
1. Introduction
While generally considered an airless body, the Moon in fact plays host to a tenuous and complex neutral exosphere 
generated via multiple distinct processes. Some exospheric generation processes are endogenous to the Moon, 
such as the effusion of  40Ar from the lunar interior due to the decay of primordial  40K (e.g., Benna et al., 2015; 
Hoffman et al., 1973; Hodges et al., 1974; Killen, 2002). Many other exospheric generation processes are due to 
exogenous inputs or forcing, including, for example, the neutralization and reemission of solar wind protons and 
alpha particles (He ++) as neutral H2 (e.g., Hurley et al., 2017; Stern et al., 2013; Thampi et al., 2015) and He (e.g., 
Benna et al., 2015; Grava et al., 2021; Feldman et al., 2012; Hoffman et al., 1973; Hurley et al., 2015), respec-
tively, sputtering of surface-bound species via charged particles originating from the solar wind or terrestrial 
magnetosphere (e.g., Vorburger et al., 2014; Wurz et al., 2007, 2022), or the vaporization of lunar regolith and/
or incident micrometeoroid material by hypervelocity interplanetary micrometeoroid bombardment (e.g., Füri 
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et al., 2012; Hunten et al., 1998; Janches et al., 2021; Szalay et al., 2016). Many exospheric species at the Moon 
are in fact generated by multiple processes simultaneously introducing additional complexity in trying to untangle 
and distinguish the primary controls of the lunar exosphere as a whole.

A full accounting of lunar exospheric sources, sinks, and processes is critical for a broader understanding of lunar 
history and evolution. First and foremost, an understanding of the lunar exosphere is necessary for quantifying the 
fundamental physics of solid-surface interactions with the space environment (e.g., Wurz et al., 2022). Lessons 
learned at the Moon have significant extension and implications for space-surface interactions at other airless 
bodies throughout the solar system (e.g., Killen & Ip, 1999; Leblanc & Chaufray, 2011; Leblanc et al., 2022; 
Schörghofer et al., 2021). The lunar exosphere represents a potential avenue of transport for volatile species to 
migrate both into and out of cold-trapped regions near the lunar poles (e.g., Benna et al., 2019; Butler, 1997; 
Farrell et al., 2013; Hodges, 1991; Schörghofer et al., 2021). Such transport can occur both via relatively steady, 
long-term processes such as solar wind implantation or micrometeoritic influx (e.g., Crider & Vondrak, 2000; 
Füri et al., 2012) or via impulsive delivery and migration of volatiles from events such as cometary impacts (e.g., 
Ong et al., 2010; Prem et al., 2015; Stewart et al., 2011). Finally, knowledge of the outgassing and reimplantation 
rates of native lunar argon directly informs the lunar  40Ar/ 36Ar “antiquity” indicator, a widely used method of 
calibrating lunar sample ages (e.g., Eugster et al., 2001; Fagan et al., 2014). In particular, the scale height and 
spatial distribution of both argon isotopes control the rate at which ionized argon is implanted into the lunar rego-
lith (e.g., Manka & Michel, 1970; Poppe, Halekas, Sarantos, & Delory, 2013), establishing a connection between 
exospheric space physics and geologic studies of the lunar surface.

A particularly sensitive method of studying the exosphere is via the detection of freshly ionized pickup ions, 
which are promptly accelerated from their birthplace by ambient electromagnetic fields such as from the solar 
wind or the terrestrial magnetotail (e.g., Hartle & Killen,  2006). Lunar pickup ions have been detected by 
several spacecraft both near to and remote from the Moon. The Active Magnetospheric Particle Tracers Explorer 
(AMPTE) spacecraft (Bryant et al., 1985) first reported the presence of lunar pickup ions downstream from the 
Moon in the solar wind, yielding constraints on the mass of the detected species to be between 23 and 37 amu 
(Hilchenbach et al., 1993). The Wind spacecraft, during a series of lunar flybys en route to L1, detected several 
instances of pickup ions originating from the Moon primarily at mass 16 (O + or 𝐴𝐴 CH

+

4
 ), mass 27 (Al +), and mass 

28 (Si + or CO +) (Mall et al., 1998). More recent measurements of lunar pickup ions have come from Kaguya 
(Tanaka et al., 2009; Yokota et al., 2009, 2014a, 2020), Chang’E−1 (Wang et al., 2011), the Acceleration, Recon-
nection, Turbulence, and Electrodynamics of the Moon's Interaction with the Sun (ARTEMIS) mission (Halekas 
et  al., 2012, 2013, 2016, 2018; Harada et  al.,  2015; Liuzzo et  al.,  2021; Poppe et  al.,  2012, Poppe, Halekas, 
Samad, et al., 2013; Zhou et al., 2013), and the Lunar Atmospheric and Dust Environment Explorer (LADEE) 
mission (Halekas et al., 2016; Poppe et al., 2016). Together, these observations have confirmed the presence 
of multiple additional exospheric species including 𝐴𝐴 H

+

2
 , He +, C +, O +, Ne +, Na +, Al +, Si +/CO +, K +, and  40Ar +. 

Spatial distributions of neutral species can also be inferred at times, including, for example, dawn-dusk asym-
metries in the Na and K neutral distributions that indicate complex nightside recycling of exospheric species 
(Yokota, Tanaka, et al., 2014) and the presence of relatively large neutral scale heights that indicate contributions 
from energetic release processes such as charged-particle sputtering and/or micrometeoroid impact vaporization 
(Halekas et al., 2018).

Lunar pickup ions can also contribute to and impact the lunar and terrestrial plasma environments. Observations 
have shown that lunar exospheric pickup ions may alter the Moon's electrodynamic environment in low-density 
ambient plasmas by providing a source of mass and current (e.g., Cao, Halekas, Poppe, et  al.,  2020; Liuzzo 
et  al.,  2021; Zhou et  al.,  2014). In particular, while in the low-density magnetotail lobes, lunar pickup ions 
contribute to a lunar ionosphere that exceeds the ambient lobe plasma density by a factor of several in regions 
immediately sunward of the Moon (Halekas et al., 2018; Poppe et al., 2012). Pickup ion observations can also 
be used as tracer species for determining terrestrial magnetotail convection speeds, enabling correlative studies 
between magnetospheric convection rates in the tail and upstream solar wind and interplanetary magnetic field 
conditions (Cao, Halekas, Chu, et  al.,  2020). Finally, the outflow and recirculation of lunar pickup ions that 
escape the immediate lunar vicinity can also be detected in long-term averages of Geotail ion composition obser-
vations both within and outside of the terrestrial magnetosphere, indicating that lunar pickup ions contribute to 
the plasma composition of Earth's magnetosphere (Christon et al., 2020).
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Given the wealth of recent lunar exospheric and pickup ion measurements in the last decade, it is worthwhile to 
compile a comprehensive census of the production rates and spatial distributions of lunar pickup ions. A decade's 
worth of lunar pickup ion observations by the ARTEMIS spacecraft in orbit around the Moon provide a statisti-
cally rich data set with which to compare to such a model, notwithstanding ARTEMIS’ lack of ion compositional 
measurements. Upcoming mass-resolved ion measurements by NASA's Heliophysics Environmental and Radi-
ation Measurement Experiment Suite (HERMES) to be hosted on the Lunar Gateway offer an opportunity for 
further insight into the compositional and spatial makeup and variability of lunar pickup ions and by extension, 
the lunar exosphere. The goal of this study is to incorporate recent measurements of both the neutral and ionized 
components of the lunar exosphere into a single predictive model that can be used for analysis of past data sets 
and planning for future data sets of lunar pickup ion observations. In Section 2, we describe both the neutral and 
ionized portions of the lunar exospheric pickup ion model. Section 3 presents results from the model, including 
neutral density distributions, total ion production rates, and pickup ion flux distributions. Section 4 compares the 
model predictions to a statistical aggregation of in situ ARTEMIS observations of lunar pickup ion fluxes based 
on the methodology outlined in Harada et al. (2015). Finally, we discuss the implications of our results, especially 
with regard to future in situ measurements of pickup ion fluxes at the Moon, and conclude in Section 5.

2. Model Description
To model and predict the distribution of pickup ions in near-lunar space, we have constructed an analytical model 
consisting of two major parts. The first part of the model describes the neutral density distributions for 18 distinct 
species generated by up to six separate processes, see Table 1. Species can be generated by a single process or 
by multiple overlapping, noninteracting processes. The specific spatial distributions and overall magnitude of the 
densities are taken from in situ or remote-sensing observations, where available. In cases where observations have 
not been reported, theoretical predictions and/or upper limits are chosen. The second part of the model describes 
the ionization and charged-particle dynamics of pickup ions generated from the modeled neutral distributions. 
Exospheric neutral particles are ionized via three processes: Photoionization (including photodissociative ioni-
zation of molecular species), charge exchange with solar wind protons, and electron impact ionization. Addi-
tionally, we also include at this step ionized products originating directly from charged-particle sputtering of the 
lunar surface (Elphic et al., 1991). Pickup ion fluxes are then calculated based on the spatial distribution of ion 
production rates and an analytic description for pickup ion trajectories in specified solar wind and interplanetary 
magnetic field (IMF) conditions (e.g., Hartle & Killen, 2006).

We emphasize that the nature of this model is to use time-independent analytic descriptions for both the neutral 
density distributions and pickup ion dynamics, instead of more complex and computationally intensive neutral 
Monte Carlo (e.g., Grava et  al.,  2015; Hurley et  al.,  2016; Killen et  al.,  2012; Lee et  al.,  2011; Sarantos & 
Tsavachidis,  2021) or ion particle-tracing techniques (e.g., Cladis et  al.,  1994; Poppe, Halekas, Samad, 
et al., 2013). Thus, the model does not, for example, track individual macroparticles (for either neutral or ionized 
species) through a grid-based domain or use time-dependent inputs from, for example, upstream solar wind 
variability or ionization rate variability. The models are intended to represent the mean, steady-state conditions 
for both neutral particles and pickup ions in the lunar environment (see Section 5 for more detailed discussion 
on time variability). Additionally, the model deliberately simplifies some aspects of both the neutral exosphere 
and the pickup ion distributions. The greatest simplification likely originates in the neutral distributions, as our 
analytic descriptions do not necessarily take into account complex processes such as the effects of solar radiation 
pressure of Na and K dynamics (e.g., Ip, 1991; Matta et al., 2009; Smyth & Marconi, 1995; Wilson et al., 2003) 
or reactions between individual atoms and the lunar surface that may alter equilibrium density distributions 
(e.g., Sarantos & Tsavachidis,  2020, 2021). Nevertheless, the model is constructed in such a way that future 
three-dimensional neutral distributions for any species derived from such Monte Carlo methods can easily replace 
any of the analytic distributions in the model, if so desired.

