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Abstract

The only species that have been confirmed m the lanar exosphere are Na, K, Ar, and He.
Models for the production and loss of lunar regolith—derived exospheric species from
source processes including micrometeoroid impact vaporization, sputtering, and, for Na
and K, photon-stimulated desorption, predict a host of other species should exist in the
funar exosphere. Assuming that Joss processes are limited t ballistic escape and
recycling o the surface, we have computed column abundances and compared them to
published upper limits from the Moon and to detected abundances from Mercury. Only
for Ca do the available measurements show a clear deficiency compared to the model
estimates. This result suggests the importance of loss processes not mcluded m the
model, such as the possibility of gas-to-solid phase condensation during micrometecroid
impacts or the formation of stable metallic oxides, and underlines the need for improved
spectroscopic measurements of the lunar exosphere. Simulations of the neutral mass
(NMS) and visible/uitraviolet spectrometry {IJVS)} investigations planned by the Lunar
Awmmnosphere and Dust Environment Explorer (L ADEE) spacecraft are presented. Our
calculations ndicate thai LADEE measurements promise to make definitive observations
or set stringent upper lmits for all regolith-driven exospheric species. Our models, along
with LADEE observations, will constrain assumed model parameters for the Moon, such

as sticking coefficients, source processes. and velocity distributions.
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1. iIntroduction

Ow Moon presents the nearest example of a common type of atmosphere, a Surfuce
Bounded Fxosphere. To date, only four constituents from this collisionless atmosphere
have been positively iientified: Ar and He, which were detected in sity by the neutral
mass spectrometer deploved by Apolio 17, and Na and K, which have been extensively
studied since their detection with ground-based telescopic observations in the late 1980s,
(See Stern {1999) for a review of lterature.) Many more species of regolith origin are
expected to populate the lunar exosphere given the presence of neutrals such as O, Ca,
and Mg in the similar exospherie environment of Mercury (e.g., Killen et al., 2007,
McChintock et al, 20093 Hichenbach et al. {1992) and Mall et al. (1998) measured
pickup ions of lunar origin on early missions. More recently, lunar pickup 1ons such as
He', C°, O". Na', K", and Ar were observed above the Moon by the ion mass
spectrometer onbeard SELENE (Kaguva) (Yokota et al., 2009; Tanaka et al., 2009; Saito
et al, 2010). it is unclear whether these tons are of exospheric origin or whether they are
secondary ions sputtered directly from the surface (Elphic et al., 1991).

Searches have failed so far to detect other neutral elements mainly because, for many
of the expected species, the strongest enussion lines lie in the vhraviolet (UV) part of the
spectrum, Nevertheless, published upper limits show clearly a non-stoichiometry, or
disproportionality, between the exospheric and the surface abundances of numerous
surface constituents (Fastie et al., 1973; Feldman and Morrison, 1991; Flynn and Stern,

1996; Stern et al., 1997). Alkalis are pacticularly enhanced in the exosphere. Possible



reasons for this trend are that Na and X are promoted {o the gas phase through processes
more efficient than other metals, that losses for other metals are more efficient than
ballistic escape and photoionization would suggest, or both.

Regolith-derived atoms in the funar exosphere, the focus of this paper, originate
during the bombardment of the surface by solar photons, solar wind ions and
micrometecroids. These processes were reviewed for Mercury by Killen et al. {2007) and
Domingue et al. (2007). For alkalis, such as sodium and potassium, the incident solar
UV photons are energetic enough to break the sodivm-regolith bonds and release atoms
n a process termed photon-stimulated desorption (PSD} (Madey et al, 1998
Yakshinskiy and Madey, 1999). For refractory elements, which are tightly bound i
silicate phases, only energetic processes such as high-speed mnpacts and sputtering by the
solar wind can provide the energy needed to break those bonds. Consequently, the
conceniration of regolith-derived exospheric species reflects not only their relative
surface abundance but also the micrometeoroid influx and speed, the amount of regolith
vaporized, the sputtering vield per incident solar wind 1on and the solar wind flux and
composition, and other poorly coustrained parameters. Loss processes also affect the
exospheric content. For instance, many lunar and Hermean surface constituents may be
promoted to the gas phase not only as atoms but alse as molecular oxides (Killen et al.
2005, Killen et al, 2010, Berezhnoy and Klumov, 2008; Berezhnoy, 2010). I the
dissociation lifetimes of such molecules as CaO, MgO, TiO, which are unknown, are
long, the fraction of atomic neutrals that are bound in molecules will not be observed.

The interplay between source and loss processes must be constrained by models,

improved exospheric observations, and iaboratory experiments. In all three aspects,
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sodium is by fur the best studied species. Recently, Sarantos et al. (2010a) included
results from twenty vears of ground-based sodium exosphere observations, and compared
the observed sodium intensity to the prevailing UV and solar wind environment during
the fime of the observation. Given PSD cross-sections somewhat smaller than laboratory-
measured vields (Yakshinskiy and Madey, 1999) which do not account for Joss inside the
regolith {Cassidy and Johnson, 2007), the study found that sodium intensity levels closely
matched the levels expected from models of the PSD process. However, when the Moon
was in the solar wind (high ion flux environment), the exospheric sodiam intensity levels
typically increased by factors of 2-3 above the levels measured when the Moon was in
the terrestrial magnetotail (Jow ton flux environment) The solar wind control of
exospheric sodium could not be attributed fo sputtering if sputtering vields tvpical of
regotith surfaces, ~0.1 atoms per ion impact, are assumed. It was concluded that the solar
wind lons are augmenting the desorption process by enhancing the diffusion of sodium
from regohth grains by up to a factor of two for fluxes typical of the solar wind i our
immediate neighborhood, or increasing sodium levels by sputtering from multi-charged
solar wind 1ons. Similar results are reported for Mercury’s exospheric sodium in recent
analyses of ground-based observations (e.g., Mura et al, 2009; Mouawad et al., 2011} and
observations cbtained by the MErcury Surface, Space ENvironment, GEochemistry, and
Ranging (MESSENGER) spacecraft during three flybys (Burger et al., 2010). In
summary, the sources that create the lunar sodium non-thermal population appear to be,
in order of importance, photon-stimulated desorption (PSD), micrometeoroid impact
vaporization, and solar wind sputtering.

