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[1] We analyzed lunar surface charging during solar energetic particle (SEP) events,
utilizing Lunar Prospector measurements of surface potentials and electron fluxes, and
upstream energetic particle data. Outside of the magnetosphere, we find a nearly one-to-
one correspondence between extreme negative lunar surface charging and large solar
proton events. Using new techniques to correct for spacecraft potential, we present the first
quantitative measurements of lunar charging during SEP events, during which we find that
the nightside surface reaches potentials of up to �4.5 kV, with negative potentials of a
kilovolt or larger often observed. These potentials are far higher than typical nightside
potentials of a few hundred volts negative and may increase the risk of electrostatic
discharge and/or dust effects, introducing an additional hazard to the already dangerous
radiation environment. For eight of eleven event periods, surface potentials correlate with
electron temperature and with the ratio of energetic electron flux to both energetic
proton flux and total electron flux. For these eight events, charging models taking into
account both thermal/suprathermal and energetic particle fluxes, as well as secondary
emission, can successfully predict surface potentials. However, during the other three
events, surface potentials do not correlate with the same measurable quantities, and
charging models cannot reproduce measured potentials. In order to develop reliable and
accurate models for lunar surface charging during SEP events, we will need better
measurements of ion and energetic particle behavior in the lunar environment, secondary
electron emission from lunar materials, and lunar surface potentials.
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1. Introduction

1.1. Lunar Surface Charging

[2] The Moon has a tenuous exosphere and only weak
and localized crustal magnetic fields, leaving most of its
surface exposed to solar ultraviolet (UV) and X rays as well
as solar and magnetospheric plasma and energetic particles,
all of which affect lunar surface charging. Electron and ion
impacts contribute negative and positive charging currents
to the surface respectively, and can each also produce an
escaping flux of secondary electrons (a positive charging
current). Photon impacts generate an escaping flux of
photoelectrons, also a positive charging current. Each of
these charging currents depends on the electrostatic poten-
tial of the surface with respect to the surrounding plasma.
The Moon, like any body in space, charges to an equilib-
rium potential such that the charging currents to its surface

balance. Given the low lunar surface conductivity [Schwerer
et al., 1974], especially on the night side [Alvarez, 1977],
each portion of the lunar surface should charge indepen-
dently, and charging currents need only balance locally.
Meanwhile, lunar surface charge densities and charging
currents are such that the surface should respond rapidly
(�1 s) to changes in solar illumination or plasma properties,
quickly reaching an equilibrium potential.
[3] During its orbit around the Earth, the Moon is

exposed to highly variable charging currents. The terrestrial
magnetosphere contains very rarefied plasma in the tail
lobes, with denser and more energetic plasma in the plasma
sheet and magnetosheath regions. The solar wind consists of
relatively cool streaming plasma, while the lunar wake
(which forms downstream of the Moon in the solar wind)
contains more energetic and much more rarefied plasma.
During solar energetic particle (SEP) events, meanwhile,
high fluxes of very energetic particles can impact the Moon.
In addition, solar illumination, and therefore photoelectron
current from the surface, depends on solar zenith angle
(SZA) on the dayside. Commensurate with this variability in
charging currents, lunar surface potentials can vary over
orders of magnitude.
[4] On the sunlit hemisphere of the Moon, photoelectron

currents usually dominate, and the surface charges to a
small positive potential. On the night side, currents from
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plasma electrons tend to dominate, and the surface charges
to a negative potential. However, secondary electron emis-
sion can complicate matters by providing an additional
positive current source, and given large enough secondary
emission the nightside surface could even charge positive.
LP measurements of secondary electron emission from
lunar regolith [Halekas et al., 2009], however, suggest that
the nightside surface should usually remain negative. Sim-
ple charging theory predicts an equilibrium positive poten-
tial in sunlight on the order of a few times the photoelectron
temperature and an equilibrium negative potential in shadow
on the order of a few times the electron temperature (which
can vary over orders of magnitude) [Whipple, 1981; Stubbs
et al., 2007b; Manka, 1973]. Apollo era and Lunar Pros-
pector (LP) observations generally confirm these expect-
ations [Halekas et al., 2008]. In particular, LP observes the
largest negative lunar surface potentials during plasma sheet
crossings and SEP events, when the Moon is exposed to
energetic (‘‘high temperature’’) plasma.

1.2. Lunar Prospector Observations

[5] Previous studies [Halekas et al., 2002, 2003, 2005a,
2007, 2008] have used Lunar Prospector Electron Reflec-
tometer (LP ER) data to explore the charging of the lunar
surface in various environments, by utilizing the electrons
measured at spacecraft altitude as a remote probe of the
lunar surface potential. Negative charging of the lunar
surface affects electron distributions measured at spacecraft
altitude in two ways. First, radial electric fields force
energy-dependent electron reflection. For adiabatic reflec-
tion due only to magnetic fields, the fraction of the incident
electron flux reflected before reaching the surface does not
depend on energy. However, LP observations instead show
energy-dependent reflection, indicating the presence of a
potential drop between the spacecraft and the surface
[Halekas et al., 2002]. In addition, LP often observes beams
of electrons traveling upward along magnetic field lines
from the surface. These represent low-energy secondary
electrons emitted from the surface and accelerated upward
to the spacecraft by negative radial electric fields near the
surface [Halekas et al., 2002]. One can use either of these
features of the electron distribution to remotely sense
negative lunar surface potentials.

1.3. Spacecraft Charging

[6] In order to utilize LP ER measurements (which
determine the potential drop between the spacecraft and
the surface) to infer the lunar surface potential, one must
first understand the charging of the spacecraft itself. The
methods previously used to determine the LP spacecraft
potential in both sunlight and shadow by Halekas et al.
[2008] relied purely on LP electron measurements. In
sunlight, when the spacecraft charges positive, one can
use the break in the measured electron spectrum between
spacecraft photoelectrons and plasma electrons to determine
the spacecraft potential. For negative spacecraft charging in
shadow, on the other hand, one cannot rely on photoelec-
trons or any other secondary population to determine the
spacecraft potential. Instead, Halekas et al. [2008] devel-
oped a spacecraft charging model by fitting the electron
distribution measured by LP to a kappa function, assuming
equal ion and electron densities and temperatures, assuming

a secondary electron emission yield function, and then
parameterizing the spacecraft potential by the electron tem-
perature and the kappa index of the electron kappa distribu-
tion. The authors then calibrated the charging model and
determined the spacecraft secondary yield function by
comparing electron distributions in quiet regions and requir-
ing continuity across the light/shadow boundary. Halekas et
al. [2008] utilized this method to determine that the LP
spacecraft, assuming a Sternglass secondary electron yield

function d(E) = 7.4dmE/Em . exp(�2
ffiffiffiffiffiffiffiffiffiffiffiffi
E=Em

p
) [Sternglass,

1954], has a maximum secondary yield of dm = 1.5 at a
primary electron energy Em = 500 eV.
[7] The most recent analysis of LP ER data, which for the

first time utilized this spacecraft charging model to correct
for spacecraft potential, and also self-consistently utilized
the entire electron distribution to determine lunar surface
potentials, found typical nightside lunar surface potentials
of a few hundred volts negative or smaller in the terrestrial
magnetotail lobes and in the lunar wake [Halekas et al.,
2008]. However, during plasma sheet crossings and SEP
events, LP has observed much larger negative surface
potentials.