2.1. Neutral Distribution Modeling

In the neutral exospheric portion of the model, we have identified six general types of neutral distributions based 
on either their formation mechanism or fundamental physical behavior at the Moon. These types include (a) 
thermally desorbed, (b) sputtered via charged-particle impact, (c) photon-stimulated desorbed, (d) micromete-
oroid impact vaporized (MIV), (e) argon, and (f) carbon-bearing species. Along with the detailed descriptions 
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below, the reference neutral densities compiled for each species and each process are detailed in Table 1. Note 
that densities for the thermal, sputtered, and PSD-produced species are quoted with respect to the lunar subsolar 
point, densities for MIV-produced species and argon isotopes are quoted with respect to the dawn terminator, and 
carbon-bearing species are quoted with respect to their peak.

The “thermal” distribution denotes those species that accommodate (either partially or fully) to the local lunar 
surface temperature, do not adsorb on the lunar nightside, and can generally be described by the noncondensable 
gas law (Benna et al., 2015; Hodges & Johnson, 1968). Molecular hydrogen (H2), helium (He), and neon (Ne) 
are modeled as thermal species. All three of these species are believed to be primarily sourced from the solar 
wind, with some contribution from endogenous radioactive decay in the case of helium (Benna et al., 2015; Das 
et al., 2016). Additionally, we include thermal distributions for Na and K based on the detection of thermally 
equilibrated (or “cold”) components in remote-sensing observations (e.g., Potter & Morgan, 1988, 1998). For 
the lunar surface temperature at a given location, we use the analytic expression from Hurley et al. (2015) based 
on LRO/Diviner observations and make the simplifying assumption that the radial column of exospheric neutral 
density is fully accommodated to the lunar surface temperature immediately underfoot. Figure  1a shows the 
neutral distribution of thermal He in the lunar equatorial plane as an example.

Species Mn Mi Rph Rcx Rei Thm Spt MIV PSD Argon Carbon

H2 2.0 2.0 8.45e−8 6.97e−10 5.85e−9 2.50e+3 - - - - -

He 4.0 4.0 1.12e−7 4.48e−9 5.00e−11 2.50e+3 - - - - -

C 12.0 12.0 6.00e−6 - 9.08e−8 - 1.05e+0 2.00e+0 - - -

O 16.0 16.0 1.33e−6 1.89e−7 3.48e−8 - 8.8e+0 6.63e+1 - - -

CH2 (CH4) 16.0 14.0 3.83e−8 - 4.66e−9 - - - - - 4.60e+2

CH3 (CH4) 16.0 15.0 3.27e−7 - 1.13e−8 - - - - - 4.60e+2

CH4 16.0 16.0 6.00e−7 6.30e−7 1.46e−8 - - - - - 4.60e+2

Ne 20.0 20.0 3.86e−7 5.84e−10 1.50e−8 2.50e+3 - - - - -

Na 23.0 23.0 7.59e−6 8.40e−7 5.00e−7 3.50e+1 5.25e−2 3.00e−1 2.00e+0 - -

Mg 24.3 24.3 9.08e−7 2.10e−7 1.00e−6 - 1.20e+0 5.50e+0 - - -

Al 27.0 27.0 1.25e−3 2.10e−7 7.50e−7 - 2.50e−1 8.40e−1 - - -

Si 28.0 28.0 3.55e−5 2.10e−7 5.00e−7 - 8.10e−1 3.10e0 - - -

CO 28.0 28.0 6.70e−7 4.20e−9 5.23e−8 - - - - - 1.40e+4

O (CO) 28.0 16.0 5.36e−8 - 3.89e−9 - - - - - 1.40e+4

C (CO) 28.0 12.0 6.41e−8 - 1.74e−9 - - - - - 1.40e+4

 36Ar 36.0 36.0 5.58e−7 2.37e−7 1.00e−7 - - - - 1.60e+3 -

K 39.0 39.0 2.74e−5 1.28e−6 7.50e−7 8.00e+0 1.50e−2 5.00e−2 5.00e−1 - -

Ca 40.0 40.0 3.15e−4 2.10e−7 5.50e−7 - 5.25e−2 1.00e−1 - - -

 40Ar 40.0 40.0 5.58e−7 2.37e−7 1.00e−7 - - - - 5.00e+4 -

CO2 44.0 44.0 1.21e−6 6.30e−9 5.98e−8 - - - - - 1.25e+2

CO (CO2) 44.0 28.0 1.08e−7 - 6.35e−9 - - - - 1.25e+2

O (CO2) 44.0 16.0 1.38e−7 - 5.41e−9 - - - - - 1.25e+2

C (CO2) 44.0 12.0 6.80e−8 - 1.81e−9 - - - - - 1.25e+2

Ti 47.0 47.0 4.07e−6 2.10e−7 5.00e−7 - 2.60e−1 5.00e−1 - - -

Fe 56.0 56.0 1.38e−5 2.10e−7 4.00e−7 - 2.3e+0 4.10e+0 - - -

Note. Masses are in units of amu, ionization rates are in units of s −1, and densities are in units of cm −3. Species with parent molecules in parentheses are those produced 
by dissociative ionization. Note that we use the average chemical mass for Mg (24.3 amu) as opposed to individual isotopes.

Table 1 
The Constituent Species of the Neutral and Ionized Exospheric Model Including the Species Name, Neutral Mass, Mn, Ionized Mass, Mi, Photoionization Rate, Rph, 
Charge Exchange Rate, Rcx, Electron Impact Ionization Rate, Rei, and the Reference Neutral Densities for Thermal (Thm), Sputtered (Spt), MIV, Photon-Stimulated 
Desorption (PSD), Argon, and Carbon-Bearing Neutral Species, Respectively
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Charged-particle sputtering is known to be a major source of refractory elements in the lunar exosphere. The 
underlying physical mechanisms of sputtering have long been studied both theoretically and experimentally 
(e.g., Baragiola et al., 2002; Baragiola, 2004; Barghouty et al., 2011; Behrisch & Eckstein, 2007; Biersack & 
Eckstein, 1984; Cassidy & Johnson, 2005; Dukes et al., 2011; Elphic et al., 1991; Hijazi et al., 2014; Johnson 
& Baragiola, 1991; Johnson & Leblanc, 2001; Meyer et al., 2011; Wurz et al., 2007; Szabo et al., 2018, 2020). 
At the Moon, the solar wind is the dominant source of charged particles with energies sufficient to induce sput-
tering, with additional contributions from passage through the terrestrial magnetosheath and magnetotail (for a 
discussion of the mean charged particle flux to the Moon as a function of lunar phase, see Poppe et al. (2018)). 
Laboratory observations have demonstrated that sputtered atoms are typically emitted with a Sigmund-Thompson 
(S-T) distribution (Husinsky et al., 1985; Sigmund, 1969; Thompson et al., 1968), which we adopt for all sput-
tered species. Compared to a Maxwellian distribution, the S-T distribution has an extended tail to higher energies 
leading to a more extended neutral distribution (see also Wurz et al., 2007). Furthermore, sputtered species are 
only considered to be emitted from the dayside of the Moon despite the potential presence of off-axis particle 
fluxes in the terrestrial foreshock (e.g., Nénon & Poppe, 2021; Nishino et al., 2017) We also do not consider 
second-order effects in the sputtered distribution at the Moon from either self-sputtering (Poppe, Halekas, 
Sarantos, & Delory, 2013) or local shielding by crustal magnetic anomalies (e.g., Vorburger et al., 2012; Poppe 
et al., 2014; Halekas et al., 2016). Sputtered species include carbon (C), oxygen (O), sodium (Na), magnesium 
(Mg), aluminum (Al), silicon (Si), potassium (K), calcium (Ca), titanium (Ti), and iron (Fe). Figure 1b shows the 
neutral distribution of sputtered Al as an example.

Photon-stimulated desorption (PSD) is a process whereby the absorption of a solar photon yields a subsequent 
desorption of a neutral atom from the lunar regolith (Yakshinskiy & Madey, 1999, 2004). At the Moon (as well as 
Mercury and potentially other airless bodies), PSD is effective for sodium (Na) and potassium (K) (e.g., Mendillo 
& Baumgardner, 1995; Potter & Morgan, 1988, 1991, 1998; Potter et al., 2000). We model the PSD species on 
the lunar dayside with a cosine solar zenith angle distribution and a Weibull velocity distribution as described 
by Gamborino and Wurz  (2018) to fully capture the non-Maxwellian nature of the PSD velocity distribution 
(Yakshinskiy & Madey, 2004). For simplicity, we adopt the same velocity distribution for PSD emission of K 
as well. As noted above, we do not model the effects of solar radiation pressure on the equilibrium Na and K 

Figure 1. Exospheric neutral density distributions for select species in the lunar equatorial plane for each exospheric distribution type: (a) Helium as a thermal species, 
(b) aluminum as a solar wind sputtered species, (c) sodium as a photon-stimulated desorption species, (d) silicon as a micrometeoroid impact vaporization species, (e) 
argon species, and (f) methane as a carbon-bearing species. Sunlight and the solar wind are incident from the right.
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distributions e.g., Ip, 1991; Smyth & Marconi, 1995; Wilson et al., 2003; Matta et al., 2009). As such, the Na and 
K neutral distributions will not possess the observed “tail”-like structures due to antisunward-accelerated neutral 
species. Figure 1c shows the neutral distribution of Na released via PSD.