The characterization of the Moon’s exosphere with measurements from orbit is a



major science objective of the proposed Lunar Atmosphere and Dust Enviromment
Explorer {LADEE) mission. LADEE will examine the lunar exosphere and dust
environment with a pavload consisting of a Neuwtral Mass Spectrometer (NMS), an
Uliraviolet/Visible Spectrometer (UVS), and a Lunar Dust Experiment (LDEX) The
nominal mission lifetime is planned to be 100 days sometime in 2013, The orbit is o be
retrograde, equatorial, with periapse ~ 30 km above the dawn terminator and an apoapse
~200 km above the lunar dusk, although lower orbits {25x73 kan) are being examined.
The scientific objectives are to be achieved by measuring known species with spatial and
temporal resolution sufficient to investigate the processes that control their distribution
and variability, and by surveying a wide mventory of possible species to make new
detections or o establish new upper limits (Delory et al., 2609},

To iHluminate the existing measurements, help define expectations for the LADEE
mission, and facilitate the interpretation of expected scientific results, we have carried out
simutations of the production and loss of exospheric axygen, silicon, and other metatlic
species. We have previously applied a model of exospheric particle transport to describe
the source rates of the lunar sodium exosphere, and we validated it against ground-based
observations {Sarantos et al., 2010). The model successfully described several key
observables seen in sodium datar the overall emission rate, the subsolar density of ~60-
70 atoms cm™, and an increase in scale height from the subsolar region to the terminator
and poles. [n Section 2 we extend this model to predict exospheric densities for O, Si, Fe,
AL Ti, Ca, Mg, K, and Mna. We compare the model to published upper limits, and we
quantify the model uncertainties. In Section 3 we estimate what constraints LADEE NMS

measurements can place on the generation of the lunar exosphere from these species. In



Section 4 we examine the expected levels of rescnant scattering emission from these
specics, and assess whether their detection is affected by LADEE UVS instrument noise
and zodiacal light. The paper concludes in Section 5 with a summary of our results,
which show how LADEE measurements can further owr present understanding: for many
of the species studied and expected to be found, the expected signal-to-noise ratio will
permit us to identify the processes and constrain the microphysical parameters (e.g.,

sputtering vields) controlling the supply of lunar gas and us interaction with the surface,

2. Exosphieric abundances of species derived from the lunar surface

2.1 Model of pariicle transport

The production and distribution of lunar exospheric constituents is modeled with an
analytical model of particle transport in a collision-free exosphere (Hartle, 1971). The
model, which is a generalization of the Chamberlain (1963) model for non-uniform
“exobase” density and temperature, uses Liouville’s theorem to compute the normalized

density of neutrals,

nir) wff(r,v)d‘v ()
given a truncated distribution function defined as:
fevy=folr = v, v = v)xUly, > 0Ox{l-Ulv, <OxU(y > vgee )t (2

where using the constants of motion under gravitational forces the velocity vector, v, at a
point, r, in the exosphere is related to the point (ro.vy) of the surface where it originated;

Jolry, vy ) is the velocity distribution function of refeased particles from the surface; and



{/is a unit step function that delineates the populated region of phase space, ie. the
integration limits: (1) particles must originate from the swface with ontward radial
velocities, v,y > 0, and (2) particles may not return (v, <0) 1f they exceed escape velogity,
vege 1t follows from Eq. 1 that the density anvwhere in the exosphere can be computed
with eqn. {2} provided that # is known (Section 2.1.1), and provided that the flux,

1y < Voo, 18 set to the surface source rate (Section 2.3).
2.1.1 Sources

Micrometeoroid impact vaporization and sputtermg by solar wind ions are assumed to
gject energetic atoms from the lunar surface. Additionaily, UV photons acting upon the
top monolayver of the surface can produce lower energy, but non-thermal, Na and K
atoms. The atoms originate with initial speeds, bulk direction, and assumed vanation in
surface density that are characteristic of the source process, information that i¢ captured
m the assumed form of the distribution function of released atoms, /.

+ For impact vaporization we assumte a spatially uniform source of micrometecroids

that eject atoms with a Maxwellian distribution of wpwards velocities from the
surface:

-m 2

Sy = On1 27K T, 22000 5

where v, the ¢jection speed , m is the mass of an atom fora  relevant species, and

Ky is the Boltzmann constant.



¢ For photon-sumulated desorption (PSD) we assume that the ejected atoms (Na
and K} originate from the dayside having a Maxwelian velocity distribution and a
dependence on solar zensth angle, yq:

—m 3

Vo
fo = (m/ 22K T, ¥ ? cos y,e**ett )
* For sputtering the energy distribution, f, and directionality of the ejecta are

described by the Sigmand-Thompson function

6L, E {1 = J(Eqy + Ey)/ Epyy } cosd,

fo= : :
O 3-8JE, /E o (Fy +E, ) )

where Eg 15 the ¢jected energy, £, the binding energy of an atom to the sarficial grain
(e.g., By = 2 eV for sodium) and Fuig. the maximum energy that can be unparted to
the ejected surficial atoms by I keV solar wind protons that is tvpical at the Moon.
{For the species studied here L. is typically a few hundred eV, but these velocities
are highly improbable since fy = Ey” at high energies.) Due to the effects of soil
porosity, the atoms are sputtered primarily perpendicular to the surface, with the yield
assumed to reduce as the cosine of the angle, 8o, with respect to the local vertical

direction.
2.1.2 Sinks

In ocur model only single hops are tracked, assuming that atoms that return to the
surface adsorb, or suck, with unit efficiency and are not re-released. Losses to
photoionization are insignificant on timescales of a single ballistic trajectory. Therefore,

the modeled losses are ballistic escape and recyeling to the surface. Although refractories
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and K are expected to stick upon siriking the surface. this is a poor assumption for Na for
which tens of hops are likely prior fo sticking becanse its sticking coefficient exhibits a
strong temperature-dependence (Yakshinskiy and Madey, 20051 A partially thermalized
sodaum population due to energy exchange with the surface is excluded from our model.
Because mainly high-altitude (= 100 km) observations of the davside were used for its
validation (Sarantos et al., 2010), this model accurately predicts the observation above
that altitude.

Other possible losses, most notably those relating to formation of molecular
fragments and condensates, are neglected. Although relevant experiments are lacking,
guenching theory predicts that gas condensation to solid grains in hvpervelocity impacts
may be an important loss process of impact-driven refractories (Berezhnoy and Klumov,
2008; Berezhnoy, 2010). For Ca we find clear evidence of losses that are not included in

the model (Section 2.43,

2.2 Assumed surface composition

Compositional estimates of the lunar surface are needed to initialize the model.
Saraples from four different types of soils have been brought back from the Moon:
Highland, Kreep, low-T1 and high-Ti Mare soils {(Wurz et al., 2007; Papike et al, 1982;
Heiken et al., 1991). In broad terms, the elemental composition of Kreep and Mare soils
is similar, whereas highlands have more Al and less Fe, Mg and Ti. The largest
elemental variations across soil types are found for Ti (factor of ten more abundant in

high-Ti Maria than in highlands), Fe (two to three times less abundant in highlands), and



