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1. INTRODUCTION

Exploration of the Moon has been a goal of humankind for millennia, and in recent
decades enormous advances in lunar knowledge have resulted from orbital, landed, robotic,
and human exploration and sample return (Spudis 2001; National Research Council 2007;
Jaumann et al. 2012; Crawford and Joy 2014; Lunar Exploration Analysis Group 2016a). The
Moon still retains the marks of human footprints, and these and other artifacts can now be
seen with amazing clarity in images returned from the NASA Lunar Reconnaissance Orbiter
Cameras (LROC; Robinson et al. 2010). The six U.S. Apollo missions to the Moon, from 1969
to 1972, mark the first and only time thus far that humans have walked and driven upon another
planetary body. These missions returned ~382 kg of lunar samples (Vaniman et al. 1991),
along with ~0.3 kg of regolith from three Soviet Luna missions (16, 20, and 24), and these
have been augmented by recognition of a significant volume of lunar samples in the terrestrial
meteorite collection. Humankind has now mapped the lunar surface in high detail (e.g.,
~50 cm/pixel, LROC) and at a variety of wavelengths, including measurements of subsurface
and interior properties. Analyses of new datasets from missions and lunar samples in this
century have transformed our view of the Moon with regard to the chronology of formation
and differentiation, tectonic and geochemical processes, the exosphere, radiation environment,
volatile reservoirs, and potential resources. Studies of lunar datasets have shown, for example,
that the collection of Apollo and meteorite samples are not representative of all lithologies
on the Moon (see also Elardo et al. 2023; Hiesinger et al. 2023, both this volume), that the
crust is thinner than our view immediately following Apollo (see Andrews-Hanna et al. 2023;
Wieczorek et al. 2023, both this volume), and that there are volatile cycles that follow various
periodicities (see Hurley et al. 2023, this volume).

Since the publication of two seminal books on lunar science, The Lunar Sourcebook,
A User’s Guide to the Moon (Heiken et al. 1991) and especially the first New Views of the Moon
volume (Jolliff et al. 2006), there have been 13 science-focused missions to the Moon. Each of
these missions explored different aspects of the Moon’s geology, environment, and resource
potential. Lunar science has greatly advanced because of international (USA, Europe, Japan,
India, China) missions to the Moon. Analyses of data from these new missions, coupled with
lunar and meteorite sample analysis using new tools and methods, revealed many undiscovered
characteristics of the Moon not even imagined just a few years earlier. These discoveries range
from phenomenally low temperatures in permanently shadowed regions (PSRs) at lunar poles,
ephemeral surface volatile reservoirs both inside and outside PSRs (see Hurley et al. 2023,
this volume), new crustal lithologies and processes (see Andrews-Hanna et al. 2023; Plescia et
al. 2023, both this volume), endogenous lunar volatile reservoirs (see McCubbin et al. 2023,
this volume), relatively recent dynamic processes (see Gaffney et al. 2023; Shearer et al. 2023,
both this volume), and the potential for the elusive lunar mantle to reside near or at the surface.

This chapter introduces the planetary community to the array of missions that have
explored the Moon in the years since 2006. Because other chapters in this volume will address
the discoveries and results of these missions, we focus here on a short summary of science
goals for each mission and a description of instruments and their capabilities.

2. HISTORIC LUNAR MISSIONS

A summary of the most important spacecraft to have visited the Moon before 2006 is
listed in Table 1. A brief summary of the objectives and major accomplishments is provided
below.
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Table 1. Historic lunar missions as described by the US National Space Science Data Center

Mission Origin Launch Year Objectives

Luna 2,3 USSR 1959 First lunar impact; Lunar flyby, first far side
images

Ranger4,6t09 USA 1962-1965 Descent images to lunar surface, impact

Zond 4,5t0 8 USSR 1965-1970 Lunar flyby & circumlunar, second far side
images, surface mapping

Luna9to 13 USSR 1966 First soft lander, surface images

Surveyor 1, 3,5t0 7 USA 1966-1968 Soft landers, surface properties

Lunar Orbiter 1 to 5 USA 1966-1967 Orbiters, surface images, near-global mapping

Apollo 8, 10 USA 1968, 1969 Crewed lunar orbiters, surface images

Luna 14 USSR 1968 Lunar orbiter, lunar geophysical measurements

Apollo 11, 12, 14 to 17 USA 1969-1972 Crewed landings, surface mapping, soil and

surface properties, subsurface measurements,
gravity mapping, sample return

Lunokhod 1, 2 USSR 1970, 1973 Surface rovers, surface properties

(Luna 17, 21)

Luna 16, 20, 24 USSR 1970, 1972, 1976  Surface rovers, sample return

Galileo USA 1989 Orbiter, surface remote sensing, first color
mapping

Hiten (Muses-A) Japan 1990 Lunar orbiter with satellite Hagoromo

Clementine USA 1994 Orbiter, surface remote sensing, global
mapping

Lunar Prospector USA 1998 Orbiter, surface remote sensing, global
mapping

Small Missions for Europe 2003 Orbiter, surface remote sensing, global

Advanced Research in mapping, south polar imaging

Technology (SMART-1)

2.1. Early lunar missions (1959-1972): Luna, Zond, Ranger, Surveyor, Apollo

The first spacecraft to reach the Moon was the Soviet Luna 2, which impacted the lunar
surface on 12" September 1959. Luna 3, in October 1959, completed a flyby of the Moon
and obtained the first images of the far side. These first observations were very low resolution
but sufficient to show that the surface of the far side is different to that of the near side, with
extensive cratering and few of the large, dark expanses of basaltic lava that dominate the latter.
In 1966, two more successful Soviet space probes were launched: on February 3, Luna 9
successfully soft-landed on the Moon and obtained the first surface images, and on April 3,
Luna 10 became the first spacecraft to enter lunar orbit.

The U.S. lunar exploration program then began, initially with the Ranger series (1962—
1965) of ‘hard landers’ and followed by the Surveyor program (1966—1968), which soft-
landed five static robotic landers on the lunar surface to investigate regolith properties and
composition. Then between 1966 and 1967, the US flew the highly successful series of Lunar
Orbiter spacecraft that obtained near-global coverage and high-resolution images of the lunar
surface to identify potential landing sites for the future Apollo missions. In parallel, the Soviet
Union flew the Mars-bound Zond 3 (1965) past the Moon, and Zond 4 (1968) through Zond 8
(1970) as un-crewed lunar flyby and Earth return missions.