Micrometeoroid impact vaporization is the production of neutral species from the lunar regolith upon the hyper-
velocity impact of an incident micrometeoroid (e.g., Collette et al., 2014; Eichhorn, 1976, 1978). The spatial 
distribution of MIV-produced neutral species is taken from constraints on the primary impacting interplane-
tary micrometeoroid flux based on in situ observations of secondary meteoroid ejecta by the LADEE/Lunar 
Dust Experiment (LDEX) instrument (Horányi et al., 2015; Janches et al., 2018; Pokorný et al., 2019; Szalay & 
Horányi, 2015). Impacting micrometeoroids peak near dawn with a broad extent past noon and midnight and a 
minimum near dusk (e.g., Figure 1 of Szalay & Horányi, 2015). We empirically characterize the local time distri-
bution of MIV-produced neutral species, f(ϕ), as follows:

� (�) ∝ 0.9 (0.5 + 0.5 cos�) + 0.1, (1)

where ϕ is the angle with respect to dawn (6 LT). Laboratory experiments have demonstrated that MIV-produced 
neutral species have characteristic temperatures of T  =  2,500–5000  K with a positive, linear correlation of 
temperature with micrometeoroid impact velocity (Collette et al., 2013, 2014; Eichhorn, 1978). Here, we adopt 
an intermediate value of Tmiv = 3750 K, neglecting any local changes in exospheric neutral temperature that 
may arise from varying impactor speeds (e.g., Pokorný et  al.,  2019). Neutral species generated by microme-
teoroid impact vaporization are identical to those produced via charged-particle sputtering, specifically, C, O, 
Na, Mg, Al, Si, K, Ca, Ti, and Fe. Note that we elect not to include the potential effect of metal-oxide formation 
in the micrometeoroid-impact plume due to the lack of a preexisting model for this process at the Moon. We 
do note that oxide formation from micrometeoroid bombardment has previously been suggested as a relevant 
process at Mercury (e.g., Berezhnoy & Klumov, 2008; Berezhnoy, 2018; Killen et al., 2005; Killen, 2016; Valiev 
et al., 2020), thus future modeling and characterization of this effect at the Moon is identified as a potential 
avenue of research.

The fifth type of neutral distribution used here pertains specifically to argon, including both the  36Ar and  40Ar 
isotopes. Argon has been known to exist in the lunar exosphere since Apollo observations on the lunar surface 
(Hodges et al., 1973, 1974; Hodges, 1975, 1980; Hoffman et al., 1973), sourced from both the solar wind as 
the  36Ar isotope and from decay of endogenous lunar  40K into  40Ar (e.g., Hodges & Hoffman, 1975; Killen, 2002). 
Note that the  38Ar isotope has also been observed in the solar wind (Weygand et al., 2001); however, its abun-
dance is more than five times less than that of  36Ar in the solar wind and thus, we neglect its presence in the 
current model (although it should behave similarly to  36Ar in the lunar exosphere). More recent measurements 
by the LADEE NMS instrument of  40Ar have confirmed the Apollo detections of endogenous argon and docu-
mented several periodic variabilities, including evidence for localized sources (Benna et al., 2015; Hodges & 
Mahaffy, 2016; Kegerreis et al., 2017). To model the neutral distributions of both  36Ar and  40Ar, we use the recent 
modeling work of Grava et al. (2015) combined with in situ measurements from the LADEE/NMS instrument 
for  40Ar (Benna et al., 2015) and measurements by the Apollo 17 Lunar Mass Spectrometer for  36Ar (Hoffman & 
Hodges, 1975). Figure 1e shows the neutral distribution for  40Ar.

The final type of neutral distribution is applied to carbon-bearing species, including methane (CH4), carbon 
monoxide (CO), and carbon dioxide (CO2). Early indications of carbonaceous species in the lunar exosphere 
were reported by Hoffman and Hodges (1975) based on observations by the Apollo 17 Lunar Mass Spectrometer 
(LMS) on the lunar surface. Specifically, CH4 and CO2 were detected at statistically significant levels just prior to 
dawn, although Hodges (2016) later suggested that these detections may have been outgassed contaminants from 
Apollo equipment left on the lunar surface. Later observations by the LADEE Neutral Mass Spectrometer (NMS) 
provided a clear detection of CH4 in the lunar exosphere (Hodges, 2016), characterized by a strong near-dawn 
density enhancement typical of condensable species that freeze out to the lunar nightside surface and are remitted 
near- or postdawn as the lunar surface warms (i.e., similar to  36Ar and  40Ar). Halekas et al. (2015) further reported 
statistically significant detections of mass 12 (C +) and mass 28 ions with LADEE/NMS ion mode observations. 
While an absolute identification of mass 28 is not strictly possible due to the overlap of 𝐴𝐴 N

+

2
 , CO +, and Si +, 

Halekas et al. (2015) argued that CO + was the most probable candidate due to the relatively low ionization rate 
of N2, the stringent limits on Si neutral densities from Cook et al. (2013), and the contemporaneous mass 12 (C +) 
signal, which could possibly be due to photodissociative ionization of CO (or also CO2). For CH4, we base the 
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modeled neutral density distribution on Hodges (2016), which possesses peak densities near 7–8 local time. For 
CO, we take the estimated density from Halekas et al. (2015) based on the assumption that the mass 28 signal 
observed in LADEE/NMS ion mode observations is due solely to CO + and not 𝐴𝐴 N

+

2
 or Si +. For CO2, we estimate 

an upper limit density based on the nondetection of 𝐴𝐴 CO
+

2
 ions by the LADEE/NMS ion mode observations. The 

spatial distributions for all three carbon-bearing species are adopted from Hodges (1976) and Hodges (2016). 
Specifically, the CH4 distribution has a peak in the neutral density slightly postdawn (7–8 LT) followed by a rapid 
exponential decay across the lunar dayside, while the CO and CO2 spatial distributions are much more broadly 
extended across the lunar dayside.

It is worth noting here the lack of OH and/or H2O distributions in our model. Both species have been detected 
adsorbed to the lunar surface (e.g., Clark, 2009; Honniball et al., 2021; Li & Milliken, 2017; Pieters et al., 2009; 
Sunshine et al., 2009) and the LADEE/NMS investigation reported the detection of water related to meteoritic 
impacts liberating a buried layer of increased hydration (Benna et al., 2019; Hurley & Benna, 2018). In contrast, 
remote spectroscopic searches have yielded only upper limits for OH and/or H2O (e.g., Stern et al., 1997; Wang 
et al., 2015) and in situ ion mode observations by LADEE/NMS were deemed as likely outgassing of spacecraft 
contaminants (Halekas et al., 2015). Previous Monte Carlo-type neutral models have explored the production, 
transport, and sequestration of OH/H2O at the Moon (e.g., Crider & Vondrak, 2000; Schorghofer, 2014, 2015; 
Schorghofer et al., 2017); yet many of these predictions remain untested, and a unified and observationally vali-
dated model of the OH or H2O exospheres at the Moon is not yet in hand. Thus, we do not currently include these 
species in our modeling; however, future investigations with the model can be used to place constraints on the 
abundance of OH or H2O in the lunar exosphere via comparison with existing in situ charged-particle measure-
ments (e.g., see Section 4) or to make predictions for future in situ instrumentation focused on exospheric water.

2.2. Pickup Ion Modeling

The second portion of the model calculates the production rates of lunar exospheric ions and follows their dynam-
ics as they are picked up into the solar wind flow. For each neutral species, we calculate the total ionization rate 
by including photoionization by solar irradiation, charge exchange with solar wind protons, and electron impact 
ionization by solar wind electrons. We surveyed a broad range of literature to compile all three ionization rates 
for all species, where available, and display these rates in Figure 2. For photoionization rates, we primarily relied 
on Huebner and Mukherjee (2015) and retrieved photoionization rates for solar minimum, median, and maximum 
conditions. Additionally, we included photodissociative ionization for the neutral molecular species, CH4, CO, 

Figure 2. The photo, solar wind charge exchange, and electron impact ionization rates by species. Photoionization (black) is shown for solar minimum, median, and 
maximum conditions. Solar wind charge exchange and solar wind electron impact ionization rates are shown for the 2-σ range in solar wind proton flux and solar wind 
electron density, respectively (Dmitriev et al., 2011). Ion species generated via dissociative ionization (e.g., CO + e − → C + + O + 2e − or CO + e − → C + O + + 2e −) 
are denoted with parent molecules in parentheses. The pair of horizontal lines for each species denotes the minimum and maximum total ionization rates (i.e., the sum 
over photo, electron impact, and charge exchange ionization).
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and CO2 using appropriate branching ratios. Thus, CH4 neutral molecules give rise to 𝐴𝐴 CH
+

4
 , 𝐴𝐴 CH

+

3
 , and 𝐴𝐴 CH

+

2
 (we 

neglected both CH + and H + formation due to their very low branching ratios), CO gives rise to CO +, O +, and 
C +, and CO2 gives rise to 𝐴𝐴 CO

+

2
 , CO +, O +, and C +. For solar wind proton charge exchange and solar wind electron 

impact ionization, we used median solar wind conditions but show the expected variability for both processes in 
Figure 2.

Across all species in the model, ionization rates vary over at least eight orders of magnitude. For most species, 
photoionization is the dominant ionization mechanism, particularly in the cases of 𝐴𝐴 H

+

2
 , C +, Al +, Si +, K +, Ca +, and 

Fe +. In some cases, the solar wind charge exchange or electron impact ionization rates equal or exceed photoion-
ization rates, such as for O +, 𝐴𝐴 CH

+

4
 , Na +, Mg +, and  36Ar +/ 40Ar +. Thus, it is critical to include all three processes 

when calculating the net pickup ion fluxes at the Moon (and by extension at other airless bodies exposed to the 
solar wind throughout the solar system). Variability in the range between minimum and maximum ionization 
rates can also be seen across different species. For example, the total ionization rate of Al + is dominated by 
photoionization, which varies extremely little over solar cycle and thus dwarfs any variability contributed from 
solar wind charge exchange or electron impact ionization. In comparison, the total ionization rates for CH4 and 
Ar vary by over an order of magnitude even when summed across all three ionization processes. This variability, 
notwithstanding, we use the sum of the median ionization rates for all three processes as the total ionization rate 
per species throughout the rest of this study. A study of pickup ion variability over various ionization conditions 
is left for future work.

At this point in the model, we also include the production of lunar pickup ions generated directly from the surface 
via impact of solar wind protons (Elphic et al., 1991; Dukes & Baragiola, 2015). We generate surface-sputtered 
ions for Na +, Mg +, Al +, Si +, K +, Ca +, Ti +, and Fe + with a cosine solar zenith angle dependence. The magni-
tudes of the fluxes for these surface-sputtered ions at the subsolar point are taken from Elphic et  al.  (1991) 
(see their Figure 4). We note that McLain et  al.  (2011) has also reported the production of surface ions via 
electron-stimulated desorption (ESD), which should also contribute to the surface ion flux at the Moon. The 
production of surface ions via ESD, however, is dominated (∼90%) by the production of H + ions (i.e., Figure 
2 of McLain et al. (2011)), with only minor contributions from species such as O +, Na +, and K +. Taking this 
into account, the contribution of ESD-produced surface ions is likely negligible compared to the production of 
surface ions via proton bombardment and thus, we do not explicitly include an ESD-generated term. We do note, 
however, that the spatial distribution of any ESD-generated ions would be nearly identical to that of solar wind 
proton-sputtered ions and thus relatively indistinguishable.