1.4. Extremes in Lunar Surface Charging

[8] In the plasma sheet, on the night side and occasionally
even on the dayside, lunar surface potentials can reach
��1–2 kV [Halekas et al., 2005a, 2008]. Meanwhile,
during SEP events, LP has observed nightside lunar surface
potentials as large as ��4.5 kV [Halekas et al., 2007,
2008]. However, to date, no one has corrected LP surface
potential measurements during SEP events for the effects of
spacecraft charging. Previous methods of determining and
correcting for the effects of the LP spacecraft potential
relied only on LP ER measurements of the electron distri-
bution [Halekas et al., 2008]. During time periods with
large fluxes of energetic particles (such as SEP events), we
cannot use these previously developed methods, because
energetic particles can also contribute significantly to the
spacecraft current balance. Therefore previous measure-
ments of lunar surface potentials during SEP events have
an unknown offset due to spacecraft charging.
[9] Quantitative measurements of surface charging during

SEP events may prove important, because kilovolt-scale
surface potentials could have potentially significant conse-
quences for robotic and/or human lunar surface exploration.
Spacecraft charging and electrostatic discharge historically
constitute the leading causes of spacecraft failures in orbit
[Bedingfield et al., 1996; Koons et al., 2000; Leach, 1995],
and could also impact operations on the lunar surface.
Charging during SEP events could prove even more haz-
ardous because of the combination of enhanced charging
and radiation. SEP events can produce large amounts of
radiation, with up to half of all energetic particles that strike
the Moon during a solar cycle arriving during a few large
events [Adams and Shapiro, 1985]. Meanwhile, the same
charging processes that affect the surface also influence
individual dust grains. If surface electric fields can over-
come surface cohesive forces, they could lift charged dust
grains form the surface and transport them vertically and/or
laterally [Stubbs et al., 2006, 2007c]. We cannot easily
predict the extent of hazards to exploration from charged
dust, but significant hazards could result from dust [Stubbs
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et al., 2007a]. All of these considerations provide us with
ample reason to investigate lunar charging during SEP
events.
[10] In this study, we first develop new techniques to

determine the spacecraft potential during SEP events, uti-
lizing upstream measurements of energetic electron and ion
fluxes in addition to LP electron measurements. These
techniques allow more accurate measurements of lunar
surface charging during SEP events. We then use these
new corrected results to investigate the charging of the lunar
surface during SEP events, as observed in 1998 by LP, both
qualitatively and quantitatively. We investigate correlations
between observed surface potentials and all relevant mea-
surable plasma parameters, in order to determine which
factors control lunar surface charging during SEP events.
Finally, we develop several surface charging models and
compare them to our measurements, with the goal of
working toward a predictive capability for lunar surface
charging during SEP events.

2. Data Sources

[11] This study utilizes measurements made in 1998 by
the Lunar Prospector Electron Reflectometer (LP ER) to
determine lunar electrostatic potentials and measure the
electron spectrum around the Moon. The ER was a top-
hat electrostatic analyzer capable of measuring full three-
dimensional electron distribution functions from a few eV
to 20 keV. During the time period considered in this study,
the analyzer energy sweep covered electron energies of
38 eV to 17 keV (center energies for each energy bin).
The analyzer had an intrinsic energy resolution of DE/E =
�0.25, but the onboard processor summed adjacent energy
bins together, resulting in an effective DE/E = �0.5. LP had
a rapidly precessing polar orbit (�2 hr period), allowing full
coverage of the lunar surface twice a month. LP orbited at
�100 km altitude for the entire time period considered in
this study. In its orbit around the Earth, the Moon spends
�75% of the time in the solar wind, and the rest in the
terrestrial magnetosheath and geomagnetic tail (including
tail lobes and plasma sheet). We only consider solar wind
time periods in this paper (during which the LP spacecraft
orbits through the solar wind and lunar wake).
[12] We also utilize upstream data from Wind, ACE, and

SOHO to determine energetic particle fluxes. For these
measurements, we rely on key parameter data from the
SOHO COSTEP (500 keV to 7.4 MeV electrons, 540 keV
to 47 MeV protons), Wind EPACT (19–72 MeV protons),
ACE EPAM (38–315 keV electrons, 47 keV to 4.75 MeV
protons), and ACE SIS (>10 MeV protons) experiments
[Muller-Mellin et al., 1995; von Rosenvinge et al., 1995;
Gold et al., 1998; Stone et al., 1998].

3. Determining the Spacecraft Potential during
SEP Events

[13] To accurately determine the magnitude of the lunar
surface potential during SEP events, we mainly need to
understand the negative spacecraft potentials achieved in
shadow, which can greatly exceed any positive spacecraft
potentials achieved in sunlight. Unfortunately, the techni-
ques previously used to determine negative spacecraft

potentials [Halekas et al., 2008] relied on the electron and
ion distributions each having a simple one-component form.
During SEP events, both ion and electron distributions can
have multiple components, and LP electron measurements
cannot completely characterize the electron distribution.
Instead, we must also consider both energetic ion and
electron measurements. To accomplish this, we utilize
upstream measurements from Wind, ACE, and SOHO,
and assume that the same energetic particle fluxes impact
the lunar environment. One expects the presence of the solid
lunar obstacle to reduce the energetic particle flux at some
locations around the Moon. However, LP electron data
show only a small reduction in electron flux in the lunar
wake even at a comparatively low energy of 17 keV, so we
expect that fluxes of more energetic particles around the
Moon should not differ greatly from upstream values. The
gyroradii of these particles are large and their velocities
large, and they should generally penetrate efficiently into
the wake region. For very small-scale structures in the solar
wind and/or very anisotropic particle fluxes, this expecta-
tion may not hold true, but for most times it should prove
adequate.
[14] To determine negative spacecraft potentials during

SEP events, we first characterize the low-energy portion of
the electron distribution, and use the electron parameters
thus determined as inputs to approximate the expected
thermal proton flux. We begin by fitting the low-energy
(below 2 keV) portion of the thermal/suprathermal electron
distribution measured by the LP ER to a kappa function
with the form

fE vð Þ ¼ G kþ 1ð Þ
pkð Þ3=2G k� 1=2ð Þ

nFIT

Q3
1þ v2= kQ2

� �� ��k�1
; ð1Þ

with kappa index k, electron density nFIT, and electron
temperature at the spacecraft (inside the sheath) equal to TFIT =
k/(k � 3/2) . mQ2/(2k) (with m the electron mass and Q the
thermal velocity). To determine the corresponding electron
density and temperature outside of the sheath in the
surrounding plasma, we shift the distribution of equation (1)
by the (unknown) spacecraft potential. Given a kappa function
distribution, we can solve to find the ambient plasma density
and temperature nE = nFIT [1 + eULP

kTFIT k�3=2ð Þ]
1/2 � k and kTE =

kTFIT + eULP/(k � 3/2), with ULP the unknown spacecraft
potential (E = electrons, I = protons). Using these parameters,
we can then calculate the expected ambient thermal proton
spectrum, assuming a Maxwellian distribution

fI vð Þ ¼ nI � m= 2pkTIð Þð Þ3=2 exp �mv2= 2kTIð Þ
� �

; ð2Þ

with proton density and temperature equal to electron density
and temperature (nI = nE, TI = TE). Quasineutrality is always a
good approximation in space plasma physics; however the
assumption of equal temperatures may not always hold.
Luckily, the spacecraft potential, which depends mainly on
the balance between primary and secondary electrons in the
wake, does not depend strongly on the proton temperature.
We found that changing the proton temperature by a factor of
ten only changed the predicted spacecraft potential by an
average of �30% or less in most cases. In the lunar wake,
thermal proton distributions may prove considerably more
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complicated than the simple distribution of equation (2)
considered here; however, absent direct measurements, we
adopt the simplest possible model in this study.
[15] We calculate the thermal proton directional number

flux to the charged spacecraft (as a function of the unknown
spacecraft potential) from the distribution of equation (2),
using