The Soviet robotic program included two ‘Lunokhod’ rovers (Luna 17 and 21) that
landed on the Moon in November 1970 and January 1973, respectively. These were the first
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tele-operated robotic rovers to operate on another planetary body. Lunokhod 1 operated for
322 days and traversed a total distance of 10.5 km, while Lunokhod 2 operated for 115 days
and drove 37 km. The Lunokhods made traverse measurements of regolith properties and
composition, as well as the surface radiation environment. They also carried laser reflector
panels which, similar to those deployed by the Apollo 11, 14 and 15 missions, have been
used to measure the Earth-Moon distance and the Moon’s physical librations (from which
internal structure can be inferred). [Note: Lunokhod 1 was effectively “lost” for laser ranging
as its final resting location was poorly documented. The camera on the Lunar Reconnaissance
Orbiter accurately located the rover in 2010 (Murphy et al. 2011).] Three successful Soviet
robotic sample return missions also occurred during this time: Luna 16 (1970), Luna 20
(1972), and Luna 24 (1976). These collected and returned to Earth a total of 320 g from three
sites near the eastern limb of the lunar near side. The geographical separation of these samples
from the Apollo landing sites makes them important for our understanding of lunar geological
diversity and the calibration of remote sensing measurements.

The height of early lunar exploration culminated with the U.S. first human landing on
the Moon at Mare Tranquillitatis with Apollo 11 in July 1969. Another five Apollo crewed
missions visited the southeast Oceanus Procellarum (Apollo 12, Nov. 1969), the Fra Mauro
region (Apollo 14, Feb. 1971), Hadley Rille region to the east of Mare Imbrium (Apollo 15,
July 1971), the Descartes-Cayley highlands (Apollo 16, April 1972), and the Taurus-Littrow
valley to the southeast of Mare Serenitatis (Apollo 17, Dec. 1972) (Fig. 1). In addition to
returning ~382 kg of lunar rock and soil sampled from over 2000 localities, the Apollo
missions acquired orbital photography and mapping at X-ray and gamma-ray wavelengths
for surface mapping of geochemistry and composition. An array of Apollo Lunar Surface
Experiment Packages (ALSEPs) also was deployed by Apollo astronauts, for geophysics, heat
flow measurements, and atmosphere and ionosphere experiments (see Table 2 of Crawford
and Joy 2014 for a full list). The Apollo program and its scientific achievements has been
documented in the “Apollo Lunar Surface Journal” (Jones and Glover 2017), discussed in
many earlier reviews (Taylor 1975; Heiken et al. 1991; Jolliff et al. 2006; Crawford and Joy
2014), and aspects are described within other chapters of this volume.
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Figure 1. The Moon’s near and far side hemispheres as viewed by NASA’s Lunar Reconnaissance Orbiter
Cameras (LROC) Wide Angle Camera (WAC; NASA/GSFC/ASU). The locations of international landed
or intentionally crashed (in italics) exploration missions are marked with stars on this WAC mosaic (USA
in green, Soviet Union in blue, China in red). Accidental crash sites are not shown.
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2.2. Later lunar missions (1989-2003): Galileo, Hiten, Clementine, Lunar Prospector,
SMART-1

The nearly twenty-year gap in lunar exploration was broken in the 1990’s when the Galileo,
Hiten, Clementine and Lunar Prospector spacecraft flew by or to the Moon and began an era of
renewed lunar exploration (Crawford and Joy 2014). The U.S. Galileo mission orbited Jupiter
for eight years, and on the way obtained the first detailed color images of the lunar far side using
a solid-state imaging camera (SSI, 0.375-1.1 microns; Belton et al. 1992a) and a near-infrared
mapping spectrometer (NIMS) (0.7-5.2 microns; Carlson et al. 1992). Additional instruments
included an ultraviolet spectrometer (UVS), photopolarimeter radiometer, magnetometer,
energetic particles detector, plasma investigation, plasma wave subsystem, dust detector, and
heavy ion counter (Russell 1992). Galileo mission results included a series of color mosaics (1.1
to ~5 km/pixel) that highlighted both very mature and fresh lunar soils at craters (McEwen et al.
1993), the iron-rich compositions of the lunar maria (Greeley et al. 1993), and the huge extent of
the South Pole—Aitken basin on the far side (Belton et al. 1992b).

The Japanese Hiten mission, known before launch as MUSES-A, launched in 1990 and
entered into lunar orbit in 1992 to measure the ambient dust density using the Munich Dust
Counter (Uesugi 1993). After successful swing by with cis-lunar aerobraking, Hiten impacted
the lunar surface. The Hiten satellite carried a small probe called Hagoromo, designed to enter
lunar orbit. Although transmission from the probe was lost, the fact that it reached lunar orbit
was confirmed by visual inspection from Earth. The Hiten—Hagoromo mission became the
first non-U.S. or Soviet mission to enter lunar orbit.

The U.S. Clementine mission was launched on 25" January 1994, and lunar mapping
occurred in two parts: the first month-long part had a 5-hour elliptical polar orbit with a
periapse of about 400 km at 28° S latitude; during the second month, the orbit was rotated to
a periapse of 29° N latitude. Clementine was designed to enter lunar orbit, map the Moon’s
surface, and then travel to a near-Earth asteroid (Nozette 1994). The spacecraft successfully
completed two months of lunar mapping, but upon leaving lunar orbit on 3" May 1994, a
software failure resulted in the firing of the altitude-control thrusters, causing the spacecraft to
spin uncontrollably (Sorensen and Spudis 2005). Although the further mission was abandoned
and Clementine did not rendezvous with its asteroid target, the global color lunar mapping was
considered a great success. Clementine carried a suite of instruments designed to investigate
the mineralogy and topography of surface soils and rocks. There was a multispectral camera
operating in the ultraviolet-visible (5-band UV-VIS, 0.415, 0.75, 0.90, 0.95 and 1.0 microns)
and another in the near-infrared (6-band NIR, 1.1, 1.25, 1.5, 2.0, 2.6 and 2.78 microns) spectral
ranges. With over 2.8 million images of the Moon acquired, near-global multi-spectral mapping
was completed at an average resolution of 100 m/pixel (UV-VIS) and 200 m/pixel (near-IR,
NIR). Long-wave-infrared (LWIR, 1.5-micron band centered at 8.75 micron, 55 m/pixel at the
equator, 200 m/pixel near the poles; Lawson et al. 2000) and high-resolution (HiRes, 0.415,
0.56, 0.65, 0.75 microns and broadband 0.4-0.80 microns, 13-30 m/pixel) cameras also
obtained significant imaging data. A laser ranging detector system mapped lunar topography
from about —75° to +75° latitude (Spudis et al. 1994).