K (three times more abundant in Kreep soils). These differences, summarized in Table 1,
introduce the first of many uncertainties in ouwr model estimates. For the estimates

provided throughout this paper we assume a low-T1 Mare soil composition,

2.3, Estimated Sowrce Rates

The vapor production rate by micrometecroid mmpacts, which is a continuous source,
was estimated using the model presented in Morgan and Killen (1997) and its subsequent
improvements {(Morgan and Killen, 1998:; Killen et al., 2005). The model is based on the
assumption that the delivery of meteoroid material at Earth’s vicinity is at a rate of 3 » 10
g em” for particles smaller than 1 em (Love and Browniee, 1993} it is further
assumed that the impact parameters of aluminum onto enstatite and the regolith porosity
of 0.5 may be adopted. Letting impactors have speeds that exceed 5 km/s to vaporize
refractories, the resulting total vaporization rate for all species at R = 1 AU is M, =

1785107 g em?® 7 . The vapor cloud was assumed to be stoichiometric,

Sy =¢ M, N Katomic weight), where Sy the production rate per species due

impact vaporization, ¢ an clemental abundance in the soil, and Ny the Avogadro constant,
Given a low-Ti Mare composition, impacts produce an estimated 4% 10° O atoms em™ s
For a species like Mg we obtain 2.5%10° Mg atoms cm™ 5. The assumed temperature
for this source process is T=3000 - 3000 K, close to the experimental values for
hypervelocity impacts {¢.g., Eichorn, 1978},

The production rate due to PSD may be estimated by assuming a sodium surface

density ¢ - 3 x 107 em™, a flux £, ~ 2 x 10" em™ s of UV photons ( = 5 eV} and an



effective PSD cross-section (- 3 =107 cm® (Yakshinskiy and Madey, 1999). This
resulis M a source rate |, g Q% Fy, of 2:10° atoms em” 57 at the subsolar soint. This
model setup was found to agree within a factor of two with the sodium ground-based
observations {Sarantos et al., 20103, For potassium we assumed the same effective PSD
vield as sodium.  The inferred effective temperature from the laboratory experiments 18
T=1200 K for this process.

The production rate due to ion sputtering was obtained by the following assumptions:
a sputtering vield ¥ = 0.05 per ion impact; a typical precipitating flux Flgp = 4x10° solar
wind ions em™ 57 and the efemental number abundance, ¢, of a species of interest in the
regotith (Table ). These parameters yield a sputtered flux per species, S gpprr = €7 Fypp
that amounis to 2.4x107 O atoms cm™ s (2x10° Mg atoms ¢m™ ) at the subsolar point.
At other solar zenith angles, %o, this flux is assumed fo reduce as cosyy due to the

increased angle of solar wind meidence.

2.4. Model results and comparisons with existing measurements

Model simulations of the expected release progesses for several species are shown in
Fig. I. Within uncerfainties in the micrometeroid influx and the sputtering vield. impact
vaporization and lon sputtering contribute equally to the release of gas over the subsolar
region for fluxes typical of the solar wind at 1 AU. For exospheric refractories the two
sources can be separately constrained in the vicinity of the Farth’s magnetosphere by
measuring the relative increase m exospheric levels when the Moon is exposed 1o the

solar wind. Photon-stimulated desorption of Na and K much exceeds release of these two



species by impacts and sputiering as previously surmused (e.g., Sarantos et ab., 2010).
Estimated densities at LADEE altitudes from this model, shown in Fig.2, are small and
generally less than the ~100 atoms em”™ predicted for O by the combined action of
mmpacts and the sotar wind. The gas densities counld be even lower if formation of stable
molecules and/or solids ocours.

Column abundances from the model are compited in Table 2, along with available
Hine-of-sight upper limits from the Moon (Stern, 1999). These were fitted to a
Chamberlain (1963) mode!l of uniform ¢jection at T=400 K. The least stringent upper
limit is that for funar Mg because Hubble Space Telescope (HST) bright object avoidance
constraints did not permit tangent heights any closer than 2,000 km from the surface
(Stern et al., 1997). Also listed in Table 2 are detected abundances for known species at
Mercury. Measuremenis of Ca. Mg, and Na over the southern pole at the time of
MESSENGER’s third flyby (Vervack et al., 2010} were fitted to Chamberlain models.
Recent ground-based Zo detections of Mercory’s Al and Fe are Included (Bida and
Killen, 2010). We do not include a putative detection of O from Mariner 10 data because
scale hexghts were not reported.

The model predicted Na/K abundance ratic is four io five, in agreement with the 63
Na/K abundance ratio obtained from observations (Potter and Morgan, 1988). The
modeled column abundances for Fe and Mg are demonstrably below the upper limits, and
those for Al and O approach limits. Modeled Si and 1 are four to six times above linits,
but the transitions probed for these species from which the upper limits were derived are
extremely wnpopulated stares (Section 4.1). We find only Ca to be unquestionably

depleted. The deficiency of Ca most likely 1implies losses to condensation and molecular



formation not included in the model (Berezhnoy and Klumov, 2008; Berezhnoy, 2016).
Notably, the Ca sputicred component alone also exceeds the observed limits. The mean
solar wind flux on the day of that observation, July 30, 1994 (Flynn and Stern, 1996), was
2.65%10° protons em™ ', about half of what we assume in our baseline model, and the
Moon was at quarter phase, clearly exposed to the solar wind. At these flux levels, the
sputtered model would be consistent with the measurement if a sputtering vield no more
than 0.01 ions/s were assumed.

In conclusion, the existing spectroscopic observations from the Moon show clear
deviations from a stoichiometric mode! (impacts plus sputtering) only in the case of Ca,
which may be gjected in molecular form. For other undetected species, inchuding oxvygen,
modeled abundances are either clearly below published lmnits or do not differ
significaptly  from measurements given uncertainties in surface sofl  abundance,
mrigrometeoritic influx, and sputtering yields; their column ratios fo Na and K can be
explained by the effect of PSD, a process that is specific only to alkalis, and because Nz
does not stick to the surface upon mpact. However, modeled Al and Fe at the Moon
approach or exceed the levels recently detected at Mercury (Bida and Killen, 2010), but
the Mercury observations were obtained at 1.5 Mercury radil from planetary center and
necessarity represent the hot component If the gases are indeed hot, other lunar
refractory gases are likely to be below modeled levels. Improved spectroscopic
observations closer to the planet are required to elucidate the production and loss of these

undetected species of the lunar exosphere,

2.3, Model uncertcinties



Estimates of impact-driven production rates differ by roughly a facior of five because

of uncertainties in the physical properties of the regelith and the impactors, the assumed
micrometeoroid mass flux and velocity, and the method used to caleulate the vapor vields
{e.g., Cintala, 1992; Killen et al., 2005). Another estimate of the steady-state total vapor
fiux for all species at Farth’s Moon is 8.46x1077 g em™ s compared to our rate. 1.78x10°
"% g em™ s (Bruno et al., 2006}, Thus, our calculation agrees within a factor of two with
other models. Our vapor predictions mclude the vapor produced by the volatilization of
the impactors but exclude the possible enhancements of impact vapor produced during
meteor showers.