JI ¼ nI

ffiffiffiffiffiffiffiffiffiffiffi
kTI

2pmI

s
1� eULP

kTI

� 	
	 nE

ffiffiffiffiffiffiffiffiffiffiffi
kTE

2pmI

s
1� eULP

kTE

� 	
: ð3Þ

equation (3) assumes thick-sheath charging, since we expect
a Debye scale large in comparison to the spacecraft size
(lD 
 RLP). Therefore the negatively charged spacecraft
attracts ions from the sheath region that would not otherwise
have impacted the spacecraft. This accounts for the factor of
(1-eULP/kT) compared to the directional flux from a
Maxwellian distribution near an uncharged surface [Horányi,
1996; Whipple, 1981].
[16] Next, we construct the full electron spectrum at the

spacecraft over the energy range from zero to 1 GeV, using
LP and upstream measurements, and interpolating and
extrapolating where necessary. We perform a basic back-
ground subtraction on the LP electron data in order to
remove the background signal from all penetrating particles.

We utilize a power law extrapolation at high energies, and
use the kappa function fit determined above (converted
from distribution function f(v) to differential number flux
dJ(E)/dE) to extrapolate to energies below the LP energy
sweep.
[17] Similarly, we construct the non-thermal proton spec-

trum at the spacecraft, using upstream measurements, and
utilizing power law extrapolations up to 1 GeV and down to
the region covered by the Maxwellian thermal proton
distribution determined above.
[18] Finally, we calculate the secondary emission spec-

trum using the spacecraft secondary yield function deter-
mined by Halekas et al. [2008] and described above, and
numerically integrating this yield over the full electron
spectrum determined above in order to determine the
secondary electron spectrum from the spacecraft.
[19] Figure 1 shows example electron, proton, and sec-

ondary electron spectra determined using these methods.
From each of these spectra, we can calculate total direc-
tional number fluxes, integrating (assuming isotropic dis-

tributions) to find JPRIMARY_I,E = p
R dJI ;E Eð Þ

dE
dE (E = electrons,

I = protons) and JSECONDARY = p
R dJE Eð Þ

dE
d(E)dE. Finally, we

vary the assumed spacecraft potential and repeat the entire
set of calculations described above for a wide range of
assumed potentials to find the spacecraft potential ULP at
which the sum of the proton thermal and energetic direc-
tional fluxes (positive), secondary electron directional
fluxes (positive), and primary electron directional fluxes
(negative) balance. We determine the point of current
balance by finding the minimum in the total flux divided
by the primary electron flux, as shown in Figure 2.
[20] On the dayside, in sunlight, we take into account two

extra currents, corresponding to the solar wind ion flow
toward and the photoelectron flux from the sunlit side of the
spacecraft. We assume a typical spacecraft photoelectron
current of 50 mA/m2, and a solar wind velocity of 400 km/s.
In practice, the spacecraft almost always charges to small
positive values in sunlight, for a wide range of these
parameters.
[21] This new technique for determining negative space-

craft potentials during SEP events is much more general

Figure 1. Electron and proton spectra measured by LP and
upstream monitors at 1998/05/06/20:57 (during Event 5),
along with extrapolations and modeled secondary electron
spectrum. Black diamonds show LP electron data; black
asterisks, upstream electron data; and blue asterisks,
upstream proton data. Black line shows electron spectrum,
including power law extrapolation at high energies (solid),
and extrapolation from kappa function fit at low energies
(dashed). Dashed blue line shows assumed low-energy
Maxwellian distribution for thermal protons. Solid blue line
shows proton spectrum, including power law extrapolations
at low and high energies. Red line shows modeled
secondary electron flux. Fit to electron distribution gives
k = 2.24, nFIT = 0.03 cm�3, TFIT = 54.6 eV. For a spacecraft
potential of �27 V, these values imply nE = 0.21, TE = 18.1.
These values of density, temperature, and spacecraft
potential imply a thermal proton directional number flux
at the spacecraft of 8.8 � 105 cm�2 s�1, which together with
the non-thermal proton flux of 4.6 � 103 cm�2 s�1 and the
secondary electron flux of 2.6 � 106 cm�2 s�1, roughly
balance the total electron flux of 3.4 � 106 cm�2 s�1.

Figure 2. Magnitude of total flux to the spacecraft divided
by electron flux to the spacecraft at 1998/05/06/20:57, as a
function of assumed negative spacecraft potential, showing
a minimum at ��27 V spacecraft potential, with a FWHM
of �5V, for an error of �2.5 V.

A05110 HALEKAS ET AL.: LUNAR CHARGING DURING SEP EVENTS

4 of 16

A05110



than that of Halekas et al. [2008], since it takes into account
the entire electron and proton distributions, including ener-
getic particles, and allows us to more accurately treat
negative spacecraft charging in the presence of multicom-
ponent distributions. During quiet times, the new technique
agrees closely with previously utilized methods; however,
during SEP events, we now predict larger negative space-
craft potentials at some times, as shown in Figure 3. For this

period, we clearly see the effect of the huge increase in
energetic electron fluxes in the first half of the time range
shown, which forces the spacecraft to charge more nega-
tively in order to pull in more thermal protons from the
sheath region to balance the currents to the spacecraft. Even
for these large energetic electron fluxes, however, the
balance between low-energy electrons and secondary elec-
trons remains an important factor, as indicated by the fact
that the spacecraft potential does not decrease monotoni-
cally with the energetic electron fluxes. For this event,
energetic proton fluxes do not contribute substantially to
the charging balance; however, at some times, energetic
protons also play an important role in spacecraft charging.
The period shown in Figure 3 represents an extreme case;
only for a few events with very large increases in energetic
electron fluxes does the spacecraft potential reach negative
values as large as these.