The global Clementine color mapping provided the first hemispheric views of lunar rock
types, and studies showed that the Moon’s crust is complex and diverse, with evidence for
heavy early bombardment, large basin formation, and extensive periods of mare basalt flooding
(e.g., McEwen and Robinson 1997; Jolliff et al. 2000; Rajmon and Spudis 2004). Lucey et al.
(1994, 1995, 1998, 2000, 2006) presented a method for using the UV VIS data to determine
the concentration of iron in the lunar surface using empirical calibrations of the relationship
between sample maturity, FeO wt% concentration and spectral reflectance ratios, using ground
truths from the Apollo landing sites. Global maps of FeO wt% abundance and other surface
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properties allowed us to study in detail the geology of Apollo landing sites and their regional
contexts (Robinson and Jolliff 2002; Lucey 2004), and characterize the history of the lunar far
side (e.g., Gillis and Spudis 2000). The relationship between UV/VIS color ratios and the Ti
content of silicate minerals, glasses and opaque phases (Hapke et al. 1975) was also exploited
and used to produce maps of lunar Ti content (Blewett et al. 1997; Lucey et al. 1998, 2000).

The Clementine laser altimeter successfully mapped lunar topography at a resolution of
1-2 km along track with 40 m height resolution (Smith et al. 1997). This was the first accurate
lunar topographic map to be obtained and, among other things, it revealed the true extent of
many lunar craters and basins, including the giant (~2400 x 2000 km diameter and ~13 km
deep) far-side South Pole—Aitken basin (Spudis et al. 1994). Clementine also viewed the
lunar poles in detail, and studies showed that there were both permanently shadowed regions
(Nozette et al. 2001) and also regions of near-permanent illumination (Bussey et al. 1999). The
Clementine bi-static radar experiment aimed radio signals at the lunar surface, which were
reflected and collected back on Earth by ground-based radio telescopes. Scattered reflections
from the lunar poles suggested the presence of icy materials within some permanently
shadowed craters (Nozette et al. 2001).

The NASA Lunar Prospector (LP) mission was launched on 7" January 1998, and orbited
the Moon for a year in a polar orbit at an altitude of 100 km before being dropped into two lower
orbits of 30 km and 10 km. The satellite was crashed into a south polar crater in a controlled
experiment on 31° July 1999 in an attempt to see if ejected material was ice-rich (Goldstein
etal. 1999), although the results were inconclusive. Lunar Prospector carried five experiments
(Binder 1998), including a Gamma Ray Spectrometer (GRS), a Neutron Spectrometer (NS),
a Magnetometer, an Electron Reflectometer, and an Alpha Particle Spectrometer (damaged at
launch); Earth-based spacecraft tracking also provided gravity data.

The Lunar Prospector Gamma Ray Spectrometer detected gamma rays emitted from the
top meter of the lunar surface. Gamma ray production is initiated by the interaction of galactic
cosmic rays (GCR) colliding with a planetary surface or from the decay of naturally occurring
radioactive elements. LP gamma ray spectra were used to map the abundance of major elements
(O, Mg, Al, Si, Ca, Ti and Fe) and radioactive elements (K, Th and U) across the lunar surface
at variable spatial resolutions (0.5° to 20° per pixel) (Lawrence et al. 1998, 1999, 2000, 2002,
2003, 2004; Feldman et al. 1999; Prettyman et al. 2002, 2006; Gillis et al. 2004) (see Electronic
Annex [EA] 1-1). In particular, the Th distribution showed that the north-west nearside of the
Moon around the Imbrium Basin is compositionally unusual, with an enhanced abundance of
Th and other incompatible trace elements. This region was dubbed the Procellarum KREEP
Terrane (PKT) (Jolliff et al. 2000) (see EA-1-2). As KREEP is the dominant carrier of
radioactive elements, this suggests that a large portion of the Moon’s heat-producing elements
may be concentrated in this region of the Moon (Wieczorek and Phillips 2000).

The Lunar Prospector Magnetometer made detailed investigations of lunar crustal
remanent magnetization (Lin et al. 1998), confirming the presence of isolated magnetic
anomalies discovered by earlier missions, and suggesting a relationship between large near
side basins and magnetized antipodal materials (Hood et al. 2001). Combined with electron
reflectometer measurements, these observations indicate that lunar crustal magnetic anomalies
create mini-magnetospheres that give some protection to the underlying surface from the solar
wind (see Gaffney et al. 2023, this volume).

The Lunar Prospector Neutron Spectrometer provided independent evidence for ice at the
lunar poles (Feldman et al. 2001). Neutrons are produced by cosmic ray interaction with nuclei
in the top few meters of regolith. Neutrons encountering significant hydrogen concentrations
will be moderated; the leakage flux of epithermal neutrons in particular will be reduced. Such
a signal was observed by Lunar Prospector and interpreted to provide evidence of near-surface
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hydrogen, inferred to support the Clementine bi-static radar results that water ice may be
present at the lunar poles. However, the data lacked sufficient spatial resolution to confirm
that the areas of attenuated neutron flux correspond to permanently shadowed craters, and it
is still an area of active debate whether these regions represent water ice or concentrations of
hydrogen from solar wind implantation (see Hurley et al. 2023, this volume).

The European Space Agency’s (ESA) Small Missions for Advanced Research in
Technology-1 (SMART-1) mission launched on the 27" September 2003 (Foing et al. 2001).
The mission used an innovative solar-electric propulsion (ion) drive to travel to the Moon,
arriving in an operational elliptical lunar orbit (~300 km periapse, ~3000 km apoapse; Foing et
al. 2006) on 15" November 2004. SMART-1 spent almost two years orbiting the Moon before
being crashed onto its surface on 3™ September 2006, when it impacted into Lacus Excellentiae
(34.262° S, 46.193° W; Stooke and Foing 2017) on the near side. SMART-1 was primarily a
technology demonstration mission for solar electric propulsion in deep space. Science goals
were secondary, and instrument selection was driven primarily by various instrument technology
demonstration objectives. The spacecraft carried seven miniaturized technology demonstration
instruments, including the Advanced Moon micro-Imager Experiment (AMIE) camera that
obtained intermediate-resolution images of the lunar surface (about 250 m/pixel globally, but
better than 50 m/pixel at periapse). The highest resolution images were of the south polar region
and these proved to be valuable in mapping surface mineralogy in the South Pole—Aitken basin
(Borst et al. 2012) and the changing illumination conditions at the pole over the course of nearly
two years. SMART-1 also carried two instruments designed to investigate the chemical and
mineralogical composition of the lunar surface. These were the SMART-1 Infrared Spectrometer
(SIR, 0.9-2.4 microns, 300 m/pixel) (Basilevsky et al. 2004) and Demonstration of a Compact
X-ray Spectrometer (D-CIXS) (Grande et al. 2007) for mineralogical and chemical mapping of
the Moon. Major results of the latter instrument included a measurement of Ti concentration in
lunar soils (Swinyard et al. 2009), and although discrepancies existed between these and earlier
results from Clementine and Lunar Prospector, lessons learned from this instrument later were
applied to the X-Ray Spectrometer on Chandrayaan-1 (C1XS; see below).