The sputtering vields of neutrals are highly uncertain, We have assumed here a
commeon sputtering yield of ¥ = 0.035 atoms per incident ion {or all species to establish a
baseline model. This number is generally in agreement with results by Wurz et al. (2007),
who ncluded the mineralogy and solar wind energy dependence in TRIM simulations.
Solar wind ions can sputier not oniv atoms but also ions from lunar soils, When
bombarded with solar-wind-like 1—4 keV H™ and He™ ions, lunar soil simulants produced
significant fluxes (~10°-10" ions em™” s per species) of secondary Iunar ions (Elphic e
al., 1991). In that experiment the flux of secondary ions was anticorrelated to lonization
potential such that electronegative elements (K, Na', Ca”, Al") had the highest ion vield.
If 30, then relatively smaller neutral sputtering vields should be expected for species such
as K. Na, and Ca, and relatively higher sputtering vields may be expected for neutral O.
More recently. experiments on sodium-bearing silicates demonstrated that almost ail
sputtered Na left the surface as ions, not as neuwtrals (Dukes et al., 2011). These resulis

also revealed that large fractions of other sputtered species. like Al and Si, are sputiered
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off primarily as ions. Last, 1t is unclear whether multiply charged solar wind ions may
significantly ephance the vield from a planetary regolith surface (Shemansky, 2003;
Meyer et al., 2011} Note the solar activity maximum conditions under which LADEE
will operate.

The most sigaificant uncertamties are losses to condensation and molecular formation
during tmpacts. Molecules can be produced in the vapor + fiquid + solid phase that
follows micrometeoroid impact (Berezhnoy and Klumov, 2008, Berezhnoy. 2010) and,
followed by dissociation. they can produce high-energy atoms of Mg, Ca, O, as well as
other species. Mercury’s high temperatures observed in the tail have been atiributed 1o a
dissoctating mwolecule as the major source of energetic atomic Mg (Killen et al., 2010}

and atomic Ca (Killen et al., 2005; McClintock et al., 2009). We know neither the

abundance ratio of atoms versus molecules of the same species in the vapor cloud nor the
molecular dissociation lifetime and temperature. Short, < 2 min. molecule lifetimes and
ratios of molecules-fo-atoms of at least 4:1 are inferred from modeling of MESSENGER
measurements of Mg (Sarantos et al., 2011). If stable gas molecuies form, the local
density of atomic elements driven by impacts 15 lower than the best-case estimates
because a fraction of the mwolecule population returns to the surface before i is
dissociated. If condensing, refractories condense in the following degree: Al and Ti> Ca»
Si> Mg and Fe. According t0 quenching theory, the fraction remaining in the gas phase is
< 1% Aland < 3% Ca at T < 4600 K at even lower temperatures, T = 3000 K, 51 < 1%,
and Mg ~ Fe ~3% in the gas phase (Berezhnoy, 2010). Na and K do not condense.
Because of these possibilities {condensation plus molecular formation), the model
abundances for refractory elements are probably upper limits as made clear for measured

Ca.



3. Neatral Mass Spectroscopy

Although the primary goal of the neutral mass spectrometer onboard LADEE
{(LADEE NMS) is the detection of funar volatiles, the instrument will search for the
species studied here using #ts open source. The open source is ées?gr&ed specifically for
surface-reactive species and has a relatively narrow fietd of view that excludes particles
that map into the instrument with large entry angles relative to the its optical axis {Delory
et al., 2009}, The detection efficiency is also energy—dependent owing to the nature of the

instrument’s ion optics.

3.1, Guiding Properties
To tlustrate how the open source samples exospheric gases, Fig. 3 shows the

populated portion of the velocity space i a Selenocentric system for Oxygen neutrals at

the orbital altitade of 56 km above the subsolar point. We assume that these Oxygen

neutrals originate from the lunar surface with three hypothetical distributions: (a) a
Maxwellian at a temperature of 400 K that describes thermally accommodated ejecta, (b)
a Maxwellian at a temperature of 3000 K that describes impact vaporization: and {¢) a
sputtering distribution, In the left hand column the two-dimensional distribution of local
velocities is shown as a function of radial velocity, v, and the projection of the tangential
component onto the plane of the orbit. v, the distribution function is integrated for the
out-of-the plane component. In the nuddle and right columns the three-dimensional

distribution function for each of these sources s convolved with a proxy mstrument

b Revise this figare Here




response for different boresights. In this frame of reference the location of the spacecraft
is denoted by the white dot. Solid white lines indicate the envelope of particle trajectories
that connect o the surface, i.e. the limits of integration of Eq. ! An instrument field of
view of £20° is denoted by green dotted lines. Some of the specificities of mass
spectrometers operating in an open sotirce mode can be extracted from this figure:

1} For thermally accommodated neutrals (Fig 3A), the spacecraft “sits” outside the
cloud of ejecta in inertial space, and the field of view of the open source
encompasses a large fraction of the neutral distribution.

2} In contrast, {or ejecta generated by impact vaporization and sputtering (Fig 3B
and 30, the open source captures only a small portion of the particle phase space,

3} For speeds typical of a lunar orbiter the counts are very sensitive to the
mstrument’s response at low energies. The dotted white cirele around the
spacecrafl Is the locus of newtral particles that arrive at the mmstrument with energy
< 0.2 eV the dotted magenta circle encloses particles with energy < 0.5 eV in the
instrument’s reference frame. It is clear that in order for the mass spectrometer to
detect exospheric particles from a T<3000 K source. the instrument energy cut-off
should be lower than 0.5 eV,

4) The sensitivity is a fimction of pointing direction and temperature. As expected,
for near—Maxwellian sources ram pointings are always preferable. For directional,
high-energy sources, such as sputtering, very few particles arrive at the spacecraft
with near-zero radial velocity. Therefore, pointings = ~30° towards nadit would

provide the best chance for detecting sputtered particles.

1.