Finally, to trace the pickup ion trajectories and calculate pickup ion fluxes in near-lunar space, we employ a 
simple analytical model for the motion of freshly born pickup ions (Hartle & Killen, 2006), which specifies the 
trajectory [x, y] of an individual pickup ion as follows: 

𝑥𝑥 = 𝑥𝑥𝑜𝑜 − 𝑟𝑟𝑔𝑔(𝜃𝜃𝜃𝜃 + sin 𝜃𝜃) (2)

� = �� + ��(1 + cos �) (3)

where [xo, yo] is the starting position of the ion, rg = mivsw/qB is the ion gyroradius, θ is an angular coordinate, 
mi is the ion mass, vsw is the solar wind velocity, q ≡ +1e is the charge of the ion, and B is the magnitude of the 
interplanetary magnetic field. Lunar gravity is neglected in comparison to the electromagnetic forces. The solar 
wind velocity and IMF strength are assumed to be constant in both space and time and for simplicity, we set them 
fully perpendicular to one another. We assume that the pickup ion generation is insufficient to measurably perturb 
that incident solar wind at the Moon, such that we can safely employ a test-particle approach. Previous analyses of 
ARTEMIS observations in the magnetotail have shown only very minor perturbations to the magnetotail environ-
ment (e.g.,Liuzzo et al., 2021; Poppe et al., 2012; Zhou et al., 2014) and given the higher number and momentum 
density present in the solar wind, this assumption is well grounded. We also note that we do not at present model 
lunar pickup ion dynamics in the terrestrial magnetosheath or terrestrial magnetotail. Such investigations are left 
for future work. We neglect any initial velocity that the parent neutral may possess, as such velocities are quickly 
dwarfed by acceleration of the ions in interplanetary space. We also neglect the influence of any perturbations of 
the electromagnetic field environment around the Moon that arise from the lunar wake (e.g., Halekas, Brain, & 
Holmström, 2014; Holmström et al., 2012; Xu et al., 2019; Zhang et al., 2014) or lunar crustal magnetic anoma-
lies (e.g., Halekas, Poppe, et al., 2014, 2017; Lue et al., 2011). The ion trajectories are analytically computed until 
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the trajectory either impacts the Moon or the trajectory leaves the model domain, which extends downstream to 
12 lunar radii and at least 8 lunar radii laterally.

3. Model Results
3.1. Spatial Distributions of Neutral Species

Figure  3 shows the spatial density distributions for all 18 neutral species in the equatorial plane of the 
Solar-Selenocentric-Ecliptic (SSE) frame, each summed over all relevant production processes. The SSE frame 
is oriented such that the +x axis points from the Moon to the Sun, the +z axis points to ecliptic north, and the +y 
direction completes the right-handed set. The spatial distribution of each neutral species reflects the dominant 
production mechanism(s) at play as well as the mass of the neutral species (which governs the scale height). The 
thermally equilibrated but noncondensing species (H2, He, and Ne) display strong dayside/nightside asymmetries 
in line with the steep change in surface temperature as a function of local time (i.e., Hodges & Johnson, 1968; 
Hurley et al., 2015). We note that the sharp change in scale heights seen in these three species at the terminators 
is due to the analytical simplification of assigning the local scale height to immediately reflect the local surface 
temperature. In reality, the change in exospheric scale height seen in these species will likely be more gradual 
due to lateral mixing of particles as they migrate from warmer to colder regions (e.g., Hodges & Johnson, 1968; 
Tucker et al., 2019). Refractory elements that are released into the exosphere via the relatively energetic processes 
of charged-particle sputtering and micrometeoroid impact vaporization have the most extended neutral distribu-
tions. Particular examples of such ‘hot’ species include C, O, Mg, Al, Si, Ca, Ti, and Fe. In these cases, the sum of 
the neutral spatial distributions from charged-particle sputtering, which is hotter but only occurs on the dayside, 
and MIV, which is relatively cooler but extends through the nightside, yields dayside/nightside asymmetries in 
the total density distributions of these species. In comparison, the density distributions of Na and K are dominated 
at low altitudes by their thermal components with broad dayside extensions due to PSD. Additionally, contribu-
tions from charged-particle sputtering and MIV are present for both species, particularly at high altitudes (>∼2 
RL) and on the lunar nightside. Again, we note here that the Na and K distributions presented here do not account 
for the effect of solar radiation pressure, which will deform and extend these distributions hundreds of Earth radii 
tailward (e.g., Lee et al., 2011; Line et al., 2012; Mierkiewicz et al., 2006). Finally, both the argon isotopes and 
CH4 display clear dawn-dusk asymmetries due to the nightside adsorption and delayed postdawn reemission (e.g., 
as seen in Hodges (2016) for CH4), while CO and CO2 are symmetrically distributed about the lunar subsolar 
point. Scale heights are generally small for these species (ranging between ∼45 km for CO2 and  40Ar to ∼125 km 
for CH4) given the assumed surface-temperature equilibrium and/or relatively high masses for these species.

3.2. Spatial Distributions of Pickup Ions

Figure 4a presents the total ion production rate for the lunar exosphere summed over all neutral species and all 
ionization processes (including all photodissociative ionization branches, where applicable) in the lunar equato-
rial SSE plane. Ion production from the lunar exosphere is strongest immediately above the dayside lunar surface 
yet also extends broadly to altitudes of several lunar radii on the lunar dayside driven by hotter and therefore 
more spatially extended species produced by charged-particle sputtering and/or MIV. Additionally, ion produc-
tion occurs downstream from the lunar terminator along the flanks of the lunar optical shadow due to the broad 
local time extent of MIV-produced neutral species, as well as contributions from thermally desorbed species that 
do not condense out to the lunar nightside (i.e., H2, He, Ne). Total ion production rates show a relatively large 
dawn-dusk asymmetry, with near-surface ion production rates at dawn nearly 30 times larger than near-surface 
ion production rates at dusk. At low altitudes, this is primarily driven by the underlying dawn-dusk asymmetry 
of the  36Ar and  40Ar neutral distributions, while at higher altitudes the dawn-dusk asymmetry of MIV-produced 
neutral species also contributes.

The relative distribution of species contributing to the total ion production rate is complex, as illustrated in 
the vertical ion production profiles at the dawn terminator and subsolar points, shown in panels 4(b) and (c), 
respectively. The presence of neutral distributions with distinct characteristic temperatures and scale heights 
(i.e., thermal desorption in the hundreds of K; PSD, MIV, and charged-particle sputtering in the thousands of 
K) yields a total vertical ion production rate profile with multiple distinct power-law profiles, breaking near 
100 km at dawn and near 500 km at the subsolar point. At dawn, the maximum total ion production rate is 
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∼6 × 10 −2 cm −3 s −1, dominated by the local production of thermally desorbed  40Ar +. Other species, such as Ne +, 
He +, Na +, 𝐴𝐴 H

+

2
 , K +, and  36Ar  + contribute to the total ion production rate at dawn at altitudes less than 100 km 

at levels between ∼2 and 15% compared to  40Ar  + production, with all other species contributing <1% relative 
to  40Ar +. At altitudes  above ∼150 km, species with larger scale heights dominate the local ion production rate, 

Figure 3. Exospheric neutral density distributions for all species in the lunar exosphere combined over all possible sources for each species.
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including 𝐴𝐴 H
+

2
 , He +, and Al +. More specifically, 𝐴𝐴 H

+

2
 and He + ions contribute at 

high altitude due to their extremely light mass while Al + contributes at high 
altitudes due to the high-temperature processes of MIV and charged-particle 
sputtering that underlie its neutral production. In comparison, at the subsolar 
point, panel 4(c), the maximum ion production rate is ∼1.5 × 10 −2 cm −3 s −1 
and is dominated by CO  + production.  40Ar + is the second most dominant 
species, followed by Ne +, C +, and O +. Note that the C + and O + production at 
the subsolar point is dominated by photodissociative ionization of CO rather 
than ionization of atomic C and O.

Figure 5a shows the spatial distribution of the total pickup ion flux distribu-
tion in near-lunar space for standard solar wind conditions (vsw = 425 km/s, 
|B| = 5 nT), now displayed in the Solar-Selenocentric-Electric (SS-El) frame. 
In the SS-El frame, the +x axis points antisunward and is nearly aligned with 
the solar wind flow vector, V (we neglect the small aberrative offset of the 
solar wind velocity, which Harada et  al.  (2015) have shown to produce a 
negligible effect on the compiled ARTEMIS data). The +z axis is aligned 
with the vector given by 𝐴𝐴 − �̂�𝐱 × �̂�𝐁 , where 𝐴𝐴 �̂�𝐁 is the unit vector in the direction 
of the IMF. The +y axis completes the right-handed set. In this coordinate 
system, the +x axis is nearly coaligned with the solar wind velocity, V, so 
for clarity, we label the +x axis as 𝐴𝐴 𝑉𝑉  . By extension, this also implies that the 
+z axis in the SS-El frame is nearly along the convection electric field, Ec, 
so we denote the +z axis as 𝐴𝐴 �̂�𝐸 . The dominant feature in the pickup ion flux 
distribution is a narrow plume of pickup ions with fluxes ∼10 6 cm −2 s −1 orig-
inating from the lunar subsolar point and extending into the +𝐴𝐴 �̂�𝐸 hemisphere. 
This plume is primarily composed of heavier species whose gyroradii are 
several tens of lunar radii (e.g., the heaviest species modeled here, Fe +, has 
a gyroradius of ∼29 lunar radii for the chosen solar wind conditions). At 
distances >∼5 lunar radii, this plume begins to separate into several distinct 
plumes, as the divergence in gyroradii begins to take effect for ions of vary-
ing masses. Other distinct features include the cycloidal pickup trajectories 
for the two lightest species, 𝐴𝐴 H

+

2
 and He +, which have gyroradii of approxi-

mately 1.0 and 2.0 lunar radii, respectively, for the selected conditions. The 
𝐴𝐴 H

+

2
 ions undergo approximately two full gyrations downstream of the Moon 

before exiting the simulation domain, while the He + ions complete slightly 
less than one full gyration. The 𝐴𝐴 H

+

2
 pickup ions can also be seen originating 

from both the −�̂ and +�̂ hemispheres of the Moon, yielding two distinct 
𝐴𝐴 H

+

2
 cycloids. The 𝐴𝐴 H

+

2
 cycloid originating from the −�̂ hemisphere is located 

almost entirely inside the lunar optical shadow and plasma wake. Distortions 
to the interplanetary magnetic field and/or the presence of electrostatic fields 
in the lunar wake (e.g., Halekas, Brain, & Holmström,  2014; Holmström 
et al., 2012; Xu et al., 2019) may alter the exact trajectories of these 𝐴𝐴 H

+

2
 ions 

(and by extension, other species that transit through the wake); however, a 
detailed investigation of this possible effect is left for future work that utilizes 
three-dimensional plasma simulations for the lunar plasma environment.