2.3. New results from older lunar data

Several avenues of research using data returned from lunar missions have proven very
fruitful since 2006, and many of these are outlined in a study report on Advancing Science of
the Moon (Lunar Exploration Analysis Group 2018a). For example, the Apollo seismic data
remain the only direct source of information about the thickness of the lunar crust. Several
recent studies have addressed the earlier uncertainties in measured seismic arrival times from
the Apollo data, and also in quantifying the effects of scatter in those data (Lognonné et al.
2009; Blanchette-Guertin et al. 2012; Gillet et al. 2017). A recent reanalysis of seismic data
from the Apollo 17 Lunar Seismic Profiling Experiment have resulted in a refinement of the
subsurface structure at this landing site (Heffels et al. 2017). Use of laser ranging data from
Apollo retroflectors continues, and these data suggest the lunar core is liquid (e.g., Barkin et
al. 2014; Williams and Boggs 2015) and the deep mantle is at least partially molten (Harada
et al. 2014), although combining more recent gravity, topography and laser ranging data to
model the deep interior of the Moon (Matsuyama et al. 2016) results in a solid inner and fluid
outer core with total core size akin to the core modeled using Apollo seismic data (Weber et
al. 2011; Andrews-Hanna et al. 2023, this volume). Paleomagnetic studies of Apollo samples
have demonstrated that the Moon had surface magnetic fields of ~30-100 uT between at least
4.2 and 3.56 Ga (Weiss and Tikoo 2014; Garrick-Bethell et al. 2017), possibly from an ancient
core dynamo (see Wieczorek et al. 2023, this volume).

Analysis of Apollo samples with more modern methods since 2008 has revealed the
presence of water and other magmatic volatiles in pyroclastic glasses and apatite minerals
from several landing sites (Saal et al. 2008; Hauri et al. 2011, 2015, 2017; McCubbin et al.
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2011, 2015; Tartese et al. 2013; Anand et al. 2014), and these have completely revised our
understanding of the formerly anhydrous Moon and its geologic history (see McCubbin et al.
2023 and Crawford et al. 2023, both this volume).

3. LUNAR MISSIONS SINCE 2006

The last 14 years have seen 13 additional missions to the Moon (Table 2), and a variety of
advanced instrumentation and methodologies have been brought to bear on different aspects of
the Moon’s geology, geophysics, environment, and resource potential. Launched between 2007
and 2009, the China National Space Administration (CNSA) began the Chang’E spacecraft
series (Zheng et al. 2008a), Japanese Space Agency’s (JAXA) SELenological and ENgineering
Explorer (SELENE) or Kaguya mission (Kato et al. 2008, 2010), the Indian Chandrayaan-1
mission (Goswami et al. 2006; Pieters et al. 2009a), the U.S. Lunar Reconnaissance Orbiter
(LRO) mission (Chin et al. 2007), and the U.S. Lunar Crater Observation and Sensing Satellite
(LCROSS) mission (Ennico et al. 2012) carried instruments to map and characterize the
Moon, its evolution, and its environment. These missions were later complemented by the U.S.
Gravity Recovery and Interior Laboratory (GRAIL) mission (Zuber et al. 2013a), designed
to map the gravity field of the Moon, and the Lunar Atmosphere and Dust Environment

Table 2. Recent lunar missions as described by the US National Space Science Data Center.

Mission Origin Launch Date  Objectives

SELENE/Kaguya Japan 14/09/2007 Orbiter, surface remote sensing, global mapping

Chang’E 1 China 24/10/2007 Orbiter, surface remote sensing, global mapping

Chandrayaan-1 India 22/10/2008 Orbiter, surface remote sensing, global mapping

Lunar Reconnaissance USA 18/06/2009 Orbiter, surface remote sensing, global mapping

Orbiter

Lunar Crater Observation USA 18/06/2009 Impactor, subsurface probe, polar volatile

and Sensing Satellite detection

(LCROSS)

Chang’E 2 China 01/10/2010 Orbiter, surface remote sensing, global mapping

Acceleration, Reconnection, USA 17/02/2007 Two orbiters, solar wind measurements (far and

Turbulence and (reprogrammed  near)

Electrodynamics of Moon's 01/01/2009)

Interaction with the Sun

(ARTEMIS)

Gravity Recovery and USA 10/09/2011 Orbiter, gravity mapping

Interior Laboratory

(GRAIL)

Lunar Atmosphere and USA 06/09/2013 Orbiter, exospheric gas and dust measurements

Dust Environment Explorer

(LADEE)

Chang’E 3 China 02/12/2013 Soft lander with rover, global mapping

Chang’E 4 China 07/12/2018 Soft lander with rover, surface and subsurface
properties; Lunar far side

Beresheet Israel 21/02/2019 Soft lander, magnetic field measurement, laser
retroreflector, digital time capsule

Chandrayaan-2 India 22/07/2019 Orbiter, soft lander, rover; south pole region

Chang’E 5 China 24/11/2020 Sample Return: Mons Riimker, Oceanus

Procellarum
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Explorer (LADEE) mission (Elphic et al. 2014), designed to characterize the lunar exosphere
and dust environment. Science highlights of these missions include the discovery of both long-
lived far side (Haruyama et al. 2009a) and possibly recent volcanism (Braden et al. 2014),
the discovery of lunar water and hydroxyl (Pieters et al. 2009b; Sunshine et al. 2009) (see
EA-1-3) and, building upon Apollo observations (Horz 1986; Coombs and Hawke 1992), new
lava tubes and skylights have been found that might serve as future habitats (Haruyama et
al. 2009b; Robinson et al. 2012; Wagner and Robinson 2014), evidence for a lunar dynamo
(Harada et al. 2014) and new lunar rock types (e.g., Pieters et al. 2011), and high-precision
measurements of the topography of the Moon (Smith et al. 2010a,b). In addition, LADEE
results include discovery of an asymmetric dust cloud around the Moon (Horanyi et al. 2015)
and a map of the lunar exosphere (Benna et al. 2015a,b; Halekas et al. 2015). Finally, GRAIL
revolutionized our knowledge of the lunar interior with its high-quality mapping of the lunar
gravitational field (Zuber et al. 2013b). The combination and cross-validation of data from
these various missions has enabled new lunar science (Besse et al. 2013a,b; Pieters et al. 2013;
Wieczorek et al. 2013; Barker et al. 2016), and the discovery of new rock types not represented
in the current sample collections (Pieters et al. 2011; Ohtake et al. 2013).