3.2 Model convolution for refractory species with the LADEE NMS response

In Fig. 4 a simplified proxy of the LADEE NMS “open source™ response is
convolved with the three-dimensional velocity distribution function to obtain counts per
second for ram pointing as a function of spacecraft location and source temperature for a
number of exospheric refractories. A nominal sensitivity of 100 (counts/s) per
{particle/cc} 1s assumed with a 0.2 eV energy cut-off (particles with energies lower than
(.2 eV will not be detected). The instrument sensitivity for some species may be better
than assumed here due to their increased electron impact ionization cross-sections. We
also assume a detector noise level of 0.01 counts/s

Assuming high-energy velocity distributions {left panel of Fig. 4), our calculations
indicate that modeled O, Si (impacts) and Na (PSD} counts per second are near
instrument noise levels, whereas other metallic species are undetectable. Assuming low-
energy distributions (right panel of Fig 4), the maximum instrument counis per second
were estimated using the upper limits summarized in Stern (1999) with T=400 K. In that
case, all species but Ti are detectable owing to the assumptions of higher local density
and the greater fraction of phase space that NMS observes for low temperature sources.
Note that models on the left and right are effectively equivalent in terms of column
abundance (Table 2). Models on the left are “preferable™ because an energetic parent
process is required {fo initially vaporize refractories from the rock, but it is conceivable
that returning gas particles might weakly adsorb and then thermally desorb around the
subsolar point, thus providing a secondary source of ambient atoms {¢.g., Hunten et al.,

1988).
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Shouid two populations be present, we quantify in Table 3 the fraction of local
density seen by the instrument as a function of species mass and temperature, and
estimate the mintmmum density that results in a signal-to-notse ratio of two. This was
given assuming an optimal pointing direction (30 degrees towards nadir for sputtered
spectes, and ram pointing for the rest). LADEE NMS can detect cold O down 10 ~36
atoms ent” with its open source, which is more than an order of magnitude less than
present limits, and can therefore irrefutably answer questions of whether oxygen is hot or
not. No sputtered species can be detected at the assumed levels of instrument sensitivity
because the very small fraction of phase space seen, 0.2-0.3 %%, necessitates sputtered
densities exceeding 1,000 atoms cm™ for measurable counts. These results are obviously
dependent on the assumed instrument cut-off energies and noise levels, The performance
of the actual mass spectrometer will be measured during the mstrument calibration.

For completeness, we provide estimates for Sulfur, a species of meteontic origin, that
shoutd be accessible for detection using the mass spectrometer’s open source. With an
upper liniit of 150 S atoms cin” and the assumed temperature of 400 K (Stemn, 1999), we

predict ~1 ¢/ 10 sec at a pertapse of 23 km, which should be detectable.

4. Ultraviolet-Visible Spectroscopy

4.1 Mamn Emission Lines and g-values in the UVS spectral range (230 — 825 nm)

G-factors for the primary Na, K. Mg, and Ca lines were recently caleulated for . :

Mercury and were scaled to 1 AU {Killen et al., 2009} For other species of interest we

assembled a table of ground states and caleulated improved resonance scatiering g-factors
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that include the effects of flucrescence (Table 431 {Chamberlain and Hunten, 1987, eqgn.

6.2.4). High-resolution solar flux spectra were obtamed from Kurucz, whereas the

oscillator strengths were obtained from the NIST database {Ralchenko et al., 2010

These g-values are plotted in Fig. 5 as a function of an atom’s radial velocity with respect

te the Sun. Based on the requirements of ground state, high sclar flux and oscillator

strengths, and low instrument noise, the "optimal” target lines n the UVS spectral range,

~200 ~ 80O ryn, are: Si (2515, 2317, 2529, Fe 2719, Al {3944, 3962); and Ti (36306,

3983, 3991, 3999),

The foltowing findings must be noted:

The g-value for Al 3092 is an order of magnitude less than the Morgan and Killen
{1997) value. There t5 a deep solar line nearby and a high-resohution solar
spectrum may not have been available at the time.

The effect of fluorescence (pumping from other levels) is significant for 51 (2315,
2519, 25293 and Al (3944, 3962) lines. Due to this effect the Al 3962 emission is
twice that of Al 3944

The Al and Ti g values show a strong dependence on radial velocity. This result
means that sputtered Al and T1 atoms (highly directional towards the Sun on the
dayside) see a much larger portion of the solar continuum and will scatter fight
much more efficiently than impact-driven atoms from these species. This effect
was not included in our baseline simulations (Sections 4.2 and 4.3}, which all
assumed & g value at zero Doppler shift.

Oscillator strengths for Al | lines of Table 4 are only given a 30% accuracy in the

NIST tables. The oscillator strengths for Si and Ti are only known to 23%
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accuracy.

*  The Si | hine at 3906, on which the upper Hmit from Stern {1999) was based,
originates at 1.9 eV above the ground state. It i1s not expected to be highly
populated.

*  Likewise, the Tt | 53036 line, monitored by Flynn and Stern (1996), is an excited
state. Thus highly unbikely 10 be populated.

These findings suggest that the published upper limits for Ti and Si are questionable.

4.2 Modeled line emission

Given these g-values, we computed intensities of the strong emission lines from eight
species of interest, within the range of UVS spectral coverage (230 -- 825 nim).. Sightlines
for these simulations iie in the equatortal plane and have low-altitude tangent heights
{1040 kmj}. Fig. 6 shows the known species, Na and K, due to a PSD source. With
anticipated emission of a few kilorayleighs in their main lines, the spatial distribution of
Na and K can be clearly observed in the dayside. Hence, the LADEE measurements, in
tandem with models, will consirain not only the source rates for these species, but also
the energy exchange of exospheric particles with the surface: the stickmg and the
thermat accommodation coefficients,

Fig. 7 shows emission estimates from numerous undetected species at levels
expected from impact vaporization and sputiering. Assumptions for impact vaporization
are stated in Section 2.3, i.¢. total impact vapor rate of 1.78x3107% g em™ 57, T=3000 K,
and no condensates or molecuies for a "best case” estimate. For spuitering, the common

spatter vield of 0.05 atom/ion and the solar wind flux of 4x10° ions em™ s were

b
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assumed. Furthermore, shown in the same figure 1s the infensity that is consistent with the
published timits from Stern (1999) using the Chamberlain model of T=400 K. Also
shown 1s the LADEE UVS instrument Noise Equivalent Radiance (NER), deflined as the
radiance of a sowrce that would produce a signal-to-noise ratio of usify in a 1 sec

intégration time.

4.3, UVS spectral simulations

Limb measurements by LADEE UVS were simulated using the line intensity
predictions shown in Fig. 7 along with the anticipated spectral performance of the UVS,
The UVS instrument is a modified Czerny-Turper spectrometer built by Ocean Optics,
Inc., and is nearly identical in design to the Visible Spectrometer {(VSP) on the Lunar
Crater Observation and Sensing Satellite (LCROSS) experiment. It functions as a fiber-
coupled “point”™ spectrometer with approximately 1 deg field-of-view. Measurements of
lamp emission hnes during VSP ground calibration showed that spectral resclution
{#/A}) decreased with wavelength, with average values for Ak of 0.66, 0.98 and 1.03 nm
at wavelengths of 500-600, 400-300 and 300-400 nm respectively (Ennico et al. 20103,
To create cach LADEE UVS simulation, monochromatic Hne radiances were smoothed
by convolving with a Gaussian passband function using a wavelength dependent width
that conforms to the VSP measurements. This was accomplished by performing the
convolution using a deformed wavelength coordinate {37} in which AR’ is constant, and
then remapping that result back into the onginal set of wavelength points. A variation of

this approach was previously used by one of us in the characterization of electronically
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tunable filters (Georgiev et al, 2002).  The blurred spectra were then resampled at 036
am point spacing which matches the sampling during tests of the LADEE UVS
Engineering and Test Unit (ETU).  Next, Gaussian noise was added at the levels
anticipated for UVS.  The sensitivity of the UVS ETU has been measured using
calibrated incandescent and UV lamp sources which agree remarkably well {within a few
percent) within their region of spectral overlap, between 440 and 500 nm wavelength.
Values of noise equivalent radiance (NER) between 40-43 Ravleigh nm™ were measured
between ~400 and 580 nm {we defline NER as the radiance of a source that would
produce a signal-to-noise ratio of unity in a 1 sec integration time). Minimum detectable

