface by a constant
electric field. Note that the left-hand side of this panel is not the surface (x=0), but the point x; above the surface where
the potential is equal to the surface potential. (right) The stair-step flux profile predicted for the spectrum of photoions
accelerated by a nonmonotonic potential above the lunar surface.

Psurf
E= — . (x—x,)-q, (6)
(Xmax_Xs) ( ) 9

where X; <X <Xmax- Thus, the spread in energy, AE, of the particles accelerated out of the volume element of
height Ax is given by the differential of equation (6), that is,
AE = Psurt 9 AX. 7

Xmax—Xs
Solving for Ax, we can plug this back into equation (5) above, to get

Fip = No-A- - AE- <M) ®)
G- Psurf

Noting that the differential flux, &
surface due to the photoions ionized in the volume element is the number of photoions hitting the surface
per unit time divided by the spread in energy of the ions, AE, divided by the cross-sectional area, A, of the

volume element, we arrive at

o (where J is the integrated flux over all energies) observed on the lunar

dJ np  np-R ©
dE|, A-AE  g&’

where ¢ is the magnitude of the constant electric field above the lunar surface, corresponding to the linear
potential region in the analytic model profile (equation (4)) and given by (X:;“fxs). Equation (9) applies to ener-
gies less than the maximum energy, Enax. The flux of particles with energies greater than E,,.x is zero because

our modeled electric field is assumed to be zero for x> Xax as shown in Figure 2 (left).

It is important to note that far from the surface the electrostatic potential is zero so that the greatest kinetic
energy a photoion can gain through being accelerated to the surface is the surface potential. This maximum
energy does not depend on how the potential approaches zero at large distances and in particular does not
depend on the assumption that the potential is zero above Xpmax.

Note that all quantities that appear on the right-hand side of equation (9) are constants, independent of
energy. Consequently, this model predicts a “stair-step” differential flux profile that is constant up to some
cutoff energy, Emax and then drops to zero as shown in Figure 2 (right). Because the spectral observations
occur on the lunar surface, the maximum observed particle energy corresponds to the surface potential.
Note that this analysis neglects possible effects associated with secondary and reflected ions at the surface.
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The presence of these stair-step potentials provides evidence of quasi-constant electric fields accelerating
ions above the lunar dayside surface and, by extension, provides a unique surface-based perspective effec-
tively “looking up” at these nonmonotonic potentials forming in the presence of large quantities of photo-
electrons (which are the only known way of generating dayside tail negative potentials on the lunar surface).

5. Discussion of the Spectral Form

We can use a nominal 1AU photoionization frequency, 28, of 107’s™" [Rucinski et al., 1996; Huebner and
Mukherjee, 2015], a surface neutral density of 10°cm™ (based on recent Lunar Atmosphere and Dust
Environment Explorer measurements, on the dayside the main contributors to the neutral density may be
Ar and CO [Halekas et al., 2015] although in terms of ionization rate, Al may also be an important contributor),
an electric field of 0.05V/m, based on the Poppe et al. [2011] simulations, and assume that the photoions are
singly ionized to estimate the expected differential flux:

dJ 1077s71.10% cm™3 1.6 x 107'°J 100 cm
= - =200cm s eV, (10

dE| ~ v
%l 16 x 1019C x 0.05 ev

Thus, the expected flat-top portion of the spectrum should be on the order of hundreds percm?/s/eV. Note
that the ion production rate in equation (10) is in rough agreement with the ion production rates from Poppe
et al. [2016] (e.g. their Figure 4b).

As discussed above, the cutoff energy, E .y, is determined by the lunar surface potential which according to
the simulations performed by Poppe et al. [2012] is about 70% the plasma sheet electron temperature, which
is typically in the range of 100-500eV [Poppe et al., 2011]. Therefore, we expect cutoff energies to be in the
range of 70-350eV.

6. Suprathermal lon Detector Experiment Observations of Nonmonotonic
Potentials

The Total lon Detector (TID) sensor of the Suprathermal lon Detector Experiment (SIDE) instrument measures
total positive ions and employs curved plate analyzers for energy per charge discrimination [Benson, 1975].
The instrument has a ground plane electrode in contact with the lunar surface that was stepped through a
cycle of 24 voltages from —27.6 to +27.6V to accelerate low-energy photoions into the detector. We will only
be considering data when the ground plane voltage is zero. The instrument energy channels range from
about 10eV to about 3500eV, logarithmically spaced. The SIDE fields of view are about 6° square solid angle
primarily in the ecliptic plane but canted 15° from the local vertical.