As outlined below, significant advances in lunar science have been made because of the
capabilities of and data returned from these international (U.S.A., China, Europe, India, Japan)
missions to the Moon. For example, in 2007 the CNSA launched the first of the successful
Chang’E series of spacecraft, starting with orbital reconnaissance and including surface landing,
imaging and roving (e.g., Huang et al. 2018; Jia et al. 2018). During the writing of this chapter,
the Chang’E-5 spacecraft landed at 43.06° N, 51.92° W, about 170 km east-northeast of Mons
Riimker, a location selected because it was expected to host basalt lavas younger than those return
by the Apollo and Luna missions. Analyses of basalt fragments yielded Pb—Pb ages of 1963 + 57
million years (Che et al. 2021) and 2,030 + 4 million years (Li et al. 2021). Interestingly, there is
no evidence for high concentrations of heat-producing elements in the deep mantle of the Moon
that generated these lavas. Work continues on these new lunar samples.

3.1. SELENE/Kaguya

The SELENE mission, nicknamed Kaguya, launched on September 14, 2007, consisted
of three spacecraft: one main satellite and two small sub-satellites. The main satellite carried a
total of 11 science instruments, augmented by a radio science experiment and a high-definition
camera for public outreach (Kato et al. 2010). The instruments (Table 3) included X-ray and
gamma-ray spectrometers, a multi-band imager, a spectral profiler, a terrain camera, a lunar
radar sounder, a laser altimeter, a magnetometer, a charged particle spectrometer and a plasma
analyzer and plasma imager. The sub-satellites were part of the gravity experiment. The
instruments on the main satellite were designed to address several areas of study: the elemental
distribution, mineralogical distribution, the topography of the lunar surface and subsurface
structure, and the plasma environment (Kato et al. 2008).

Kaguya’s primary mission lasted from October 20, 2007 until October 31, 2008, and
the extended mission lasted from November 1, 2008 until the controlled crash of the main
satellite on the lunar surface on June 10, 2009 (Kato et al. 2010). The average altitude during
the primary mission was kept at 100 km and it was lowered to an average of 50 km during the
extended mission (Araki et al. 2013). In June 2009, the Kaguya spacecraft was put into orbits
as low as 8 km to perform more science and engineering measurements (e.g., for magnetic
observations, Tsunakawa et al. 2015) (see EA-1-4), and the spatial resolution of data from
instruments such as the TC improved from 20 to 5 m/pixel. Due to the use of improved gravity
field data from GRAIL and the availability of multiple tracking data types (such as radio links
and LALT altimetric crossovers), the derived orbits for Kaguya during the primary mission
have a precision of 10—-30 m and these have been improved further (Goossens et al. 2011,
2018), along with those for the extended mission data (Goossens et al. 2019).
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Table 3. Kaguya science instruments (after Kato et al. 2008).
Instrument Spatial Resolution Measurements & Capabilities
Multiband Imager 20-60 m/pixel UV-VIS-NIR CCD & InGaAs imager, spectral
(MI) bandwidth from 0.4 to 1.6 microns, 9 bands at

Terrain Camera
(TC)

Spectral Profiler
(SP)

Laser Altimeter
(LALT)

X-ray Spectrometer
(XRS)

Gamma-ray Spectrometer
(GRS)

Lunar Radar Sounder
(LRS)

Differential VLBI Radio Source
(VRAD)

Relay Satellite Transponder
(RSAT)

Lunar Magnetometer
(LMAG)

Charged Particle Spectrometer
(CPS)

Plasma Analyzer
(PACE)

Radio Science
(RS)

Plasma Imager
(UPD)

10 m/pixel

500 m/pixel

1400 m

20 km

160 km

0.415, 0.75, 0.90, 0.95, 1.0 microns (UVVIS)
and 1.0, 1.05, 1.10, 1.25 microns (NIR), spectral
resolution 20-30 nm

High resolution stereo camera, monochrome
(430-850 nm)

Continuous spectral profile ranging from 0.5 to
2.6 microns, spectral resolution 6-8 nm

Nd:YAG laser altimeter, 100 mJ output power,
height resolution 5 m, pulse rate 1Hz, Beam
divergence 3 mrad

Global mapping of Al, Si, Mg, Fe distribution
using 100 cm2 CCD, Energy range 0.7-8 keV,
5 micron Be film, Solar X-ray monitor

Global mapping of U, Th, K, major elements
distribution using 250 ¢cm? large pure Ge crystal,
Energy range 0.1-10 MeV

Mapping of subsurface structure using active
sounding, frequency 5 MHz, echo observation
range 5 km, detection of radio waves (10k—30MHz)
from the Sun, the Earth, Jupiter and other planets;
150 m range resolution

Differential VLBI observation from ground
stations, selenodesy and gravitational field,
onboard two sub-satellites, 3 S-bands and 1 X-band

Far side gravimetry using 4-way range rate
measurement from ground station to orbiter via
relay satellite, periapse 100 km, apoapse 2400 km
in altitude, Doppler accuracy 1 mm/s

Magnetic field measurement using flux-gate
magnetometer, accuracy 0.5 nT

Measurement of  high-energy particles,
1-14 MeV(LPD), 2-240 MeV(HID), alpha
particle detector, 4-6.5 MeV

Charged particle energy, angle and composition
measurement, 5 eV/q-28 keV/q

Detection of the tenuous lunar ionosphere using S-
and X-band carriers

Observation of terrestrial plasmasphere from lunar
orbit, XUV(304A) to VIS

Among the major products of the Kaguya mission are several high-quality, high-resolution
monochrome mosaics from the TC (at ~10 m/pixel at morning, evening, and simulated ‘ortho’
or directly-above illumination; Haruyama et al. 2008; Isbell et al. 2014), MI-derived high-
resolution multiband images and map mosaics (Ohtake et al. 2008), as well as topographic
products derived from laser altimeter data (Araki et al. 2009, 2013) and stereo imaging (Barker
et al. 2016). The global TC mosaics are well registered to the Apollo Lunar Retroreflector
array and LOLA data (Haruyama et al. 2012). With their low-sun illumination, the TC data
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provide excellent complements to high-illumination (often color) data such as those from the
Clementine global mosaics at Ultraviolet/Visible (UVVIS; Eliason et al. 1999), the Lunar
Reconnaissance Orbiter Narrow Angle Camera (NAC) and Wide Angle Camera (WAC)
mosaics (Robinson et al. 2010), and the hyperspectral data from Chandrayaan-1’s Moon
Mineralogy Mapper (Pieters et al. 2009a) for geologic studies, mapping, and morphologic and
structural analyses of the lunar surface.