"at 250 nm, although the UV source

radiance increases slowly in the UV to ~70 R nm’
cakibration loses accuracy shortward of ~300 am. It Hkewise increases to a value of ~130
near the long wavelength fimit of UVS coverage (830 nm). Simalations for longer
integration times were created by coaddition, assuming that the noise follows Poisson
statistics.

Line detection simudations are presented in Fig. 8 as a function of spacecraft location,
assuming z constand tangent height of 10 ki and 60 s integration Each simulation zlso

shows the line spectrum (shified downward by 80 R nm’ for clarity) as it would be

observed without instrument nose. {XXX)

As LADEE approaches orbital sunset, coronal-zodiacal light (CZL) becomes a
sigaificant excess brightness component. since the UVS line-of-sight is aft pointing and

Hes withm a few degrees of the Sun. The brightness of CZL gt UV-Vis wavelengths
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close to the Sun has been quantitatively mapped from lunar orbit during Apolio 16
coronal photographic sequences {(MacQueen et al. 1974) and later using calibrated
measurements by the Clementine Star Tracker cameras (Hahn et al. 2002). Along the
ecliptic equator, brighiness diminishes with increasing solar elongation angle (&) as
CZL = Const g% (X)

which 15 vaiid between ~3 degrees to at least 30 degrees in ¢ (Hahn et al. 2002). The
color of CZL is known from rocket borne photometry (Prz et al. 1979} and photometric
measurements made by the Helios spacecraft {see review by Leinert et al. 1998) and is
mildly reddened relative to solar irradiance. Using Equation X, combined with the known
spectral reflectivity of the Clementine Star Tracker camera (Hahn 2002) and CZL
photometry, one can model {c.f Stubbs et al. 2010) the spectral radiance of CZL as seen by
the UVS, as we show in the last two panels of Fig. X, where solar elongation angle along
the line-of-sight is 22 deg and 12 deg respectively. The CZL contribution by itself with
instrisment noise omitted is shown shified upward by 86 R nm™. These comparisons
show that CZL is a sigmficant excess brightness componerd and strongly influences the
detection of lines at small solar elongation angles, but it diminishes to less than the
mstrument neise at most spacecraft positions on the dayside, and UVS spectra can be
coadded without such corrections (upper panels). It should be pomted out that Zodiacal
light is pot an trinsic noise source, since it can be modeled and removed from the

measurements. typically to a level smaller than the instrument noise.

At the levels predicted when the Moon is exposed io both micrometeoroids and the

solar wind, detections are strictly controlled by the UVS characteristics (noise and



spectral resolution). For lines such as At 3944, Al 3962, Ca 4227 that lie in the low-noise
portion of the UVS range {>380 nim), emission of ~30 R is resolvable with minute-long
exposures. The main lines of Si, Mg, and Fe may be more difficult to observe because of
higher UVS noise levels assumed at small wavelengths, Our modeling suggests that,
besides Na and K, short UVS exposures will most strongly constrain the production, loss
and (possibly) spatial distribution of Al and Ca, which could be detectable over half the
dayside with 100 sec integration. With 7 = 100 s Si, Fe, Mg, and Ti may be detectable
over a limited area of the dayside when the tangent point lies approximately over the

subsolar poing.

Finally, it is pertinent to ask: what if our exospheric abundances are overtly -

optimistic? An estimate of the signal-to-noise ratio, SNR, at different integration {imes, t
{sec). may be obtained as SNR= v x{Line IntensitA R}/ AR)/ NER(1sec), where A1
is the UVS spectral resolution. Scaled-down versions of the impact models were used to
compute the exposure time required to achieve a signal-to-noise ratie of four given the
spectral resohition and the assumed NER at each line (Table 3). These conservative
calculations, which are summarized in Fig, 9, prove that LADEE UVS can discover
regolith-derived exospheric species at levels at least ten times less than our impact
models suggest if spectra from the whole mission are coadded. Spectfically, Ca can be
easily detected at levels more than two orders of magnitude less than present limits. This
approach identifies the lowest possible detection limits during the duration of the
mission, and underlings the extent to which we can separately constrain condributions by
mmpacts and spuitering by analyzing data obtained when the solar wind is shielded by

Earth's magnetosphere. For this calculation science operations for 90 days with a 36%
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duty cycle for UVS were assumed.

5. Summary

A model that simulates the release processes of micrometeoroid mpact vaporization,
sotar wind spultering, and photon—stimulated desorption {for Na and K), was used to
evaluate abundances for a number of exospheric species originating from the iunar
regolith. Owr simulations suggest the following:

* The observed non-stoichiometry of exospheric refractories compared to Na and K
levels is mainly attributed to photon-stimulated desorption of alkalis, and possibly
evidence that Na does not stick to the surface on impact,

* At present hmits, Mg, Fe. O, and Al are much less than, or comparable to, the
levels which the combined action of meteoroids and the solar wind can provide
{Table 23,

*  Modeled 81 and Ti column abundances are four and six times, respectively, more
than published limits, which may be related to cur finding that the 51(3906) and
Ti (5036) lines, probed from the ground by Flvnn and Stern (1996), corresponded
to excited states that are ualikely to be populated.

*  Measured Ca (upper limit from the Moon; detected level from Mercury) shows
clear deficiency from the modeled sbundances, e, evidence of loss processes
beyond those due to ballistic escape, adsorption, and photoionization. It is 40
times underabundant compared to the modeled levels due to impaets, implying
losses to a stable molecule or its condensation from gas to solid states in the vapor

cloud with efficiency execeeding 90% (Berezhnoy, 2010). Further, Ca is present at



guantitics below those predicted by the sputtered component, implying the
effective sputtering vield of 0.01 atoms per ion or less. Electronegative species
such as Ca, Na, K, and Al may be sputtered off as 1ons at the expense of lower
neutral sputtering yields (Elphic et al., 1991; Dukes et al.| 2011). Isotopic ratios of
Ca in funar grains are inconsistent with sputtering (Kerridge and Kaplan, 1978},

*  Although we cannot say precisely how exospheric source and loss rates vary from
Moon to Mercury, comparison of lunar models to Mercury’s recently detected Al

and Fe implies that other exospheric refractories may be below modeled levels.