In panel 5(b), we show a breakdown of the contribution of each species to 
the total pickup ion flux at four locations, denoted by the points in panel 5(a). 
These locations were selected to demonstrate the diversity and sensitivity 
of pickup ion fluxes to an observer's location in near-lunar space. Point 1 is 
located at an altitude of ∼7 lunar radii directly within the densest portion of 

the lunar pickup ion plume. As such, pickup ion fluxes at Point 1 contain a broad mix of species but are generally 
dominated by CO + and Al +, with additional contributions from Si +, C +, O +, K +,  40Ar +, and Ca +. Some of the 
lightest species, including He + and 𝐴𝐴 CH

+

4
 , contribute little to no flux at Point 1 as they cannot access Point 1's 

lateral distance due to their relatively smaller gyroradii and/or scale heights. Point 2 is located immediately above 

Figure 4. (a) The spatial distribution of the total ion production rate summed 
over all neutral species and all three ionization mechanisms in the lunar 
equatorial plane. Additionally, the vertical profiles of the ion production 
rate by species above the (b) lunar dawn terminator and (c) subsolar points, 
respectively. In both panels, the total ion production rate over all species is 
denoted as the black solid line.
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the lunar terminator on the −�̂ hemisphere. Here, pickup ions are briefly 
accelerated in the solar wind electric field before impacting the lunar surface. 
At this location, the dominant species impacting the lunar surface are 𝐴𝐴 H

+

2
 and 

He +, with additional contributions from  40Ar + and Al +; however, a broad mix 
of almost all other species are present as well. CO + ions are present at a very 
low level of flux while 𝐴𝐴 CO

+

2
 ions (and related photodissociative products) are 

not present at levels higher than ∼10 0 cm −2 s −1.

Point 3 is located three lunar radii directly above the lunar subsolar point. At 
this altitude, the pickup ion flux is approximately two orders of magnitude 
less than at Point 1 and only species with very large scale heights are present, 
such as 𝐴𝐴 H

+

2
 , Al +, O +, C +, and Si +. In particular, none of the carbon-bearing 

species (𝐴𝐴 CH
+

4
 , CO +, and 𝐴𝐴 CO

+

2
 ) nor either of the argon isotopes are detectable 

at Point 3, again it is due to their relatively smaller scale heights. Further-
more, the distribution of species seen at Point 3 is broadly applicable to all 
high-altitude locations above the Moon not located within the main pickup 
ion plume (cf., Point 1). Finally, Point 4 is placed at an altitude of 2.7 lunar 
radii above the +�̂ lunar terminator, near to but slightly offset from the peak 
of the main pickup ion plume (at least for the median solar wind conditions 
used here). This location approximates the periselene location of the NASA 
Lunar Gateway station under the conditions where the interplanetary convec-
tion electric field satisfies Ez > 0. Similar to Point 1, a broad range of species 
contributes to the pickup ion flux at Point 4, with dominant contributions 
from 𝐴𝐴 H

+

2
 , He +, Ne +, Al +, Na +, CO +,  40Ar +, O +, and K +. In contrast to Point 1, 

however, pickup ion fluxes at Point 4 also contain contributions from several 
colder and/or lighter mass species, such as 𝐴𝐴 CH

+

4
 and 𝐴𝐴 CO

+

2
 . Point 4 is located 

close enough to the Moon to encounter these species before their cycloidal 
trajectories bend significantly and fully separate from the densest part of the 
plume.

We also present results for the surface-sputtered ions in comparison with 
pickup ions generated from the exosphere. Of the eight species for which we 
included surface-sputtered ions (Na +, Mg +, Al +, Si +, K +, Ca +, Ti +, and Fe +) 
only Mg +, Ca +, and Ti + had surface-sputtered ion fluxes significantly larger 
than their corresponding fluxes of exospheric pickup ions. As an example, 
Figures 6a–6c shows a comparison of the exospheric, surface-sputtered, and 
total pickup ion flux for Ca + pickup ions, respectively. For the exospheric 
contribution, panel 6(a), the Ca + pickup ion flux distribution is broad and 
originates from both the dawn and dusk hemispheres, as well as the dayside 
and nightside hemispheres due to production via both charged-particle sput-
tering and MIV. Similar to that seen in the total pickup ion flux over all 
species shown in Figure  5a, the peak exospheric pickup ion flux occurs 

along a cycloidal ridge originating from the subsolar point. In comparison, the surface-sputtered Ca + pickup ion 
flux, panel 6(b), originates only from the dayside, +�̂ hemisphere of the Moon. Surface-sputtered ions gener-
ated on the −�̂ hemisphere of the Moon are immediately accelerated into the lunar regolith and recycled. The 
surface-sputtered pickup ions that do escape from the +�̂ hemisphere of the Moon form a narrow and concen-
trated plume as the ions are accelerated by the interplanetary electric field. In total, the summed Ca + pickup 
ion distribution shown in panel 6(c) generally mirrors the exospheric pickup ion distribution in shape, with an 
additional enhancement along the peak pickup ion plume where the surface-sputtered ions overlap the exospheric 
distributions. For Ca + ions, the surface-sputtered ions in the plume are a factor of ∼40 greater than the exospheric 
pickup ions. Similar to Mg +, Ca +, and Ti + surface-sputtered ions have maximum fluxes that are ∼5, ∼3, and ∼2 
times their maximum exospheric pickup ion flux, respectively, while Si + and Fe + surface-sputtered ions are both 
only ∼30% their exospheric pickup ion flux. The Na +, Al +, and K + surface-sputtered ion fluxes were negligible 
compared to exospheric pickup ion fluxes.

Figure 5. (a) The spatial distribution of the total pickup ion flux summed over 
all species in the lunar equatorial plane. (b) The distribution of ion species 
contributing to the pickup ion flux at the four respective points denoted in 
panel (a).
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Figure 6. (a–c) The exospheric, surface-sputtered, and total pickup ion flux of Ca + ions, respectively. (d and e) The total surface-sputtered flux and exospheric flux for 
all eight neutral species with surface-sputtered fluxes. (f) The ratio of the surface-sputtered to exospheric pickup ion flux.
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Summed together, we compare the total surface-sputtered flux to the total exospheric flux for the eight species 
generated via surface sputtering. Panel 6(d) shows the total surface-sputtered ion flux summed over all eight 
species. The total surface-sputtered flux is concentrated in a cycloidal plume similar to the results for Ca + ions 
only as shown in panel 6(b). At larger distances from the lunar surface (>∼3 RL), the plume begins to separate 
into several individual beams as the cycloidal pickup trajectories for different mass ions begin to diverge. The 
peak of the total surface-sputtered flux occurs at low altitudes above the lunar subsolar point with fluxes of 
∼2 × 10 4 cm −2  s −1. In comparison, panel 6(e) shows the total exospheric pickup ion flux for the same eight 
species summed in panel 6(d). The total exospheric pickup ion flux peaks in a narrow plume originating from 
the lunar subsolar point similar to the surface-sputtered pickup ions but also possesses a broad, extended region 
of flux originating from hot and spatially extended neutral distributions. As shown in panel 6(f), the ratio of the 
surface-sputtered pickup ion flux to the exospheric pickup ion flux demonstrates that at very low altitudes (i.e., 
<∼0.5 RL) above the +�̂ hemisphere of the dayside lunar surface, the surface-sputtered pickup ion flux can exceed 
the corresponding exospheric flux of surface-sputtered species by a factor of ∼50. At larger distances along the 
pickup ion plume, however, the ratio decreases below unity as the increasing column of ionized exospheric 
pickup ions outweighs the surface-sputtered source of ions. At the end of the simulation domain at 8 RL, the ratio 
is only ∼0.2, indicating that the surface-sputtered ions are only a minor, although not entirely negligible, contri-
bution to the overall ion flux.

4. Comparison to ARTEMIS Observations
4.1. ARTEMIS Observations and Data Reduction

We now compare the pickup ion model to in situ observations of lunar pickup ions by the ARTEMIS mission 
(Angelopoulos et al., 2008; Angelopoulos, 2011) in order to validate the model's large-scale predictions for lunar 
pickup ion fluxes. The ARTEMIS mission consists of a pair of identical probes in orbit around the Moon since 
mid-2011. Both probes are in highly elliptical orbits with periselenes varying between ∼20 and 1000 km above the 
lunar surface and aposelenes between ∼10 and 12 lunar radii. Each probe carries an extensive suite of fields and 
particle instruments; for our studies here, we make use of the ElectroStatic Analyzer (ESA; McFadden, Carlson, 
Larson, Ludlam, et al., 2008; McFadden, Carlson, Larson, Bonnell, et al., 2008) and the Fluxgate Magnetometer 
(FGM; Auster et al., 2008). The ESA instrument measures the three-dimensional distribution of ions and elec-
trons at energies between ∼5 and 25,000 eV at a maximum time resolution of once per spacecraft spin period 
(∼4 s). We use the ESA “full” ion data set, which provides an ion velocity distribution with 32 energies and 88 
solid angles at varying time resolutions. The FGM survey products provide the three-dimensional vector of the 
interplanetary magnetic field tied to the same cadence of the ESA particle distributions.