Auvailability of the global TC derived high-resolution (approx. 10 m/pixel), monochrome,
tiled frames and mosaics (Haruyama et al. 2008; Isbell et al. 2014) have greatly facilitated
a wide variety of lunar studies, including relative and absolute chronology (e.g., crater
counting), geologic mapping, structural analyses, and detailed surface characterization to
better understand the Moon’s geologic record. These TC data have enabled discoveries of
relatively small lunar features such as lava-tube skylights (Haruyama et al. 2009b), evidence
for a double peak in volcanic activity near the Aristarchus plateau (Morota et al. 2011), lack
of an exposed ice sheet at the south polar Shackleton crater (Haruyama et al. 2013), and
characterization of mare eruption ages (Cho et al. 2012). Using TC stereo observations, a
global DEM was produced with vertical accuracy of 10 m or better (Haruyama et al. 2012,
2014). A more recent hybrid topographic model (dubbed the SELENE LOLA Digital Elevation
Model or SLDEM?2015) has been developed using LOLA and TC stereo data, and it covers
latitudes within £60° at a horizontal resolution of 512 pixels per degree (~60 m at the equator)
and a typical vertical accuracy ~3 to 4 m (Barker et al. 2016).

The MI data have been used to determine the global distributions of purest anorthosite
(PAN) sites (Ohtake et al. 2009) and pyroxene-rich sites in highland fresh craters (Ogawa
et al. 2011). Detailed geologic analyses of the South Pole—Aitken basin are also reported
(Uemoto et al. 2017). When calibrated with Apollo samples, the MI data can be used to
derive mineral maps of lunar surface composition, including maps of olivine, plagioclase,
orthopyroxene, and clinopyroxene derived using Hapke’s radiative transfer equations, FeO,
OMAT, submicroscopic iron, the plagioclase grain size, and the weighted criteria calculated to
identify the best spectral match between each MI spectrum and a spectral library (Lemelin et
al. 2016, 2019). Cross-calibrations among the MI, SP, M?, and the Robotic Lunar Observatory
(ROLO, an Earth-based lunar radiance calibration standard; Stone 2008) data have also been
conducted (Besse et al. 2013a; Ohtake et al. 2013; Pieters et al. 2013).

The LALT collected 6.77 x 10° range measurements globally with an along-track shot
spacing of ~1.6 km, a cross-track equatorial spacing of ~15 km, a radial uncertainty of ~4 m,
and a horizontal uncertainty of ~77 m (Araki et al. 2009). From these data, the first polar
topographic maps with complete coverage were produced (Araki et al. 2009), and improved
estimates of the lunar figure from a spherical harmonic model complete to degree and order
359 on a quarter-degree grid were made.

Spectral Profiler (SP) data from Kaguya have been used to identify new rock lithologies
(Matsunaga et al. 2008), discover magnesian anorthosites on the lunar far side (Ohtake et al. 2012)
(see EA-1-5), complete global mineral surveys of the Moon (Matsunaga et al. 2011; Hareyama et
al. 2017) (see EA-1-6) and to provide evidence for an impact origin of the Moon’s Procellarum
Basin (Nakamura et al. 2012). SP data also enabled more detailed surface characterization, such
as for identifying olivine of possible mantle origin (Yamamoto et al. 2010), and mapping olivine
in South Pole—Aitken basin (Yamamoto et al. 2012). Online databases are also available for
accessing the SP spectral data (Hayashi et al. 2016; Haugaard et al. 2017).

Discoveries were also made using data from other Kaguya instruments. For example,
data from the radar sounder instrument were used to identify sub-surface layers within
lava units in the Serenitatis and western Procellarum basins (Ono et al. 2009; Oshigami
et al. 2009), suggestive of ancient palacoregolith layers trapped between lava flow units.
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Such measurements have also assisted in estimation of the thickness of surface regolith layers
(Kobayashi et al. 2010) and thickness of mare basalt lava units across the Moon (Oshigami et
al. 2014). Two types of basin structure (Namiki et al. 2009) were identified from relay satellite
tracking data, and new global maps of calcium oxide were developed through analyses of GRS
data (e.g., Yamashita et al. 2012) (see EA-1-7).

The Kaguya Data Archive, maintained by JAXA (see http://12db.selene.darts.isas.jaxa.jp/)
serves data from all instruments at a variety of processing levels, and ancillary spacecraft data
such as attitude kernels and clock parameters are also available at this archive. Kaguya acquired
many new, high-quality datasets that paved the way for a renewed scientific examination of
the Moon.

3.2. Chang’E 1

Chang’E 1 (CET) was the first lunar satellite for the initial (orbiting) stage of the Chinese
lunar exploration project of the China National Space Administration (CNSA). It was launched
on 24" October 2007, entered lunar orbit on 7" November 2007, worked for 495 days, and
ended its mission on 1% March 2009 with a controlled impact in Mare Fecunditatis at 52.36° E,
1.5° S (Ouyang et al. 2010). As an orbiter, Chang’E-1 successfully accomplished the first
of the goals of the three-pronged Chang’E lunar exploration project, with the next goals to
include soft landing and roving and then sample return. There were eight scientific instruments
on board the Chang’E-1 (CE1) satellite (Table 4; Zuo et al. 2014).

Table 4. Chang’E 1 instruments (Ouyang et al. 2010).