Using this model, we simolated LADEE measurements for these species with the
oxpectation that deviations between the model and LADEE data will consirain
microphysical parameters such as the assumed sputtering vields, the degree of formation
of condensates and molecular constituents, and the energy exchange with the surface. At
the levels predicted by our model, and assuming simplified instruments characteristics
and performance, O and Si from nominal impact rates as well as Na from PSD should be
at the NMS detectability level. If confirmed, this means that approximately a factor of
three to four enhancements of impact vapor duning meteor streams (for O and 5t} and a
factor of two enhancements during solar storms {for Naj should vield detectable signals if
O and Si from impacts are coming off as atoms, and if the PSD efficiency for Na is
enhanced by solar wind precipitation f{e.g., Sarantos et al, 20103 The detection of
possible colder ejecta is strictly controlled by the instrument sensitivity o incoming
atoms m the 0.2-0.5 ¢V energy range. The actual energy characteristic of the mstrament

will be accessible during calibration. We finally predict that cold O at levels of 40 atoms



om™ and § at levels of 20 atoms cm” can be detected with a signal-to-noise of two.
Oxyeen and sulphur can be constrained only by LADEE NMS because they emit outside
the spectrat range of the UVS,

Our simulations for LADEE UVS, based on the assumption of equatorial
sightlines pointing aft and having low-altitude tangent points {10-40 km), demonstrate
that Na and K will be observed throughout the dayside with high signal-te-noise ratio
except near the terminator, where the contributions by dust scattering and Coronal-
Zodiacal Light (CZL) dominate (Stubbs et al.. 2010). The effect of ZL on line emission
was shown to be negligible for spacecraft locations up to +60° from the subsolar point,
therefore short exposures can be coadded without ZL removal over extensive regtons of
the dayside.  Modeled spectra for other species in the UVS speciral range were
convolved to UVS resolution with Gaussian nose added at about the level anticipated for
UVS. At the levels predicted by impacts and sputtermg, all species would be detectable
with short, 100 s -5 min usegrations over limited areas of the dayside. Given the
unknown magnitude of sources and ldsses, lower column abundances were simulated in
order to show that, if spectra from several dayside passes are coadded, Al, Ca, and Ti at
surface densities exceeding 0,02 atoms em”, and Si, Mg, and Fe at densities exceeding
0.5 atoms cm”, will he detectable with sufficient signal-to-noise ratic (S/N=4).
Detectable levels are ong order of magnitude below published limits for T, more than
two orders of magnitude below Ca limits, and at least one order of magnitude below

nominal impaet-driven models for other species (Table 2).
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Table 1. Assumed composition of the funar regolith (Low-T1 Mare seils) and variation

across soil types (% relative abundance by number)

Element Low-Ti High-Ti Highland Kreep soils
Mare soils Mare soils s0ils
O 60.26 60.30 60 82 60.47
Si 17.30 15.86 16.31 17.35
Al 5.56 370 10.66 6.48
Mg 353 5.70 3.84 5.39
Ca 4.44 4.60 3.92 443
Fe 3.85 5.29 1.90 447
Ti 0.66 208 0.17 0.62
Na 026 .31 0.29 0.44
K 0.06 4,03 0.035 0,19
Mn 0.08 6.07 0.03 0.06

Notes; Averages taken from Wurz et al. {2007); Original data from Papike et al. (1982)

Table 2. Modeled Zemith Column Abundances are compared to known upper iimits at the
Moon and 1o known detections at Mercury

Moon Mercury
Mode! &) Detections(®} or Detections (4)4¢)
Upper Limits (¢}
ng (em®)  Zen.Col no {em?®) Zen.Col. no {cm?) Zen.Col.
Abundance Abundance Abundance
{cm?) {cmy?) (cm )
Na 70 1.9E09 67+12 8+3E08 872 14E10
K 14 3.5E08 15+3 1.4+0.3E08 308 2.1E09
Mg 5.5 44608 = 6,000 = 5.4E10 13 1L.4E09
Ca 36 Z.0E08 <1 = 5.0E06 0.5 3.9EQ7
Al 3.6 2.0E08 < 55 < 4.3E08 1 59E07
Fe 4.1 L6E08 < 380 =< 1.3E09 2 1.1E08
Ti G5 2.3E07 =1 = £.0E06 - -
Si 16.3 1.2E09 = 48 = 3.6E08 - -
0 66.3 6.2E09 = 500 = 7.4E09 . -

a . . . . .
(a) Muodeled lunar Na and K atiributed to PSD, other species attnbuted to impact
vaporization



b} .

(%) Lunar Na and K abundances are from the discovery measurements of Potter and
Morgan (1988}

(c) Lunar upper Lints are Chamberlain {its to T = 400 K (Stern, 1999}

d . ‘ .

() Hermean Na, Mg, and Ca: Fits of a Chamberlain mode! to MESSENGER third flyby
data over Mercury’s southern hemisphere (Ty;=1,500 K T 3,=20,000 K T ,=10,000
K) (adapted from Vervack et al., 2010).

© Hermean Al and Fe: Fits of a Chamberlain model to ground-based detections at

respective temperatures of T ,=3,000-9.000 K and T ;.=10,000 K (Bida and Killen,
2010y

Table 3. Fraction of phase space seen by the open source LADEE NMS as a fanction of
assumed source emperature

Flement Fraction Density (em™) Density fem™ ) al
Observed  corresponding to SN = 2 periapse alt=23 km
(%)
Hot O {3000 K) 1.0 200 63
Cold O (400K) 5.5 36 412
Hot Si {3000 K) 1.6 125 15
Cold Si { 400K) 10.0 20 34
Fot Na (1200 K) 2.4 83 50
Sputtered O 0.2 1,000 14

Notes: The density corresponding to S/N=2 was calculated assuming NMS
Sensitivity=0.01 (cts/s)/(atoms/cm’) and Noise = 0.01 cts/s;
No transmission of neutrals entering the instrument with £< 0.2 eV is assumed;
Na is shown over the subsolar point (altitude = 50 km),

“Cold” St and O are computed from upper lmits (Stern, 1999);

“Hot” 51 and O are computed from impact vaporization model; “Hot” Na from
PSD  model
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Table 4. Strongest emission lines of regolith-derived exospheric species in the LADEE
UVS range (2316-8259 A)