To calculate the average distribution of lunar pickup ions as observed by ARTEMIS, we followed the method-
ology outlined in Harada et  al. (2015), which previously investigated the statistical distribution of near-lunar 
particle and wave distributions observed by ARTEMIS. The data reduction first restricted all observations to be in 
solar wind by specifying that the lunar position satisfied XGSE > 0, where GSE is the Geocentric-Solar-Equatorial 
coordinate system. Next, the core solar wind population was removed from the data sets of both probes by elimi-
nating all ions that have (a) energy-per-charge in the range 0.4Esw/e < E/q < 4Esw/e, where Esw/e = 0.5mpvsw is the 
solar wind proton energy-per-charge, mp is the proton mass, and vsw is the bulk solar wind speed and (b) velocity 
vectors within 45° of the solar wind velocity. Finally, other heliospheric and/or nonlunar related phenomena 
(e.g., solar energetic particles and back-streaming terrestrial foreshock ions) were eliminated from the data sets at 
each probe by subtracting observations of one probe from the other probe and vice versa. We eliminated all data 
from this step that occurred when the reference probe (i.e., the probe whose data set is subtracted) was located 
within the lunar plasma wake. As discussed in Harada et al. (2015), this method can successfully subtract solar 
wind and/or heliospheric disturbances, leaving only lunar-related ion distributions. Harada et al. (2015) did note 
that this process can inadvertently subtract lunar-related phenomena if such phenomena occur simultaneously in 
both probes. Despite this, the ARTEMIS probes spend a majority of their time at large distances from the Moon 
due to their highly elliptical orbits, and thus the fraction of lunar-related particle fluxes that are potentially lost 
via this assumption is deemed negligible. The data set was also restricted to observations within ±0.5 RL in the 
direction perpendicular to both 𝐴𝐴 �̂�𝐸 and 𝐴𝐴 𝑉𝑉  . Additionally, all ARTEMIS observations are naturally restricted to ion 
energies, E < 25 keV, due to the upper energy limit of the ESA instrument (McFadden, Carlson, Larson, Ludlam, 
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et  al., 2008). The previous results from Harada et  al.  (2015) covered July 2011 to December 2014; here, we 
have  extended this data set to span from July 2011 to December 2021.

The left column of Figure 7 shows the ARTEMIS observations of nonsolar wind ions as compiled via the process 
described above. In panel 7(a), we present the spatial distribution of all nonsolar wind ions in the SS-Electric 
coordinate frame (see description of the SS-El frame above in Section 3.2). Nonsolar wind ion fluxes are strong-
est immediately above the subsolar point and extend into both the +�̂ and +�̂  directions, although nonsolar wind 
ion fluxes do appear at low altitudes on the −�̂ hemisphere. At higher altitudes in the −�̂ hemisphere, nonsolar 
wind ion fluxes are negligible. Lunar-related fluxes at the subsolar point reach approximately 5 × 10 6 cm −2 s −1 or 
equivalently ∼2.5% of the average incident solar wind flux. As the plume of nonsolar wind ions extends in the +�̂ 
and downstream 𝐴𝐴

(

+𝑉𝑉
)

 directions, the magnitude decreases as the ions diverge along separate trajectories. Based 
on previous observations, the fluxes shown in panel 7(a) contain both lunar pickup ions (e.g., Yokota et al., 2009; 
Halekas et al., 2012, 2013) and solar wind protons reflected from both the lunar surface (e.g., Lue et al., 2018; 
Saito et al., 2008) and lunar crustal magnetic anomalies (e.g., Lue et al., 2011; Poppe et al., 2017; Yokota, Saito, 
et al., 2014). With relatively smaller gyroradii, reflected solar wind protons cannot extend to large distances in 
the +�̂ hemisphere, while heavier pickup ions with comparatively larger gyroradii should extend farther in the 
+�̂ hemisphere.

To better isolate the contribution of exospheric lunar pickup ions from reflected solar wind protons, we impose 
two additional restrictions on the ARTEMIS nonsolar wind data set, similar to Harada et al. (2015). First, we 
restricted the nonsolar wind ion data set to only include those observations originating from the single solid-angle 
bin corresponding to the direction of the interplanetary convection electric field. With the ARTEMIS data prod-
ucts utilized for this study, the solid angle subtended by an individual angular bin ranges from 0.12 to 0.17 str 
(e.g., see Figure 5a, McFadden, Carlson, Larson, Ludlam, et al., 2008). This distribution is shown in panel 7(b) 
and is significantly narrower than the full nonsolar wind ion distribution shown in panel 7(a). Nearly all of the 
nonsolar wind ion flux extending along the +�̂ flank of the lunar wake has been removed, indicating that those 
ions have generally smaller gyroradii. Such ions mainly include the reflected solar wind proton population but 
could also include some contribution from lighter mass lunar exospheric pickup ions such as 𝐴𝐴 H

+

2
 and He +. We 

also note that some of the nonsolar wind flux at low altitudes in the −�̂ hemisphere is also reduced compared to 
the full nonsolar wind ion distribution. The flux that has been removed here is likely due to solar wind protons 
reflected and/or scattered in arbitrary directions with respect to the interplanetary electric field. Nevertheless, the 
plume of nonsolar wind ions extending to several lunar radii along the +�̂ direction is still present, albeit slightly 
diminished compared to the full nonsolar wind ion distribution in panel 7(a).

Next, we further restricted the nonsolar wind data set to exclude energies, E < 2 keV, which should remove much 
of the lower energy-reflected solar wind proton population, although this does remove pickup ions at early stages 
in their acceleration. We note again that the upper limit of 25 keV is set to the maximum detectable ion energy 
with the ESA instrument (McFadden, Carlson, Larson, Ludlam, et al., 2008). This distribution is shown in panel 
7(c) and is most likely to be comprised of lunar exospheric pickup ions. Here, the peak flux is reduced by approx-
imately an order of magnitude with respect to the distributions shown in panels 7(a) and (b) and the spatial extent 
is far narrower. Ion fluxes originate primarily from the lunar subsolar point and travel in the +�̂ direction to 
lateral distances >4 RL with slight deflection in the +�̂  direction. Such trajectories are broadly consistent with the 
behavior of high-mass lunar pickup ions being accelerated by the interplanetary electric field and beginning  their 
cycloidal trajectories around the IMF. Meanwhile, essentially no flux above the ARTEMIS background level 
(∼10 4 cm −2 s −1) is seen on the −�̂ or nightside hemispheres.

4.2. Model-Data Comparison

While the modeled pickup ion flux distributions presented in, for example, Figures 5 and 6 are for a single, 
specific set of solar wind and IMF conditions, the ARTEMIS data set described above is averaged over nearly a 
solar cycle's worth of variability. Furthermore, when rotated into the SS-Electric frame, the ARTEMIS nonsolar 
wind ion data set includes observations from both the dawn and dusk flanks of the Moon. Thus, to make a proper 
comparison, the pickup ion flux model must be run over a similar range of conditions and likewise averaged 
together. The solar wind conditions governing pickup ion dynamics can be parameterized by the pickup proton 
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Figure 7. (left) ARTEMIS observations of nonsolar wind ions: (a) All nonsolar wind ions, (b) nonsolar wind ions aligned with the interplanetary convection electric 
field, and (c) nonsolar wind ions aligned with the interplanetary convection electric field and with energies between 2 and 25 keV (d–f) Average lunar pickup ion fluxes 
from the model for the same restrictions as panels (a–c), respectively.
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gyroradius, ��,�+ = ���⟂∕�|�| , where mp and e are the proton mass and fundamental charge, respectively. We 
used the OMNI solar wind data set (King & Papitashvili,  2005) to extract the distribution of the solar wind 
perpendicular velocity, v⊥, and the magnitude of the interplanetary magnetic field, |B|, over the same period used 
to compile the ARTEMIS data set (July 2011−December 2021). From these distributions, we then calculated the 
distribution of ��,�+ , which was log-normally distributed with a peak at ∼650 km and a one-standard-deviation 
range of [380–1110] km (see Figure S1 in Supporting Information S1). We ran the pickup ion model for both 
dawnward and duskward interplanetary electric field configurations, respectively, for 20 distinct paired values of 
[v⊥, |B|] that spanned the full range of ��,�+ calculated from the OMNI data set (see Figure S2 in Supporting Infor-
mation S1). We then combined the resulting pickup ion flux distributions via a weighted average over the ��,�+ 
distribution. Similar to the ARTEMIS data sets, we progressively filtered the model predictions in three steps: 
(a) All pickup ion flux with E < 25 keV (b) pickup ion fluxes within 12.5° (i.e., approximately one ARTEMIS 
ESA solid-angle bin), of the interplanetary electric field and E < 25 keV, and (c) pickup ion fluxes within 12.5° 
of the interplanetary electric field and with energies between 2 and 25 keV. Finally, we also down-resolved the 
pickup ion model results to a spatial resolution of 0.25 × 0.25 RL and adjusted the range of displayed fluxes to 
match the ARTEMIS data set.

The right column of Figure 7 displays the modeled pickup ion fluxes as described in the previous paragraph. In 
panel 7(d), the modeled distribution for all pickup ion fluxes is primarily concentrated in a narrow plume origi-
nating from the lunar subsolar point and extending laterally from the Moon along the interplanetary electric field 
direction. Lower fluxes of ∼10 4 − 10 5 cm −2 s −1 are present on the −�̂ hemisphere of the Moon at low altitudes 
as well as through the lunar optical shadow and plasma wake. At this spatial resolution, the maximum modeled 
pickup ion fluxes are on the order of ∼3 × 10 5 cm −2 s −1. In comparison to the ARTEMIS nonsolar wind fluxes 
shown in panel 7(a), the modeled pickup ion fluxes are approximately an order of magnitude less on the lunar 
dayside, at low lunar altitudes, and along the +�̂ flank of the lunar optical shadow. As discussed previously, the 
large fluxes at low altitudes above the Moon and along the +�̂ flank of the wake as observed by ARTEMIS are 
likely dominated by reflected solar wind protons. This is further supported by the absence of significant corre-
sponding fluxes in the pickup ion model in these locations. Finally, there is some indication that at high altitudes 
(>∼1–2 RL) above the lunar dayside surface, the modeled pickup ion flux is higher than the average ARTEMIS 
nonsolar wind distributions. The lack of higher altitude pickup ion fluxes in the ARTEMIS data suggests that 
the model is overestimating contributions from hotter, more spatially extended neutral distributions. This would 
primarily include contributions from charged-particle sputtering and MIV. On the other hand, the low levels of 
predicted ion fluxes at such high altitudes (10 3 − 10 4 cm −2 s −1) are approaching the ARTEMIS ESA background 
level and thus this discrepancy may simply be due to the sensitivity limits of the instrumentation.

In panel 7(e), the modeled pickup fluxes restricted to those ions traveling within 12.5° of the interplanetary 
convection electric field are comprised of a plume of pickup ions originating from the lunar subsolar point 
extending in the +�̂ direction. Lower magnitude fluxes are also present along the −�̂ hemisphere of the Moon. 
The peak flux predicted by the model for this case is very slightly less than the peak flux considering all modeled 
pickup ions (i.e., panel 7(d)) but far less spatially extended. In comparison to the nonsolar wind ions observed 
by ARTEMIS in panel 7(b), the modeled pickup ions are located similarly but overall still less in magnitude by 
approximately an order of magnitude, especially at low altitudes. This suggests that reflected solar wind protons 
continue to contribute to the observed nonsolar wind ion flux at lower altitudes. At larger distances from the 
Moon, the plume of modeled pickup ion fluxes ceases at ∼3 RL, whereas the nonsolar wind ions observed by 
ARTEMIS extend laterally to >4 RL.