Instrument Spatial Resolution Measurements & Capabilities
Stereo camera, charge-coupled device 120 m/pixel Global high-quality images
(CCD)
Laser altimeter 7 km Global topography data (1064 nm,
(LAM) 150 mJ laser; range resolution 1 m)
Interference imaging spectrometer 200 m/pixel Mineral detection,
(IIM) 0.5 to 1.0 micron
Gamma-ray spectrometer 300 km? Elemental mapping (U, Th, K, Fe, Ti),
(GRS) 0.3-9 MeV
X-ray spectrometer 170 km? (at 200 km Elemental mapping (Mg, Al, Si),
(XRS) altitude) 1-10 keV
Microwave radiometer 56 km (3 GHz), Regolith thickness and brightness
(MRM) 30 km for other 3 channels  temperature, *He mapping, 1° x 1°
High-energy particle detector ~ Detection of high-energy particles,
(HPD) lunar plasma environment
Solar wind ion detector Instantaneous field of view: Energy spectra of primary solar wind,
(SWID) 6.7° x 180° 40 eV-20 keV

Acceptance angle:

6.7° x 15°

Scientific products from CEl include global high resolution image maps [positioning
accuracy better than 240 m, location accuracy is 100 m to 1.5 km (Li et al. 2010a; Ouyang
et al. 2010); global DEM models (3 km resolution, plane positioning accuracy 445 m, height
measurement accuracy is 60 m; Li et al. 2010b), with a recent version that improves vertical
accuracy from 127.3 m to 48.7 m (Huang et al. 2018); and elemental distribution maps (major
elements at 200 m/pixel: SiO,, Al,03, CaO, FeO, MgO, TiO, trace elements: Th, U and K
(5°x5°or ~215 km/pixel; Ling et al. 2011; Zou et al. 2011; Wang and Niu 2012; Wu 2012; Wu
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etal. 2012; Yan et al. 2012; Wang and Zhu 2013; Sun et al. 2016). The solar wind ion particles
phenomenon and the plasma physics process reveals the interaction process of the solar wind
with the Moon (Ouyang et al. 2010). Digital data access was made available online at http://
moon.bao.ac.cn/index.jsp (in Chinese) and http://moon.bao.ac.cn/index_en.jsp (in English).

Data from the Microwave Radiometer were used to produce brightness temperature maps
of the whole Moon under different illumination conditions and identified variations caused by
surface topography and mineralogy (Zheng et al. 2012) (see EA-1-8). These data were used
to derive thickness estimates of the lunar regolith and assess the distribution of potential *He
reserves (Zheng et al. 2008b; Fa and Jin 2010a), and for measurements of the temperature of
the lunar soil (Fa and Jin 2010b) and throughout the lunar day—night cycle.

3.3. Chandrayaan-1

Chandrayaan-1 (Ch-1) was the first planetary exploration mission of the Indian Space
Research Organization (ISRO), and it was designed to perform remote sensing observations
of the Moon to further our understanding about its origin and evolution. Ch-1 launched on
22 October 2008 carrying 11 instruments and an impactor (Table 5; five instruments from
ISRO, two from NASA-funded teams, three from institutions in the European Space Agency
(ESA), one from the Bulgarian Academy of Sciences). After orbiting 3400 times operations
were completed on 29 August 2009 (Bhandari 2005; Goswami and Annadurai 2009; Planetary
Data System 2009). Hyper-spectral studies in the 0.4-3um region using three imaging
spectrometers, combined with analyses of data from a low energy X-ray spectrometer, a
sub-keV atom analyzer, a 3D terrain mapping camera and a laser ranging instrument provided
information on mineralogical and chemical composition and topography of the lunar surface
(Goswami and Annadurai 2009; Chauhan et al. 2012). A low energy gamma ray spectrometer
and a miniature imaging radar investigated volatile transport on lunar surface and water ice at
the poles (Spudis et al. 2009). A radiation dose monitor provided an estimation of energetic
particle flux between Earth and the Moon as well as in lunar orbit. An impact probe carrying
a mass spectrometer was also carried to study the lunar atmosphere and view the surface and
measure any possible volatiles prior to impact (Kumar 2009).

After five Earthbound maneuvers, lunar insertion maneuver, and circularizing maneuvers
at the Moon, on 12 November 2008, the Ch-1 spacecraft reached its intended 100 km circular
polar orbit for chemical, mineralogical, and photo-geologic mapping of the Moon; scientific
observations were scheduled to continue at this altitude for two years. These plans changed
soon after orbit was achieved because of loss of one of the redundant bus management
units and one of two star-trackers (Boardman et al. 2011). Because of thermal issues with
the instruments and the loss of the second star tracker (and resulting limited knowledge of
spacecraft attitude), the Chandrayaan-1 spacecraft was raised to a 200 km orbit between 16
to 19 May 2009. Although imaging instrument spatial resolutions were reduced after this
maneuver, this change enabled further studies of orbital perturbations and gravitational field
variations and imaging of more of the lunar surface with a wider swath. After completing more
than 3400 orbits of the Moon in 312 days and providing a large volume of data from its suite
of sensors that met most mission objectives, communication with the spacecraft was abruptly
lost around 20:00 UT on 28 August 2009. ISRO officially terminated the mission on 31 August
2009, after operating for nearly 10 months in lunar polar orbit.

During Ch-1 primary mission operations at 100 km, the TMC (Kumar and Chowdury
2005) and HySI instruments acquired data for the equatorial region (+30°) and parts of the
southern hemisphere (—60°) and Mini-SAR operated at both poles. At 200 km altitude, more
systematic global mapping was performed by TMC (Sivakumar et al. 2012) and HySI, starting
with the poles and mid-latitude regions, and polar imaging by Mini-SAR began on 17 August
2009 and continued until the spacecraft was lost on 28 August 2009. On 14th November 2008,
the Moon Impact Probe (MIP) carrying the CHACE instrument suite was separated from
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Table 5. Chandrayaan-1 instruments (e.g., Goswami and Annadurai 2009).

Goal & Capability

Instrument Resolution at 100 km
Terrain Mapping Camera 5 m/pixel
(TMC)

Hyper Spectral Imager 80 m/pixel
(HySID)

Moon Mineralogy Mapper 140-280 m/pixel
(M3; US) (Global Mode)
Sub-Infrared Spectrometer 80 m/pixel
(SIR-2; MPI)

Lunar Laser Ranging Instrument 5 m height
(LLRI)

Chandrayaan-1 X-ray Spectrometer 25 km/pixel

(CIXS; RAL) with the
Solar X-ray monitor
(SIXS)

Sub-keV Atom Reflecting Analyzer ~
(SARA; SISP):

Chandrayaan-1 Energetic Neutrals Analyser

(CENA)

Sub-keV Atom Reflecting Analyzer ~
(SARA; SISP):

Solar Wind Monitor

(SWIM)

High Energy X-ray Spectrometer
(HEX)

Mini-Synthetic Aperture Radar
(Mini-SAR; US)

33 km?*/pixel

150 m/pixel

Radiation Dose Monitor ~
(RADOM; BAS)

Moon Impact Probe ~
(MIP)

Chandra’s Altitudinal Composition Explorer ~
(CHACE)

Global mapping, stereo-derived
topography (base/height = 1 m);
Panchromatic, 0.5—0.85 microns,
20 km swath