We have examined Apollo 14 SIDE/TID data from about 1year of tail crossings. Spectra of the form discussed
above, namely, these stair-step differential flux spectra, were observed by the Apollo 14 SIDE/TID instrument
when the Moon was in the magnetotail, that is when SIDE was in sunlight. By revealing this signature in the
accelerated photoion flux, these types of spectra may indicate the presence of nonmonotonic potentials
above the lunar surface.

For example, Figure 3 (left) shows Apollo 14 SIDE TID data during a lunar traversal of the magnetotail in early
1972, day 90 (30 March) at about 22:33:24. This was a tail pass that occurred between day 88 and day 91 (28-31
March) and showed a large number of spectra, 18 out of 186 total or about 10%, exhibiting this stair-step pro-
file. This crossing also occurred during unusually high geomagnetic activity with Dst reaching as low as —61nT.

In Figure 3, the solid circles show the differential flux as a function of observed energy in electron-volts and
the open circles show the total observed counts in each energy passband. During the collection period, the
ground plane voltage was zero, so there is no energy offset from the ground grid, and each energy channel
has a total integration time of about 7.2s representing six records integrating for 1.2s each. In calculating the
differential flux, we have used a nominal SIDE effective area of G=5x10">cm? and a passband width of 8% of
the central energy.

Note that the flux at low energies is about 400c/s/cm?/eV, roughly consistent with the expected values cal-
culated above, and the cutoff is at about 100eV, also roughly consistent with expectations for nonmonotonic
potentials above the lunar surface as discussed above.
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Figure 3. (left) An example of a stair-step SIDE energy spectrum from Apollo 14. The flux spectrum is relatively flat at
observed energies less than 100eV but then drops off by over an order of magnitude at higher energies. (right) Another
example of a stair-step SIDE energy spectrum from Apollo 14 observed during another magnetotail pass at higher AE.

The plasma sheet electron temperatures are typically 100-500eV [Poppe et al., 2011]. Because the lunar
surface will acquire a negative potential of the order of the electron temperature (about 70% or so of the
plasma sheet electron temperature) and this corresponds to the expected energy of the cutoff in the SIDE
differential flux spectra, if these SIDE stair-step spectra can reasonably be associated with nonmonotonic
potentials, then we expect spectral cutoffs in the range of 70-350eV, as observed. Furthermore, the cutoff
energy provides a direct measurement of the lunar surface potential in sunlight, if it is negative.

Figure 3 (right) shows another example of a stair-step flux profile observed during a different lunar traversal
of the magnetotail. This particular spectrum occurs during a higher value of AE than that during the spectrum
shown in Figure 3 (left). The cutoff energy is also higher, above 250¢€V in this case, in comparison to a cutoff
energy somewhere between 100eV and 250eV for the case shown in Figure 3 (left) while the flux is
somewhat lower.

7. Nonmonotonic Potentials and Geomagnetic Activity

There are various reasons why the occurrence frequency of nonmonotonic potentials may increase at ele-
vated levels of geomagnetic activity. First, Poppe et al. [2012] have shown through simulations that nonmo-
notonic potentials are a strong function of plasma sheet electron temperature. One expects that as the level
of geomagnetic activity increases, the plasma sheet electron temperature will also increase. It is the case that
the average ion energy increases [Walker et al., 1999, Figure 6.19], and Baumjohann et al. [1989] have shown
that the plasma sheet ion temperature increases with increased geomagnetic activity (measured by AE) and
that the ion and electron temperatures in the plasma sheet are highly correlated.

Second, Sternovsky et al. [2008] have shown that extreme solar flare conditions (which can be associated with
higher geomagnetic activity) increase photoelectron emission from the lunar surface. Because nonmono-
tonic potentials need large photoelectron densities, we might expect based on this association that the
frequency of occurrence of spectral signatures associated with nonmonotonic potentials observed by SIDE
might increase with the general level of geomagnetic activity.