Finally, panels 7(f) and (c) compare the modeled pickup ion flux and the observed ARTEMIS nonsolar wind 
ion flux, subject to both restrictions of ions traveling within 12.5° of the interplanetary electric field and ions 
with energies between 2 and 25 keV. Similar to the comparison of just field-aligned ions in panels 7(b) and (e), 
the modeled pickup ion fluxes are less than the fluxes observed by ARTEMIS (by a factor of ∼3) and do not 
extend as far in the +𝐴𝐴 �̂�𝐸 direction as the fluxes observed by ARTEMIS. As discussed in Harada et al. (2015), the 
simultaneous filters of field-aligned and >2 keV ions should eliminate nearly all the reflected proton populations, 
especially at larger distances from the Moon due to the relatively smaller proton gyroradii. Thus, the lower fluxes 
seen in the model for >2 keV, electric field-aligned conditions—especially at large distances from the Moon—
suggest that the model is deficient in a heavy species that can extend in ionized form to large distances laterally 
from the Moon while maintaining a trajectory within 12.5° of 𝐴𝐴 �̂�𝐸 . Based on the pickup ion gyroradius for typical 
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lunar conditions, we can estimate that the “missing” heavy species should have a mass, m > ∼20 amu, in order to 
satisfy the 𝐴𝐴 𝐴𝐴𝐴 ⋅ 𝐴𝐸𝐸 𝐸 12.5◦ condition at distances >5 RL from the Moon.

After a survey of possible missing or underestimated species in the model, we explored the possible contributions 
of two species to the modeled lunar exospheric pickup ion flux: H2O and CO2. As discussed in Section 2.1, we did 
not include a contribution from exospheric H2O in the baseline model due to the lack of a definitive exospheric 
model; however, it nevertheless remains plausible that a steady-state water exosphere could be present at some 
level at the Moon. In comparison, we did include a CO2 contribution to lunar pickup ion fluxes in the baseline 
model but with relatively small neutral densities of 125 cm −3 as constrained by the LADEE/NMS ion mode obser-
vations of Halekas et al. (2015) (in comparison, our modeled neutral density of CO peaks at 1.4 × 10 4 cm −3). We 
suggest that the CO2 exosphere could be underestimated despite its nondetection by LADEE/NMS. We quantified 
the possible effects of the inclusion of either an H2O or a larger CO2 exosphere on the magnitude and spatial 
distribution of lunar exospheric pickup ion fluxes. Specifically, we modeled a putative H2O contribution as a 
thermal species (similar to H2, He, and Ne) with subsolar densities of four values: 3.2 × 10 5, 1.0 × 10 6, 3.2 × 10 6, 
and 1.0 × 10 7 cm −3. Separately, we modeled a CO2 exosphere with four subsolar densities higher than our original 
value: 1.0 × 10 4, 3.2 × 10 4, 1.0 × 10 5, and 3.2 × 10 5 cm −3. For each of these eight conditions, we added the addi-
tional hypothetical contribution (whether from H2O or CO2) to the baseline exospheric model (i.e., that presented 
in Figures 7d–7f) and recomputed the total modeled exospheric pickup ion flux.

Figure  8 shows the total high-energy, field-aligned pickup ion flux including (a–d) the four hypothetical 
neutral densities of H2O and (e–h) the four hypothetical neutral densities of CO2. In the case of H2O, increased 
neutral densities yield corresponding increases in the magnitude of the modeled pickup ion flux; however, the 
spatial  distribution of the total flux does not significantly change. In particular, the high-energy, field-aligned 
flux does not extend laterally beyond ∼3 RL. In comparison to the high-energy, field-aligned nonsolar wind ion 
flux observed by ARTEMIS as shown in panel 7(c), the inclusion of increased H2O fluxes does not replicate 
the extended tail of pickup ions seen at relatively large lateral distances from the Moon, in agreement with our 
earlier estimation that the missing flux should originate from a species with m > ∼20 amu. We do note that the 
ARTEMIS observations could be consistent with the inclusion of some level of H2O, perhaps up to densities of 
∼10 6 cm −3, without exceeding the observed magnitude of pickup ion fluxes; however, the data do not strictly 
require such a contribution. In the case of CO2, the inclusion of higher neutral densities yields both an increase 
in the overall magnitude of the total high-energy, field-aligned pickup ion flux and an extension of pickup ion 
fluxes to increasing distances in the +𝐴𝐴 �̂�𝐸 direction. By a simple visual comparison of the ARTEMIS observations 
in panel 7(c) and the various levels of additional CO2 neutral densities, we qualitatively estimate that a subsolar 
neutral CO2 density in the range of [3.2 × 10 4, 1 × 10 5] is more consistent with the magnitude and spatial distribu-
tion of the observed pickup ion flux. We acknowledge that a CO2 exosphere of such a relatively high density is in 
apparent conflict with the nondetection of 𝐴𝐴 CO

+

2
 ions by LADEE/NMS (Halekas et al., 2015), which set an upper 

limit of ∼10 2 cm −3. Nevertheless, future measurements, either by in situ or remote-sensing instruments, should 
revisit the possible presence of CO2 in the lunar exosphere to test our findings here.

5. Discussion and Conclusion
As demonstrated above, the lunar pickup ion environment is complex and multifaceted, reflecting the variety of 
physical mechanisms that operate on airless bodies in space. While some species are produced by a single source, 
for example,  40Ar effusion from the lunar crust (Killen, 2002) or H2 diffusion from implanted solar wind protons 
(Hurley et al., 2017; Tucker et al., 2019), species such as Na and K are produced by up to four separate mecha-
nisms (thermal desorption, photon-stimulated desorption, solar wind sputtering, and MIV), yielding challenges in 
untangling the various sources. The wide range of characteristic source-process temperatures also contributes to a 
large dichotomy in the altitude profiles of the lunar pickup ion production rates (i.e., see Figure 4). Species  emit-
ted via thermal processes generally have much smaller scale heights (with the obvious exceptions of H2 and He 
given their very light masses) while species emitted via more energetic processes maintain larger scale heights 
and, in some ways, may be more appropriately termed “coronae” as opposed to surface-boundary exospheres 
(e.g., Killen et al., 2018; Morgan & Killen, 1998). Indeed, evidence of such hot, high-altitude distributions in the 
lunar exosphere can be found in the analysis of ARTEMIS pickup ion observations (Halekas et al., 2016) and seen 
in the pickup ion model flux distributions shown here.
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Figure 8. Total modeled lunar pickup ion fluxes aligned with the interplanetary convection electric field and with energies 
between 2 and 25 keV for (a–d) four hypothetical neutral densities of H2O and (e–h) four hypothetical neutral densities of CO2.
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Despite the presence of at least 18 identified or hypothesized constituents, the dominant modeled lunar pickup 
ion species at various observing locations around the Moon typically include CO +,  40Ar +, Al +, Na +, K +, Si +, 
Ca +, and O +. In comparison to the model, the lunar pickup ion observations by the Wind spacecraft downstream 
of the Moon in the solar wind (Mall et al., 1998) reported the largest peak near mass 16 amu (O +) with a broader 
secondary peak spanning masses from ∼25 to 32 amu, which includes primarily Al +, CO +, and Si +. Lower 
fluxes of pickup ions in the mass range of ∼18–25 amu are also reported, which include species such as Ne +, 
Na +, and Mg +. Qualitatively speaking, these measurements agree well with the model although the strength of 
the O + peak in the Wind/STICS data is larger than what the model predicts relative to other species such as K +, 
Si +/CO +, and  40Ar +, even when accounting for the multiple production branches of O + from photodissociative 
ionization of CO and/or CO2 neutral species. Similar to the discussion in Halekas et al. (2015), this may provide 
further evidence of a more significant CO and/or CO2 neutral population at the Moon than currently appreciated. 
Additionally, the lack of  40Ar   + detections in the Wind data set is somewhat puzzling, given the well-known 
presence of neutral  40Ar in the lunar exosphere and its detection in ionized form by both LADEE/NMS (Halekas 
et al., 2015) and Kaguya (Saito et al., 2010). This may be attributable to variability in the neutral Ar population 
at the Moon as reported by Benna et al. (2015) and Kegerreis et al. (2017) or to variability in the ionization rates 
as discussed above.

As discussed in the model comparison with ARTEMIS observations (Section 4.2), the potential inclusion of a 
significant CO2 neutral density population in the lunar exosphere has broader implications for our understand-
ing of the influx and recycling of solar wind carbon. As described in Hodges (1976), the solar wind provides 
a steady-state influx of highly charged carbon ions to the lunar surface (e.g., Bochsler, 1987, 2000) that must 
be balanced by an equivalent loss of carbon atoms. As argued in Hodges (1976), the dominant loss process for 
solar wind carbon atoms at the Moon is through a neutral exosphere—specifically via ionization and pickup 
of C-bearing ions into the solar wind flow. To this end, Hodges (1976) modeled neutral exospheres for three 
carbon-bearing molecules, CH4, CO, and CO2, that would each individually account for the required solar 
wind carbon loss rate. At the lunar equator, the peak neutral densities for the CH4, CO, and CO2 exospheres 
were approximately 1.5 × 10 5, 3 × 10 5, and 5 × 10 5  cm −3, respectively; however, the lunar exosphere likely 
contains a weighted mixture of these three model exospheres depending on the specific chemistry that solar 
wind carbon  atoms undergo upon implantation into the lunar regolith (e.g., Bibring et  al.,  1974; Cadogan 
et al., 1971; Chang et al., 1973; Chang & Lennon, 1975; Pillinger & Eglington, 1977; Pillinger et al., 1977). 
In the post-LADEE era, high signal-to-noise measurements of the CH4 and CO exospheric densities have been 
reported (Halekas et al., 2015; Hodges & Mahaffy, 2016), allowing us to reassess the balance of these three hypo-
thetical exospheres. In particular, LADEE/NMS observed maximum daytime densities of CH4 of approximately 
500 cm −3 (allowing for some uncertainty when extrapolating from LADEE's altitude to the lunar surface). This 
represents only ≈0.33% of the modeled CH4 exosphere in Hodges (1976), implying that CH4 cannot account for 
the escape of solar wind carbon. Additionally, LADEE/NMS ion mode observations detected mass 28 amu ions, 
which, as discussed earlier, are likely to be dominated by CO + (as opposed to 𝐴𝐴 N

+

2
 or Si +). An estimated dayside 

neutral CO density of ≈1.4 × 10 4 cm −3 is consistent with the LADEE/NMS ion measurements and satisfies a 
previous upper limit from the Apollo 17 Ultraviolet Spectrometer (Feldman & Morrison, 1991). This observed 
CO density is only ∼5% of the exospheric CO density required to account for the total solar wind carbon escape 
as estimated by Hodges (1976). Finally, the CO2 neutral distribution hypothesized in our model to account for the 
total pickup ion flux as observed by ARTEMIS could account for up to 20% of the necessary carbon escape rate. 
Thus, taken together, the CH4, CO, and CO2 neutral densities can account for approximately 25% of the total solar 
wind carbon escape from the Moon as calculated by Hodges (1976). This suggests that either the Hodges (1976) 
Monte Carlo models potentially overestimate the neutral densities required to balance the solar wind carbon 
influx or other loss mechanisms, such as burial in the lunar regolith or sequestration in lunar polar cold traps (e.g., 
Colaprete et al., 2010; Schörghofer et al., 2021), are more significant than previously appreciated. Nevertheless, it 
is worth noting that the CO2 exosphere hypothesized here could in fact be the most abundant species in the lunar 
exosphere, surpassing the peak density of  40Ar by up to a factor of ∼2.