Comment: Rosemary, pleass Gil} in the tusyng

Species wavelength vac  wavelength air Fi g value | felds |
Fel 2523.608 2522.849 4§ 4.0E-03
(0ld:0.03736)
Fel 2719.833 2718.027 0 7.7E-03
Fel 3720.99 3718.935 0 6.76E-03
Fel 3859 4.57E-03
All 3083.048 3082.1528 0 4 87E-03
Al 3093.8078 3092.7099 112.061 4 68E-03
Al 39451222 3844.0058 0 1.83E-02
(0ld:0.0285)
Al 3962.641 3961.520 112.061 3.64E-02
(o0ld:0.0230)
Sil 2507.66 2506.90 77.115 1.66E-03
Sid 2515.08 2514 .32 0 2.1E-03
(old: 0.028)
Sil 2516.87 2516.11 223.157 2.4E-03
Sil 2519.96 2519.2 77.115 1.58E-03
Sil 2524 87 25241 77.115 1.34E-03
Sil 252927 2528.5 223.157 2.60E-03
Til 3187.37 3186.451 0 2.95E-02
Til 3192.92 3191.99 170.132 2.10E-02
Til 3342.84 3341.88 0 2.06E-02
Til 3371.41 3370.44 0 2.2E-02
Tit 3636.50 3635.46 0 8.73E-02
Til 3643.72 3642 .68 17013 561 E-02
Tl 3948,90 3947.77 170.13
Til 3949.79 3948.67 0 5.62E-02
Tild 3957.46 3966.34 170.13 4. 1E-02
Til 3959.33 3958.21 386.87 6.0E-02
Til 3982.89 3981.76 0 6.78E-02
Til 3983.61 3982.48 0 1.80E-02
Til 3990.89 3989.76 170.13 6.92E-02
Til 3999.77 3998.64 386.87 §.87E-02
My i 2852 .96 2852.127 0 3.2E-02
Cal 4226.73 422792 0 4.9E-01
Nal 3303.32 3302.37 0 541E-04
Na | 3303.93 3302.97 0 5.85E-04
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Na | 58916 5889.95 0 5.25E-01
Na i 58976 5895.92 0 3.07E-01
Kl 4045.2 4044.136 0 3.1E-02
Ki 4048 .4 4047.28 0 1.26E-02
Ki 7667.01 7664.89 0 2.76E0
K 7701.08 7698.96 0 1.94E0 N s s
Mn | 2795 64 2794.82 0 28602  ACEEEIIRCRERITRIEG
Mn | 2799.09 2798.27 0 2.17E-02 from a disogie with Rosemacy  cougle of years
Mni o 280189 280106 0 1SE02 ammmeibeestmncowie
Mn | 4031.90 4030.76 0 1.6E-02 | there s also tho K D27 hine (4150 > #8,5) wih
Mn | 4034.21 4033.07 0 1.09E-2 it §3 s (anfes ter's 3o Pogpter ity
Mn | 4035.63 4034.49 0 7.64E-03 PR el
Notes: Listed are g-values at zero Doppler shift.  table (g-1.7) which | gt freas Chamberdain 78, 1
mzd'm héwtsirap a value for DZ (f‘{fm b b}f
St o et nd oo e e
Table 5. LADEF UVS spectral parameters that were assumed in our simulations . Pranahofts fines. | got something Ik 1.6, but Uim
Line NER (R nm™} (nm}
512515 285 1.27
Fe 2719 244 1.21 T
Mg 2852 226 1.16
Ti 3636 97 0.82
Al 3944 49 0.72
Ca 4227 43 0.70




Figure Captions

Figure |. Model predictions of lunar exospheric refractories over the subsolar point.

Figure 2. Dayside exospheric density along a LADEE cquatorial orbit (30%200 km) from

mmpact vaporization, sputtering. and photon-stimulated desorption (for Na and K.

Figure 3. (Left column) Velocity distribution of lunar exospheric particles in the
equatorial plane . {a) Oxygen accommodated to the local surface temperature; (b Oxygen
from micrometeoroid impact vaporization; {¢) Oxygen from sputtering. (Middle and right
columns), The relative fraction of neutrals mapping into the open source LADEE NMS
{(white dot} is shown for ram (0%} and off-ram pointings. Dotied green lines indicate the
mstrument’s effective field of view. Dotted white (magenta) circles centered on the
spaceeraft mdicate the fraction of planetary neutrals not measured when an instrument

potential of 0.2 V {0.3 V) is applied to suppress spacecraft outgassing,

Figure 4. Estimated ¢/s from the convolution of a LADEE NMS proxy response with {a)
modeled three-dimensional distributions from micrometeoroid impact vaporization
{MIV) and photon-stimulated desorption (PSD); and (bj modeled upper limits (Stern,
1999} which implicitly assume the accommodation of lunar exospheric particles to the
surface temperature (=400 K). Models on the left and right are equivalent in terms of
totat column abundance {Table 2). “Detectability” is taken to be the level of instrument
noise. The calculations exclude particles which arrive into the instrumem with £ < 0.2
eV, whereas effects of the ionizing source, which may prevent the detection of particles

with £ < 0.5 ¢V n some mass channels, are not mcluded.

Figure 8. g values at r = | AUl are shown as a function of an atom’s velocity (with respect
to the Sun) for the main lines of regolith-dersved constituents of the lunar exosphere. For
My, Ca, ¥, and Na Hnes see Killen et al. (2009),

Fig. 6 Modeled intensity for Na and X from a PSD source for equatorial lines of sight



pointing from the spacecraft to the constant tangent altitude of 10 {red) and 40 km (blue).

Figure 7 The modeled intensity from mmpact vaporization {red) and spuitering (green) for

Si, Al Mg, Fe, Ti, and Ca is compared to published upper limits (Stem, 1999). Also

shown is the LADEE UVS instrument noise equivalent (NER) for 1-sec exposure (blue) .

Figure 8 UVS simulations of spectral emission lines between 248-440 nm, following the
LADEE orbit when the Moon is simultancously exposed to micrometeoreids and the
solar wind (predictions in Fig. 7). Integration time = 60 sec. These simulations are
produced by spectrally convolving with a gaussian blur function that has a wavelength
dependent width, as described in the texi Instrument noise is determined from
measurements of the LADEE UVS Engineering and Test Unit (ETU). Noise free spectra
are located below each simulation. Several species {¢.g.. Si. Al Ca Naj should be
detectable by UVS and thus spatially resolvable at this integration time.
Coronal-zodiacal-light {(CZL) 15 mcluded in these simulations, bt # contributes
significantly only at longer wavelengths and small solar elongation angles, as shown by

noise-free CZ1 models which are superimposed (offset) at the last two orbital positions.

Fig. 9 Estimated exposure time as a function of assumed surface abundance to achieve a
UVS signal-to-noise ratio (8/N} of four. Levels at least ten times less than our impact
maodel abundances, and at feast one hundred times less than present Iimits for Ca, can be

detected over the lifetime of the LADEE mission (90 days).
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Convolution with Instrument Response
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