4. Measuring the Lunar Surface Potential During
SEP Events

[22] Previous LP measurements of lunar surface charging
have utilized both energy-dependent electron reflection and
secondary electrons accelerated from the surface to remotely
sense the magnitude of negative surface potentials. For this
work, to ensure good coverage during SEP events, even in
the presence of sometimes substantial penetrating particle
background, we have followed the methodology of Halekas
et al. [2007] and used measurements of accelerated beams
of secondary electrons to remotely sense the surface poten-
tial. We utilize the same automated software developed in
that study to find upward traveling beams, and manually
check each beam thus identified to ensure data quality. The
energy of the secondary electron beam provides a measure
of the potential drop DU = UM�ULP between the spacecraft
and the surface (with a resolution equivalent to the LP ER
instrumental energy resolution of �50%). By adding the
spacecraft potential ULP, as determined in the previous
section, we therefore obtain a measurement of the lunar
surface potential UM.
[23] In practice, the correction for spacecraft potential

usually proves relatively small, with the lunar surface
reaching much larger potentials than the spacecraft. This
disparity in charging behavior likely arises both from the
different material properties and from the different scale
sizes of the spacecraft and Moon as compared to the Debye
scale. The spacecraft apparently has a greater secondary
electron yield than lunar regolith materials, thereby reduc-
ing the magnitude of negative surface potentials. The
spacecraft also has a thick sheath compared to its scale
size, and therefore attracts additional ions to its negatively
charged surface, moderating the magnitude of negative
spacecraft potentials. On the other hand, the Moon has a
very thin sheath compared to its scale size, limiting the ion
current to the negatively charged surface, and allowing its
surface to reach much larger negative potentials.

5. Systematics of Lunar Surface Charging During
SEP Events

[24] We use the techniques described above to character-
ize all periods during which LP observed negative lunar

Figure 3. Upstream energetic electron and proton differ-
ential fluxes, magnitude of negative spacecraft potential
calculated using two different techniques, and integrated
total charged particle fluxes to/from the spacecraft, for a
time period during Event 5. Total fluxes at the spacecraft
(inside the sheath) shown for protons, electrons, and
secondary electrons of all energies and of/produced by
primary particle energies greater than 10 keV. The first
technique (ULP 1) utilizes only electron data from LP, while
the second (ULP 2) takes into account energetic particles.
Particle energies displayed in MeV, differential fluxes in
(cm2 s sr MeV)�1, total fluxes in cm�2 s�1. Bottom bar
shows sun/shadow at LP (blue, sun; black, shadow).
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surface potentials larger than 500 volts in the solar wind,
outside of the terrestrial magnetosphere. We separate these
charging events into five time periods in April, May,
August, September/October, and November 1998 (separated
by thick black lines in Table 1), and further sub-divide some
of these time periods to arrive at a final list of 11 event
periods for further study, as shown in Table 1 and displayed
in Figures 4 and 5. These extreme charging time periods
correlate very well with periods when other spacecraft
observe large energetic proton fluxes in the upstream solar
wind and at geosynchronous altitude, as shown in Table 1.
Indeed, we find a nearly one-to-one correlation between
extreme charging events observed by LP and a NOAA list
of solar proton events that affected the Earth’s space
environment in 1998 (this list also corresponds to the
periods with the highest energetic proton fluxes upstream,
outside of the magnetosphere, likely more relevant to the
charging environment for the Moon in the solar wind). Only
the 8 November solar proton event (the smallest on the
NOAA list, also shown in Table 1 for completeness) does
not correspond to an extreme surface charging event.
During the 8 November event, as suggested by the GSE
angle of the Moon and also by more careful examination of
the magnetic field during this time period, the Moon may lie
at the edge of the terrestrial magnetosheath, complicating
the charging current balance picture. Alternatively, this
event may simply have proven too small to significantly
affect the lunar charging during this time period. In any
case, all other large solar proton events observed near the
Earth in 1998 correlate directly with periods of enhanced
lunar charging observed by LP, as shown in Table 1.
[25] These large solar proton events, which appear to

directly control lunar surface charging, are very diverse in
nature. According to the NOAA list referenced in Table 1,
and Kahler [2005], only the April and May events can be
clearly associated with large CMEs. However, upstream
monitors do observe forward interplanetary shocks associ-
ated with the April and May events, and also with the
August, September/October, and November events
[Howard and Tappin, 2005]. ACE also observed fast ejecta
and shocks on 1 May, 3 May, 4 May, 24 September, and
8 November [Burlaga et al., 2001].
[26] Some of the solar proton events considered here have

been previously studied in great detail, with particular
attention paid to the April and May events (Events 1–5,
see Table 1 and Figure 4), the first large events and the first
strongly geoeffective interval in solar cycle 23 [Farrugia et
al., 2002]. This time period has as many as three full halo
CMEs and three partial CMEs [Burlaga et al., 2001]. Wind
and ACE observe three interplanetary shocks which also
correspond to increases in low-energy electron flux ob-
served by LP during Events 2 and 3, as well as several
directional discontinuities, including one associated with
another large increase in low-energy electron flux measured
by LP at the beginning of Event 4 [Farrugia et al., 2002]. A
large magnetic cloud, trailed by a hot fast (�900 km/s) flow
[Farrugia et al., 2002] passes 1 AU during Event 3, and a
large SEP event injects energetic particles into this structure
[Malandraki et al., 2002]. This event has exceptionally
anisotropic proton fluxes, and it appears that the magnetic
cloud structure provides a ‘‘highway’’ for energetic particles
[Torsti et al., 2004]. Finally, another SEP injection, withT
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characteristics of both impulsive and gradual events [von
Rosenvinge et al., 2000] occurs during Event 5. At the
Moon, we observe kilovolt-scale surface potentials on the
night side during both the gradual injection of SEPs in April
(Event 1) and the two relatively more impulsive injections
in May (Events 3 and 5). Events 2 and 4 also show some
increases in energetic particle fluxes and surface potentials,
but with lower levels of both, commensurate with the
absence of a large SEP injection during these two time
periods.
[27] The remaining events (Events 6–11, see Table 1 and

Figures 4–5) have not received as much attention in
previous studies, but include a number of interesting events,
including several large SEP injections. In August (Event 6)
we observe a brief spike in the surface potential associated
with the energetic particles observed during the passage of a
shock front, but not with the earlier SEPs. We observe very
strong charging during one SEP injection (Event 10) in
September/October, but more moderate charging during the
other one (Event 7). We also observe rather large potentials
associated with increased energetic electron fluxes (but with
no corresponding increase in energetic proton fluxes) during
Event 8 and 9 in September/October. Finally, in November

(Event 11), we observe a brief charging enhancement
associated with the initial SEP injection, but not during
the following time period (during which energetic particle
fluxes remained enhanced).
[28] Despite the clear correspondence between extreme

lunar surface charging and large solar proton events dem-
onstrated in Table 1 and Figures 4–5, we do not find an
obvious correlation between the peak surface potential and
the peak energetic electron or proton fluxes at any given
energy, or with the position of the Moon with respect to the
Earth. Peak electron differential fluxes and surface poten-
tials do seem to correlate to some degree, as one might
expect (since greater fluxes of energetic electrons should
produce larger surface potentials), but this correlation does
not hold for all events. For instance, during Events 8 and 9,
electron fluxes remained relatively small compared to other
SEP events, but the lunar surface still charged to large
negative potentials. The ratio of electron to proton fluxes
(large during these two event periods, during which we
observed hardly any energetic protons) may prove as or
more important. In order to determine which factors actually
control lunar surface charging during these SEP events, we
investigate in more detail in the following sections, by

Figure 4. Particle differential fluxes and lunar potentials for Events 1–6. Images show LP electron data,
upstream energetic electron and proton data, magnitude of negative spacecraft potential, and magnitude
of negative lunar surface potential. LP electron energies displayed in eV, energetic particle energies in
MeV, differential fluxes in (cm2 s sr MeV)�1. Line colors for energetic particle data vary from event to
event.
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considering the relevant quantities observed throughout
each event, rather than just the peak potentials and fluxes.