Our model can also be compared and contrasted with previous modeling investigations of the lunar exosphere 
and pickup ion environment. Prior to the launch of the LADEE mission, Sarantos et al. (2012a) constructed a 
model for the lunar pickup ion environment consisting of 12 species, including He, C, O, K, S, Mg, Na, Si, Al, Ti, 
Ca, and Fe. Species such as H2, Ne,  36Ar, and  40Ar were not included nor were carbon-bearing molecular species 
(CH4, CO, and CO2). Similar to our approach, each species was assigned a neutral distribution reflective of its 
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possible production mechanisms (e.g., thermal and/or photon-stimulated desorption, MIV, or charged-particle 
sputtering) and pickup ion fluxes calculated via an analytic approach. For the 11 species contained in both 
the Sarantos et al. (2012a) model and the model presented here (all species above except S), Figure 9 shows a 
comparison of the modeled pickup ion fluxes at 100 km altitude above the lunar subsolar point (see also Figure 
2a of Sarantos et al. (2012a)). The modeled fluxes for many of these species are in agreement within better than 
a factor of five, including O +, Na +, Mg +, K +, Ca +, Ti +, and Fe +, while the modeled fluxes for C + and Al + differ 
by factors of ∼7. These levels of differences can likely be attributed to different assumptions in the production 
rates of various mechanisms (e.g., charged-particle sputtering) and are likely well within the range of natural 
variability (e.g., the solar wind flux, which controls the rate of charged-particle sputtering, varies naturally by an 
order of magnitude). The greatest disagreement between the two models lies in the estimated He + and Si + fluxes, 
which are factors of ∼40 and ∼15 higher in the Sarantos et al. (2012a) model. Sarantos et al. (2012a) based their 
He  + flux estimates on the work of Hartle and Thomas (1974), who in turn estimated He + fluxes using the simpli-
fying assumption that all ions immediately assumed the solar wind drift speed, rather than slowly gaining velocity 
via the standard pickup process. This assumption may cause an overestimate in the flux for He +, although we 
note that the exospheric neutral He densities vary by almost an order of magnitude due to variability in the inci-
dent solar wind alpha (He ++) flux (e.g., Benna et al., 2015; Bodmer et al., 1995; Cook & Stern, 2014; Feldman 
et al., 2012; Kasper et al., 2007). For Si +, Poppe et al. (2016) found that neutral Si densities estimated in Sarantos 
et al. (2012b) produced excess high-altitude pickup ion flux as observed by the LADEE/Lunar Dust Experiment 
and recommended a reduction in modeled Si densities of ∼80%. Such a reduction in Si densities would also be 
closer in line with upper limits published by Cook et al. (2013) based on LRO/LAMP observations.

A more recent model of the lunar exosphere and ionosphere has been put forth by Choudhary et  al.  (2016) 
and Ambili and Choudhary  (2022) in order to explain radio occultation measurements of a relatively dense 
(n > 300 cm −3) lunar ionosphere by the Chandrayaan-1 radio occultation (RO) experiment. This model employs 
a fluid-based photochemical scheme to track the production and recombination of 16 separate ionized species, 
some of which overlap with the model presented here (specifically, CO2, O, Ar, Ne, He, H2, and CH4). By 
matching the Chandrayaan-1 RO measurements (Choudhary et al., 2016), the model predicts the presence of 
a lunar ionosphere extending to altitudes >100 km at equatorial latitudes with densities >10 2 cm −3 even when 
accounting for the removal of lunar pickup ions by the solar wind convection electric field. On its face, such a 
dense ionosphere at these altitudes contradicts multiple in situ measurements of the lunar ionosphere, in particu-
lar measurements from the ARTEMIS probes within the solar wind (Harada et al., 2015; Zhang et al., 2014) or 
the terrestrial magnetotail (Halekas et al., 2018). As an example of such an in situ measurement, Figure 10 shows 
the nonsolar wind ion density observed by ARTEMIS, corresponding to the nonsolar wind ion flux shown in 
Figure 7a. The maximum nonsolar wind density peaks near the lunar subsolar point at densities of ∼0.1 cm −3 
while decreasing along the pickup ion plume as the ions diverge away from the Moon. We do acknowledge that 
these in situ measurements from ARTEMIS are in tension with previous reports of a lunar ionosphere with 

Figure 9. A comparison of pickup ion fluxes for 11 select species at 100 km above the lunar subsolar point between the 
model of Sarantos et al. (2012a) and the model presented here.
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densities on the order of hundreds per cm −3 (e.g., Choudhary et al., 2016; 
Imamura et al., 2012); however, a fuller exploration of this disagreement is 
left to future work, perhaps with further analysis of the ARTEMIS data set or 
with the aid of plasma measurements onboard in situ surface landers.

The lunar exosphere is also subject to a wide range of variability, present in 
both the source and loss rates. For source mechanisms, large degrees of vari-
ability are known to be or otherwise should be present in processes relating 
to solar wind or micrometeoroid influx (e.g., Wurz et al., 2022). Variability 
in the solar wind controls the delivery rate of protons and alpha particles 
that eventually neutralize and in the case of H, recombine into neutral H2 
and He, respectively (e.g., Benna et al., 2015; Cook & Stern, 2014; Hurley 
et al., 2017; Tucker et al., 2019). Charged-particle sputtering rates are also 
directly and promptly affected by changes in the incoming solar wind flux 
and alpha-to-proton ratio, including even “extreme” cases of sputtering 
rates during the passage of coronal mass ejections by the Moon (e.g., Killen 
et  al.,  2012). Passage of the Moon through the terrestrial magnetotail has 
been observed to broadly affect the production rates of multiple exospheric 
species (e.g., Killen et  al., 2021; Potter et  al., 2000; Sarantos et  al., 2008; 
Wilson et al., 2006). Variability in the micrometeoroid influx to the Moon 

also has effects on the variation of neutral and ionized densities of species derived from micrometeoroid impact 
vaporization. The orbital motion of the Moon around the Earth and the seasonal motion of the Earth's orbit 
around the Sun both contribute to relatively longer period variation in the strength of MIV-produced species 
(e.g., Szalay & Horányi, 2015), while shorter period meteoroid showers at the Moon can temporarily increase 
the exospheric densities of such species (e.g., Hunten et al., 1998; Smith et al., 1999; Szalay et al., 2016; Verani 
et al., 1998). Finally, production rates of pickup ions (or equivalently, loss rates of exospheric neutral species) are 
also subject to variability. Changes in the solar irradiation at 1 au from both long-term, solar-cycle changes (e.g., 
Huang et al., 2016; Rottman, 1988) and short-term impulsive flares (e.g., Woods et al., 2004, 2011) readily alter 
photoionization rates, while changes in the solar wind parameters (e.g., density, speed, and electron temperature) 
alter the charge exchange and electron impact ionization rates of exospheric neutral species. Further studies with 
the pickup ion model presented here can explore the effects of these multiple sources of variability on the overall 
magnitude and spatial distribution of lunar pickup ions.

Looking forward, upcoming measurements of the lunar plasma environment by the SPAN-ion instrument onboard 
NASA's HERMES suite will provide deeper insight into the composition and variability of the lunar pickup ion 
population. The SPAN-ion instrument, identical to the similarly named instrument onboard the Parker Solar 
Probe spacecraft (Kasper et al., 2015), will enable energy-, angle-, and mass-resolved ion measurements along its 
proposed near-rectilinear halo orbit around the Moon. As currently envisioned, the HERMES periselene would 
be located above the lunar north pole at altitudes of ∼3,000 km. Measurements of mass-resolved lunar pickup 
ion fluxes would strongly benefit from a configuration in which the SPAN-ion field of view included directions 
looking toward ecliptic south. In such a configuration, conditions under which the interplanetary convection elec-
tric field pointed northward (+z SSE) would accelerate lunar pickup ions into the SPAN-ion field of view while 
HERMES passed through periselene over the lunar north pole. Since +Ez conditions occur regularly due to the 
primarily in-ecliptic Parker Spiral configuration of the interplanetary magnetic field, HERMES/SPAN-ion would 
likely measure lunar pickup ion fluxes with relatively high probability. The mass resolution of the SPAN-ion 
instrument is variable with ion mass. At low masses, the instrument maintains m/Δm values of 6.6 and 5.0 for H + 
and 𝐴𝐴 H

+

2
 ions, respectively, sufficient for easily separating such species. At intermediate masses (e.g., C +, N +, and 

O +) and higher, the mass resolution decreases and individual peaks begin to overlap in time-of-flight; however, 
ground-based calibrations will aid in fitting and isolating contributions from individual species (e.g., similar to 
the methodology used in the analysis of Kaguya Ion Mass Analyzer (IMA) data (e.g., Saito et al., 2010; Yokota 
et al., 2009, 2014a).

Figure 10. ARTEMIS observations of the nonsolar wind ion density in the 
solar-selenocentric-electric field frame.
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Data Availability Statement
The full ARTEMIS data set is publicly available at http://artemis.ssl.berkeley.edu or through NASA's CDAWeb 
tool (https://cdaweb.gsfc.nasa.gov/). Model results and the reduced ARTEMIS data presented in the manuscript 
are available at Poppe et al. (2022).
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