Finally, Ergun et al. [2010] showed that for spacecraft charging, nonmonotonic potentials occur preferentially
for photoelectron densities much larger than ambient electron densities and for thermal energies much larger
than the photoelectron temperature. Again, if the plasma sheet electrons are hotter during high levels of geo-
magnetic activity, then we may expect nonmonotonic potentials to be correlated with geomagnetic activity.

Consistent with this proposal are the findings of Farrell et al. [2013]. They examined the reaction of the lunar
surface to the passage of a coronal mass ejection (CME) that occurred from 1 to 3 May 1998 using particle-in-
cell (PIC) codes. The passage of a CME, particularly during an active solar period like early May 1998, creates
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extreme and variable conditions above the lunar surface. Farrell et al. [2013] found that in the CME, low elec-
tron temperatures produced monotonic potentials while high electron temperatures produced nonmon-
tonic potentials (see their Table 1, columns 4-6, Intervals 3 and 4).

A preliminary statistical study of Apollo 14 SIDE data when the Moon was in the magnetotail between
November 1971 and June 1972 has identified 28 clear examples of SIDE spectra exhibiting these stair-step
flux spectra. This represents about 1% of the total SIDE spectra observed in the magnetotail over this time
period. However, in order to successfully identify these stair-step flux profiles, the flux levels of other local
populations of charged particles must be lower than that of the photoions accelerated by the nonmonotonic
potential generating the stair-step spectra. So, for example, it is difficult to observe this stair-step signature in
the plasma sheet where there are higher charged particle fluxes than in the lobe or boundary layer, and we
speculate that these stair-step spectra are present far more frequently than can be observed by SIDE.

The identified spectra had a range of cutoff energies between 17eV (1 spectrum) and 250eV (4 spectra) with
the majority (20 spectra) having a cutoff energy of 100€eV and the remaining spectra having cutoff energies of
30eV (2 spectra) and 70eV (1 spectrum). The determination of these cutoff values is, of course, limited by the
spacing of the SIDE energy channels so that a spectrum with a cutoff energy of 100eV, as observed for exam-
ple in Figure 3 (left), may have its true cutoff energy anywhere between 100eV and 250eV, the adjacent
energy channel.

We have also performed a comparison between the frequency of occurrence of these stair-step flux profiles
and geomagnetic activity levels. The occurrence frequency during any given lunar magnetotail pass appears
positively correlated with the overall level of geomagnetic activity during that pass. So although most spectra
observed by SIDE in the terrestrial magnetotail are not of this stair-step type, this type of spectrum is
observed consistently throughout the Apollo 14 SIDE magnetotail passes examined to date, is probably more
common than our observations might suggest, and is related to the overall level of geomagnetic activity. The
correlation of the data set to geomagnetic activity will be the subject of an upcoming paper. In the work
herein, we introduce the concept and provide a direct link to the preceding Poppe et al.’s [2011] work which
placed these observations into context.

8. Conclusions

We interpret the Apollo SIDE TID stair-step flux profiles as further evidence of the presence of nonmonotonic
potentials above the lunar surface while in the terrestrial magnetotail, in concurrence with previous orbital
measurements [e.g.,Halekas et al., 2008, 2011, 2012; Poppe et al., 2011, 2012]. Thus, the identification of this
stair-step spectral form using instrumentation on the lunar surface is another of many techniques that allow
us to measure lunar surface potential with an ion instrument on the lunar surface in various plasma environ-
ments [e.g.,Freeman and lbrahim, 1975; Freeman et al., 1972, 1973; Goldstein, 1974; Lindeman et al., 1973;
Benson, 1977; Manka and Michel, 1973]. What distinguishes this technique is simplicity of spectral form and
interpretation—the spectrum is flat with a magnitude given by equation (9) and the cutoff energy is the
surface potential.

This analysis was presented for the Moon in the terrestrial magnetotail. However, given the appropriate
plasma conditions, the analysis would also apply to other airless bodies in the solar system, specifically to
solar system environments with large photoelectron densities and a bath of hot electrons [e.g.,Ergun et al.,
2010]. In fact, we have very few measurements of plasma phenomena, and in particular nonmonotonic
potentials, on airless surfaces throughout the solar system, and the Apollo Lunar Surface Experiments
Package (ALSEP) SIDE measurements are unique because they are made on the surface rather than in orbit.
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