6. Correlating Surface Potentials With Relevant
Measurable Quantities

[29] In order to work toward a predictive capability, we
investigate correlations between the magnitude of measured
lunar surface potentials and other measurable parameters,
for each event period. We consider all major current sources
except for secondary emission. Since we have no way of
measuring or estimating the secondary emission current
from the surface without prior knowledge of the lunar
surface potential, we cannot investigate this parameter or
use it for predictive purposes without employing more
sophisticated modeling (as in the following section). We
use essentially the same procedure developed in section 3 to
construct input electron and proton spectra (corrected for
spacecraft potential) covering all energies up to 1 GeV (as
shown in Figure 1). We only consider nightside data in this
portion of our investigation, and we only utilize the down-
ward going portion of the electron distribution, since only
this portion can affect the Moon.
[30] We utilize rank correlations rather than simple cross-

correlations. To calculate the Spearman rank correlation,
one orders all observations by magnitude and assigns them
a rank corresponding to that order, then calculates a corre-

lation between those rank numbers [Press et al., 1992]. We
found the rank correlation more useful for identifying causal
relationships between quantities that vary over many orders
of magnitude, especially with outliers present. We correlate
the magnitude of the negative lunar surface potential with
the density nE, temperature TE and kappa index ke of the
thermal/suprathermal portion of the electron distribution,
calculated from a kappa function fit to the downward going
electron spectrum below 2 keV. We also correlate with total
electron flux Je, total proton flux Ji, electron flux above 10 keV
Je_hi, proton flux above 10 keV Ji_hi, and selected ratios of
these fluxes. We calculate all of these parameters at LP
spacecraft altitude, corrected for spacecraft potential where
necessary in order to determine the values appropriate for
the ambient plasma. Where appropriate, we also calculate
the corresponding parameters at the lunar surface by shifting
the electron spectrum by the surface potential and recalcu-
lating the relevant quantities. The proton current to the lunar
surface stays constant, since given the Moon’s large size
compared to the Debye scale (which ensures the validity of
a thin-sheath approximation) proton fluxes will remain
constant between the spacecraft and the negatively charged
surface; the energy of protons reaching the surface will
increase, but their density will decrease correspondingly,
resulting in flux conservation. We show all rank correlation
coefficients in Table 2, for data obtained in shadow during
each of the 11 event periods. For all the rank correlations,

Figure 5. Particle fluxes and lunar potentials for Events 7–11. All images same as in Figure 4.
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we have calculated levels of significance. These differ from
event to event (because of different time intervals and
therefore different numbers of data points), but in general
rank correlation coefficients above �0.2 signify that the
correlation has less than a 0.1% chance of arising purely by
chance.
[31] We find that none of the parameters measured at

spacecraft altitude correlate well with surface potentials for
all of the events; however, several parameters correlate
closely for almost all of the events. Given the low-energy
resolution of the LP ER instrument, we consider the rank
correlation coefficients of 0.4–0.6 achieved in many cases
reasonably good (they are very statistically significant). For
all events except 6, 7, and 11, surface potential magnitude
correlates with thermal/suprathermal electron temperature
TE, anti-correlates with kappa index ke, and correlates with
the ratio of the energetic electron flux to the energetic proton
flux (Je_hi/Ji_hi). For all events except 2, 6, 7, and 11, the ratio
of energetic electron flux to total electron flux (Je_hi/Je) also
correlates with the surface potential magnitude.
[32] All of these correlations (and the lack of consistent

correlations for other parameters) make good physical
sense. Higher electron temperatures should lead to larger
negative surface charging. Lower electron kappa indices
imply a more non-Maxwellian distribution with relatively
more electron flux at higher energies, which again should
lead to larger negative surface charging. Similarly, high
levels of energetic electron flux compared to total electron
flux or energetic proton flux should both lead to more
extreme negative surface charging. Conversely, parameters
such as density or total flux (or ratios thereof) might cor-
relate or anti-correlate with the presence of negative surface
charging, but should not necessarily correlate directly with
the magnitude of the surface potentials. In general, the
average energy of the particles should prove more important
than their total flux in controlling the magnitude of the
surface potential. So the general pattern for most of our
event periods corresponds to expectations.
[33] Fluxes at the surface (rather than at spacecraft

altitude) should actually more directly control the magni-
tude of the surface potential. Indeed, when we calculate the
corresponding correlation coefficients at the surface, we
find that the same general pattern holds, but with even better
rank correlation coefficients, consistent with expectations.
Unfortunately, we cannot determine a priori whether surface

parameters correlate with surface potential because they
control the surface potential, or because of the surface
potential’s effect on the electron distributions that reach
the surface. Furthermore, we cannot use these surface
parameters for predictive purposes, since we must already
know the surface potential in order to calculate them.
However, the apparent improved correlation with surface
parameters does provide a useful consistency check, sug-
gesting that the fundamental physical processes that control
lunar surface charging correspond with our expectations.
[34] Given the consistent pattern followed during most of

the event periods, we find it surprising that Events 6, 7, and
11 do not follow a similar pattern. For Events 6 and 11, we
observe surface charging only during the peak of the
energetic particle fluxes (for Event 6, when a shock front
passes the Moon, at 04:00 UT on 08/26). For both of these
events, enhanced energetic particle fluxes persist for much
longer time periods; however, for whatever reason, only the
peak SEP fluxes efficiently charge the lunar surface. During
Event 7, meanwhile, enhanced charging correlates most
closely with low-energy electron density (and flux) and
energetic proton flux, contrary to all expectations.
[35] All electron parameters vary a great deal over each

orbit. For instance, electron density decreases and electron
temperature increases as the LP spacecraft travels deeper
into the lunar wake, because of velocity filtration by the
ambipolar potential drop across the wake boundary [Halekas
et al., 2005b]. In addition, ambipolar electric fields acceler-
ate solar wind ions into the wake, generating very cold
anisotropic beams of ions traveling along magnetic field
lines [Ogilvie et al., 1996; Clack et al., 2004]. Therefore
we expect surface charging to vary in a complicated way
as a function of solar zenith angle on an orbital timescale,
as well as on a longer timescale in response to changes in
the upstream plasma and energetic particle inputs, and our
surface charging observations do indeed bear out these
expectations. Our measurements should capture both or-
bital and longer-term variations in the drivers of surface
charging; however, the incomplete data available to us
may not adequately represent the full complexity of the
orbital variation of the charging currents in the lunar
plasma wake, especially those due to ions. We can only
speculate that these considerations might partially explain
the disparate behavior during some of the event periods
discussed above.

Table 2. Rank Correlations With Surface Potential Magnitude (Nightside Only)

Event 1 2 3 4 5 6 7 8 9 10 11

Ne 0.135 0.185 �0.404 �0.509 �0.440 0.254 0.558 �0.153 0.026 0.235 0.273
Surface Ne �0.594 �0.121 �0.819 �0.849 �0.833 �0.070 0.174 �0.406 �0.424 �0.295 �0.393
Te 0.114 0.149 0.494 0.507 0.542 �0.013 �0.242 0.468 0.362 0.272 �0.097
Surface Te 0.874 0.604 0.811 0.776 0.839 0.387 0.205 0.755 0.644 0.717 0.369

ke
�0.753 �0.243 �0.468 �0.449 �0.406 0.016 �0.007 �0.464 �0.247 �0.580 0.113

Je 0.224 0.249 �0.319 �0.507 �0.296 0.325 0.591 �0.019 0.161 0.338 0.292
Surface Je 0.039 0.056 �0.619 �0.817 �0.408 0.173 0.273 �0.033 �0.087 0.131 �0.220
Ji 0.257 0.235 �0.452 �0.542 �0.323 0.480 0.615 0.064 0.243 0.018 0.301
Je/Ji �0.046 0.218 0.188 0.031 �0.253 �0.111 0.137 �0.228 �0.192 0.481 0.229
Surface Je/Ji �0.276 �0.342 0.079 �0.266 0.002 �0.571 �0.778 �0.142 �0.415 0.033 �0.613
Je_hi 0.767 0.397 0.619 �0.014 0.436 0.374 0.311 0.577 0.632 0.624 0.092
Ji_hi 0.638 0.153 �0.475 �0.476 0.104 0.420 0.415 0.465 0.666 �0.558 0.067
Je_hi/Ji_hi 0.577 0.246 0.620 0.527 0.422 �0.363 �0.324 0.414 0.565 0.668 0.082
Je_hi/Je 0.566 �0.012 0.572 0.429 0.550 �0.131 �0.301 0.286 0.342 0.185 �0.163
Surface Je_hi/Je 0.879 0.385 0.874 0.711 0.779 0.089 0.166 0.505 0.621 0.558 0.196
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[36] We can confidently predict that the lunar surface will
charge to large negative potentials during SEP events.
However, it appears that we cannot use any simple mea-
surable quantity (i.e., one easily measured by a lunar orbiter
or preferably even with an upstream monitor) to reliably
predict the magnitude of the lunar surface potential during
any given event. We next investigate whether we can
construct a charging model, relying on simple measurable
quantities for its inputs, which can do a better job of
predicting lunar surface potentials during SEP events.

7. Developing a Predictive Capability

7.1. Models

[37] We consider three models for lunar surface charging.
The first, Model 0, has the simplest assumptions. We rely
only on LP electron measurements, fitting a kappa function
distribution to the electron distribution below 2 keV as in
sections 3 and 6 to determine the electron density, temper-
ature, and kappa index (correcting for the spacecraft poten-
tial, determined as in section 3). However, whereas for the
spacecraft charging calculation we used the full three-
dimensional electron distribution, for lunar surface charging
modeling we only utilize the downward going portion of the
distribution, since only this portion can affect the Moon. We
again assume a Maxwellian for the thermal proton distribu-
tion, with proton density and temperature equal to the
electron values. However, since the Debye length is always
very small (<1 km) compared to the size of the Moon, we
assume that the thin-sheath charging approximation holds,
so that the thermal proton flux does not depend on the

surface potential. In other words, JI = nI

ffiffiffiffiffiffiffiffi
kTI
2pmI

q
	 nE

ffiffiffiffiffiffiffiffi
kTE
2pmI

q
,

without the (1�eU/kT) factor utilized for the thick-sheath
spacecraft case. For Model 0, we do not take into account
energetic particles at all.
[38] For Model 0 and subsequent iterations, however, we

do consider several different models for secondary emis-
sion, with the hope of constructing the best possible
charging model for the lunar surface. Indeed, it may prove
true that none of the secondary emission yield functions
adequately represent the complexity of the lunar environ-
ment; however, one model may prove more accurate or
useful than others. We therefore consider both Sternglass
[Sternglass, 1954] and Katz [Katz et al., 1977; Whipple,
1981] models for secondary emission. The Sternglass yield
function is strictly only appropriate for normal incidence,

while the Katz formulation has a slightly more complicated
parameterization which depends on the angle of electron
incidence. For both formulae, we assume an isotropic
incident electron distribution. This has the effect of approx-
imately doubling the secondary emission as compared to
normal incidence. For Sternglass emission, we therefore use
the secondary yield function

d Eð Þ ¼ 7:4deffM E=EMð Þ exp �2
ffiffiffiffiffiffiffiffiffiffiffiffi
E=EM

p� 
; ð4Þ

with dM
eff = 2dM

0 . For the Katz formula, we use the angle-
integrated version

d Eð Þ ¼ 2:228d0M
Q

EM=Eð Þ0:35 Q� 1þ exp �Qð Þ½ ; ð5Þ

with Q = 2.28(E/EM)
1.35), which accounts for the isotropic

incident distribution. For the same EM and dM
0 , the angle-

averaged Katz formula predicts secondary emission with a
somewhat smaller peak yield (approximately 75% as large),
and a peak at a slightly higher energy. In addition, the Katz
formula predicts smaller secondary emission below the peak
and greater secondary emission at higher energies. In Table 3
and Figures 6–8, we simply list DeltaM = dM

eff = 2dM
0 , but

one should keep in mind the differences between the actual
yield functions predicted by the two formulae.
[39] In this study, we test all of our charging models with

an EM of 350 eV and a DeltaM of 1.1 and 1.5 (we have also
experimented with larger and smaller yields, but these
models clearly do not match the observations). Laboratory
experiments with lunar simulants and samples predict a
value of �3.0 for the electron yield from isotropic incident
electron fluxes [Willis et al., 1973; Horányi et al., 1998].
However, measurements from LP of secondary electrons
from the lunar regolith suggest a yield from lunar regolith
of closer to �1.0–1.1 [Halekas et al., 2009] (possibly
due to regolith surface roughness effects), consistent with
the observation that the lunar surface potential usually
remains negative in shadow for a wide range of solar wind
conditions.
[40] In order to calculate the predicted lunar surface

potential from each of our models, we simply test a range
of surface potentials, shifting the electron spectrum by the
potential until we find the potential at which the total
electron flux to the surface balances the sum of the sec-
ondary electron flux and the proton flux. As in section 3, in

Table 3. Rank Correlations With Surface Potential Magnitude (Night and Day) Assuming Sternglass (Upper) or Katz (Lower) Model for

Secondary Emission

Event 1 2 3 4 5 6 7 8 9 10 11

Model 0, 0.490 0.152 0.444 0.474 0.422 0.026 �0.327 0.309 0.080 0.298 0.033
DeltaM = 1.1 0.465 0.201 0.512 0.513 0.550 0.018 �0.215 0.342 0.220 0.470 0.022
Model 0, 0.187 0.200 0.167 0.077 0.088 0.033 �0.060 0.216 �0.080 0.227 �0.082
DeltaM = 15 0.263 0.135 0.492 0.498 0.578 �0.012 �0.209 0.352 0.293 0.323 0.024
Model 1, 0.384 0.393 0.615 0.673 0.506 0.114 �0.197 0.363 0.268 0.600 0.001
DeltaM = 1.1 0.470 0.381 0.664 0.609 0.634 �0.006 �0.391 0.339 0.361 0.669 0.005
Model 1, 0.109 0.129 0.229 0.494 0.118 0.150 0.210 0.427 0.151 0.400 0.004
DeltaM = 1.5 0.434 0.370 0.632 0.557 0.661 �0.059 �0.127 0.329 0.324 0.679 0.020
Model 2, 0.430 0.203 0.639 0.659 0.557 0.176 0.004 0.373 0.272 0.504 0.006
DeltaM = 1.1 0.340 0.339 0.647 0.573 0.622 0.203 �0.435 0.394 0.298 0.550 �0.085
Model 2, 0.240 �0.056 0.418 0.356 0.292 0.007 0.153 0.446 0.127 0.318 �0.049
DeltaM = 1.5 0.225 0.224 0.614 0.494 0.605 0.011 �0.103 0.342 0.288 0.499 �0.139
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sunlight we also factor in the additional currents from the
solar wind ion flow and the photoelectron flux produced
at the surface, with a cosine SZA factor to take into account
the angle between the solar wind flow and photon flux and
the surface normal. We again assume a solar wind velocity
of 400 km/s, but we use a photoemission current of 5 mA/m2,
more appropriate for the lunar surface [Feuerbacher et al.,
1972; Willis et al., 1973]. As for the spacecraft, we only

consider negative surface charging. For some values of sec-
ondary emission, our models do predict small non-negative
potentials. In these cases, we can again safely approximate
the small positive potentials as zero potential.
[41] For Model 1, we proceed similarly, but also take into

account energetic particles, again utilizing upstreammeasure-
ments from Wind, ACE, and SOHO. We do this exactly as in
sections 3 and 6, using upstream measurements to fill in the

Figure 6. Magnitude of negative lunar surface potentials observed during Event 5, compared to three
different surface charging models (described in section 7.1), each calculated for two different secondary
emission yield functions and two different effective secondary emission efficiencies (DeltaM = dM

eff = 2dM
0).

Blue shows Sternglass secondary emission model, red shows Katz secondary emission model.
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Figure 7. Higher resolution view of two time periods from Figure 6. Top seven images same as in
Figure 6. Bottom bars show sun/shadow (blue, sun; black, shadow) and magnetic connection to surface
(red, positive polarity; black, negative polarity; white, no connection).

A05110 HALEKAS ET AL.: LUNAR CHARGING DURING SEP EVENTS

12 of 16

A05110



energetic electron and proton spectra, and extrapolatingwhere
necessary to cover thewhole energy range from zero to 1GeV.
Other than the addition of these energetic particle fluxes, all
calculations remain the same as for Model 0.
[42] As mentioned in the previous section, ions can

behave in a complicated fashion in the lunar wake, with
ambipolar electric fields accelerating ions into the wake.
Our simple model of thermal proton flux may not adequately
represent the proton charging currents in the wake. There-
fore, in Model 2 we use a slightly more complicated model
for the low-energy proton flux in the wake, utilizing the
self-similar plasma expansion wake model developed by
Halekas et al. [2005b]. We can express the thermal proton
flux JI1 considered up to now in terms of wake model
variables (assuming the charged particle density in the wake
as a given) using

JI1 ¼ n

ffiffiffiffiffiffiffiffiffiffiffi
kTE

2pmI

s
	 n

ffiffiffiffiffiffiffiffiffiffiffi
kTSW

2pmI

s
1þ 1

2k� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k� 1

2k� 3

r
Z=CS þ 1ð Þ

" #
:

ð6Þ

In equation (6), Z represents the distance from the wake
boundary divided by the solar wind convection time past the
lunar limb, k the kappa index of the electron distribution,
and the sound speed CS =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTSW=mI

p
. Meanwhile, we can

use

JI2 ¼ nVI cosa 	 n Z þ 1

2k� 2
Z þ CSð Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k� 3

2k� 1

r
CS

" #
cosa

ð7Þ

to calculate the model flux to the surface from ion beams
accelerated into the wake by the ambipolar potential, with a
the incidence angle between the ion velocity and the surface
normal. We assume cylindrically symmetric plasma expan-
sion into the wake, with no asymmetry due to magnetic field
orientation. Farther downstream, Wind observations show
that the magnetic field does control the wake refilling
process to some degree [Clack et al., 2004]. However, at
low altitudes, LP electron observations display nearly
cylindrical symmetry [Halekas et al., 2005b]. We therefore

Figure 8. Scatterplots of magnitude of model and measured negative lunar surface potentials for Event
5, for three different surface charging models (described in section 7.1), each calculated for two different
secondary emission yield functions and two different secondary emission efficiencies. Dashed line shows
one-to-one correspondence, solid colored lines show medians of model potentials for each range of
measured potential. Calculated rank correlation coefficients were displayed in upper left part of each
image. As in Figures 6 and 7, blue shows Sternglass secondary emission model, red shows Katz
secondary emission model.
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use this simpler assumption in our wake expansion model.
By comparing the proton fluxes from the two different
models (equations (6) and (7)), we can then express the flux
expected in the ion beam model JI2 in terms of that from
thermal flux JI1, resulting in

JI2 ¼ JI1
ffiffiffiffiffiffi
2p

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k� 3

2k� 1

r
þ nZ

" #
cosa: ð8Þ

Other than this change to the model for the low-energy
proton flux, Model 2 utilizes all the same assumptions as
Model 1.

7.2. Model/Data Comparisons

[43] We plot comparisons between measured lunar sur-
face potentials and predictions from all three charging
models for Event 5, each for all four different secondary
emission yield functions considered, in Figure 6. In Figure 7,
we show an expanded view of two smaller time intervals
during Event 5, one during a period with extremely large
surface charging, and one during a period with more
moderate (but still large) charging. We plot all data and
model points with negative surface potentials, on both the
dayside and night side. For both models and measurements,
negative surface potentials can extend some distance sun-
ward of the terminator, due to the glancing incidence and
therefore reduced flux to the surface of both solar wind ions
and photons near the terminator.
[44] Overall, Model 0 appears to overestimate surface

potentials, while Model 1 and 2 come closer to matching the
observations. The overestimation by Model 0 appears to be
primarily because of the lack of energetic proton fluxes. The
total electron fluxes to the surface predicted by Model 0 and
Model 1 and 2 are generally similar for all but the largest
injections of energetic electrons, with the kappa function fit
sometimes overestimating, and sometimes underestimating,
the electron flux above several keV. However, the energetic
proton fluxes are always larger in Model 1 and 2, generally
limiting the surface to smaller negative potentials than
predicted by Model 0 in order to keep the electron and
proton fluxes balanced. As compared to the spacecraft
charging case, energetic electrons and protons prove more
important to the charging current balance, and low-energy
electrons and protons and secondary electrons less so. The
lunar surface has a thin sheath compared to its size, so it
cannot attract additional thermal proton flux through the
sheath to balance electron currents. Thus, the surface
charges to larger negative values than the spacecraft, de-
creasing the importance of low-energy electrons and sec-
ondary electrons, and increasing the relative importance of
energetic electrons and protons.
[45] Adding in the effects of energetic particles in Model

1 and 2 improves the performance of our charging model,
but adding a more realistic parameterization in Model 2 for
the low-energy proton flux in the wake region does not
greatly improve the match between model and observations
(though it does change the model results appreciably).
Protons in the lunar wake may behave in a much more
complicated fashion than that predicted by the simple self-
similar expansion model used in Model 2. For instance,
asymmetries with respect to the magnetic field direction

and/or the non-neutral plasma and strong electric fields near
the edge of the plasma expansion front predicted by the PIC
simulations of Farrell et al. [2008] may significantly affect
the characteristics of thermal protons in the lunar wake.
[46] For Event 5, at least, Model 1 and Model 2 appear to

do an equally good job at predicting the magnitude of the
measured potentials, with DeltaM = 1.1 generally better
than DeltaM = 1.5, and Katz secondary emission generally
better than Sternglass secondary emission. We can confirm
this visual impression by plotting scatterplots of model
versus measured potentials in Figure 8, and calculating rank
correlations. As we concluded above, the scatterplots show
that Model 0 consistently overestimates large potentials.
Model and 1 and Model 2 both provide a good match to
observations, though Model 1 still overestimates large
potentials, while Model 2 underestimates smaller potentials
to some degree. Model 1 with Katz secondary emission with
DeltaM = 1.1–1.5, or Model 2 with Katz secondary
emission with DeltaM = 1.1, do the best job of predicting
the measured lunar surface potentials for Event 5.
[47] None of the models we considered consistently fit

the data for all portions of the LP orbit and all time periods
during Event 5. A more complicated model for thermal
proton fluxes than we considered in this work might
improve this situation, though the increase in sophistication
for the proton flux model from Model 1 to Model 2 did not
appreciably improve the results. Secondary electron emis-
sion yield functions also constitute a great source of
uncertainty in our modeling. Perhaps none of the secondary
yield functions considered in this study satisfactorily repre-
sents the actual physical situation; for instance, the rough-
ness of the lunar regolith may complicate matters in
unforeseen ways. Alternatively, one model may prove more
accurate in one region or for one type of plasma distribu-
tion, while another works better in other regions or for other
plasma conditions.
[48] Despite this uncertainty, we can draw some general

conclusions about secondary emission. Charging models
with Sternglass secondary emission with DeltaM = 1.5 (this
secondary emission function has the highest peak yield of
any we considered) predict zero or slightly positive poten-
tials in the central wake, where the increased electron
temperature ensures enough secondary emission to force
the surface potential positive, and therefore these models do
not correlate at all well with measurements. The angle-
averaged Katz model with DeltaM = 1.1–1.5 and the
Sternglass model with DeltaM = 1.1 have peak secondary
yields near or not much greater than unity, and these models
correlate better with observations. In summary, our mea-
surements strongly disfavor any model with an energy
integrated secondary yield greater than unity, or equivalently
a peak secondary emission yield larger than�1.1–1.2, since
we usually observe negative potentials even in the central
wake during SEP events. This conclusion agrees with previ-
ous results from Halekas et al. [2008, 2009].
[49] We calculate the same rank correlation coefficients

between measurements and models, for all models consid-
ered above, for each of our 11 event periods, and show the
results in Table 3. Unfortunately, none of our charging
models can adequately predict the lunar surface potential
for all of the event periods we studied. As for Event 5,
Model 1 with Katz secondary emission with DeltaM = 1.1–
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1.5 most consistently correlates with the measurements,
with Model 2 with DeltaM = 1.1 almost as good. However,
consistent with the lack of correlation with basic measurable
parameters we found in section 6 during these events, none
of our models can successfully predict the lunar surface
potential during Events 6, 7, and 11.

7.3. Future Measurement and Model Improvements

[50] In order to more consistently and accurately predict
lunar surface charging during SEP events, we will likely
need both better measurements of plasma parameters and
more sophisticated charging models. The behavior of low-
energy protons in the lunar environment presently consti-
tutes the largest uncertainty in our charging models. With
actual measurements of proton fluxes in lunar orbit, we
could better understand ion behavior in the lunar wake,
allowing better predictions of their contribution to surface
charging. In the coming years, the SELENE (Kaguya) and
ARTEMIS missions should fill this void in our knowledge.
[51] Uncertainties in secondary emission yield functions

also contribute to the poor accuracy of our predictions.
Laboratory measurements of secondary emission from a
bulk lunar regolith sample with realistic charging conditions
could solve this issue. In the meantime, measurements of
secondary electrons by LP [Halekas et al., 2009] may
provide the best available estimate of in situ lunar secondary
emission. Variability in secondary emission yields from
different regions of the surface or changes due to temper-
ature variations could also affect lunar surface charging.
Finally, secondary electron emission from ion impact,
which we did not consider at all in this study, may
significantly contribute to the charging balance.
[52] Better characterization of energetic particle behavior

in the lunar environment would also improve our understand-
ing of lunar charging during SEP events. We have assumed
energetic particle fluxes at lunar orbit equal to thosemeasured
by upstream monitors. However, the lunar environment may
perturb and/or attenuate energetic particle fluxes to some
degree, especially during time periods with very anisotropic
SEP fluxes. In addition, the behavior of heavier ions (not
considered in this study) may prove important, both as
primary fluxes and as producers of secondaries.
[53] Finally, improved measurements of lunar surface

potentials would allow us to better calibrate our charging
models, and thereby better predict lunar charging during
SEP events. The poor energy resolution of the LP ER
instrument limits the resolution of our surface potential
measurements. In addition, the LP spacecraft potential
may represent a significant source of error. We have made
every attempt to accurately determine the spacecraft poten-
tial, but the spacecraft potential may still differ from our
expectations at times. Given that we use a similar procedure
to determine the spacecraft potential and model the surface
potential, we certainly must admit the possibility that we
may underestimate or overestimate the spacecraft potential
at times, especially during extreme conditions like those
encountered during SEP events. The spacecraft is small
compared to the Debye scale and likely has a higher
secondary electron emission yield, both of which should
limit the spacecraft potential to much smaller values than
the surface potential. However, at some times, the spacecraft
could still charge to a larger potential than we expect, which

would in turn change our estimates of the surface potential.
Electron data from an instrument with better energy reso-
lution, on a spacecraft with a way to directly determine or
better predict the spacecraft potential, would allow better
quantitative measurements of lunar surface charging. These
would in turn allow us to develop better models to predict
lunar potentials during SEP events (and, indeed, at all times).

8. Implications

[54] SEP events will certainly present a hazard to lunar
explorers, due to the high levels of penetrating radiation.
However, given the large lunar surface potentials we ob-
serve during SEP events, robotic and/or human explorers
may also encounter additional hazards associated with
electrostatic discharge and/or dust effects. Though we do
not yet fully understand the level of risk associated with
these phenomena, if they do prove hazardous for surface
exploration we will need to develop the capability to predict
the magnitude of surface charging expected during any
given SEP event. This study shows that, with an appropriate
plasma monitor in place, we could currently achieve this
goal for some events, but not all. To develop a consistent
and reliable predictive capability, we will need to know
more about the lunar environment and its effects on both
low-energy and energetic charged particle distributions.
Luckily, in the coming years a number of missions, includ-
ing ARTEMIS and Kaguya, should begin to fill in these
voids in our knowledge.
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