Mineralogy, lithology;

64 bands, 0.42—0.96 microns,
15 nm spectral resolution,

20 km swath

Mineralogy; 85 bands,
0.42 to 3.0 microns, pushbroom
imager, 10 nm spectral resolution

Mineralogy; 0.9-2.4 microns,
256 channels, 6 nm spectral
resolution

Lunar topography, gravity

field; Nd:Yag laser with energy
10 mJ and 20 cm optics receiver
operating at 10 Hz, 5 m range
resolution

Elemental abundance
(Mg, Fe, Al, Si, Ca, Ti);
0.5-10 keV,

140 eV resolution

Lunar surface chemistry

(H, O, Na/Mg/Si/Al, K/Ca
groups and Fe atoms) via mass
spectrometry; 10 eV-3.3 keV

Radiation environment
(Ions H, He, O);
10 eV-15 keV

Volatile transport;
30-270 keV

Near-surface water abundance at
the poles; S-band,
13-cm wavelength, 2.38 GHz

Radiation environment,

cosmic particle detector;

1-256 MeV, Silicon detector with
pulse analyzer

Lunar atmosphere and exosphere;
Package: imager, C-band radar
altimeter, mass spectrometer

Lunar atmosphere;
1-100 amu,
mass spectrometer on MIP

Notes: MPI = Max-Planck Institute, Lindau, Germany; RAL = Rutherford Appleton Laboratory, UK;
SISP = Swedish Institute of Space Physics, Kiruna, Sweden; BAS = Bulgarian Academy of Sciences
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Chandrayaan-1 lunar craft at an altitude of about 100 km and it took nearly 3000 descent
images of the lunar surface and 650 mass spectra of lunar atmospheric constituents, covering
the latitudinal range of 20 °N to the South Pole (Bhandari and Srivastava 2014). The TMC and
HySI datasets and derived products such as TMC mosaics and DEMs from Chandrayaan-1
mission are available at the Indian Space Science Data Centre (ISSDC) website (http://www.
issdc.gov.in). A Chandrayaan-1 Lunar Science Atlas highlighting many of the derived products
is also available (Kumar et al. 2015). The two ESA instruments on board, CIXS and SIR-2,
delivered regional chemical (Narendranath et al. 2011; Weider et al. 2012, 2014) and spectral
maps (Mall et al. 2009; Bugiolacchi et al. 2013) of the lunar surface.

Among the major science results of the Ch-1 mission was the discovery that the lunar
atmosphere was denser than expected, with an atmospheric pressure of ~6.7 x 107> Pa as
measured by CHACE (Sridharan et al. 2010a,b). Mass spectrometer data showed an increase
in H,O and CO, as the probe descended toward the south pole. These have been interpreted as
earlier results of the presence of water at or near the lunar surface and of possible degassing
from the lunar interior (Sridharan et al. 2013, 2015).

MiniSAR transmitted circular polarization and received two orthogonal linear polarizations
coherently, supporting reconstruction of the four Stokes parameters and the derivation of maps
in circular polarization. Mini-SAR mapped the lunar poles and collected data on the scattering
properties of sun-lit and permanently shadowed areas (Spudis et al. 2009). From February to
April 2009, Mini-SAR covered 95% of the lunar poles (latitude > 80°) at 150 m resolution,
and these data were the first to provide a look inside the very dark lunar polar craters where
evidence for water ice was discovered at the north pole (Spudis et al. 2010a,b). Subsequent
studies have questioned this discovery and have presented evidence for alternate explanations
for the Mini-SAR elevated polar radar signatures (e.g., Fa and Eke 2018).

Moon Mineralogy Mapper (M?) data were acquired in two modes and over two operating
periods: Global Mode (GM) and Targeted Mode, acquired in Optical Periods (OP) 1 and 2.
M? data acquired in Global Mode have 85 channels covering the spectral range from 460
to 2976 nm; the spatial resolution of GM M? data was 140 m/pixel from 100 km altitude
(decreased to 280 m/pixel when the spacecraft climbed to a 200 km orbit beginning 5/13/09
until the end of the mission on 8/16/09). GM data covered >95% of the Moon. M? data
are available from the PDS in the form of Level 2 products (e.g., calibrated to reflectance,
thermally and photometrically corrected; Clark et al. 2011; Besse et al. 2013a,b).

Studies using M? hyperspectral data, particularly identification of absorption features near
3 um, spectra have indicated the presence of hydrated minerals [and/or adsorbed water (H,O) or
hydroxyl (OH) molecules or both] in the lunar regolith (Pieters et al. 2009b) (see Crawford et
al. 2023, McCubbin et al. 2023, both this volume). These results were independently confirmed
with analysis of data from the Cassini Visible Mapping Spectrometer (VIMS; Clark 2009) and
instruments on the Deep Impact/EPOXI spacecraft (Sunshine et al. 2009). Pieters et al. (2009b)
estimated a water abundance of 10 to 1000 ppm with the highest values observed at high latitudes
where it is cold enough to ensure volatile retention (see EA-1-3). The M? data also supported
identification and mapping of the abundance and distribution of lunar indigenous water (Klima et
al., 2013; Milliken and Li 2017) and provided evidence for exposed water ice at the lunar poles
(Li et al. 2018) (see Crawford et al. 2023, McCubbin et al. 2023 , both this volume).

3.4. Lunar Reconnaissance Orbiter (LRO)

The Lunar Reconnaissance Orbiter (LRO) mission was conceived by NASA in 2004
as an exploration mission, with the goal of reconnaissance of resources and the radiation
environment, and identifying safe landing sites for future human and robotic missions to be
supported by NASA’s Exploration Systems Mission Directorate (NASA 2004; Chin et al. 2007).
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Table 6. LRO instruments (Vondrak et al. 2010; Keller et al. 2016).
Instrument Resolution at 50 km  Goal & Capability

Lunar Orbiter Laser Altimeter
(LOLA)

Lunar Reconnaissance Orbiter Cameras
(LROC):

Wide Angle Camera

(WAC)

Lunar Reconnaissance Orbiter Cameras
(LROC):

Narrow Angle Camera

(NAC)

Laser Ranging
(LR)

Diviner Lunar Radiometer

Synthetic Aperture Radar
(Mini-RF)

Cosmic Ray Telescope
(CRaTER)

Lunar Exploration Neutron Detector
(LEND)

Lyman-Alpha Mapping Project
(LAMP)

25 m horizontal,
10 cm vertical

100 m/pixel

50 cm/pixel

170 m across track,
~500 m along track,

150 x 150 m/pixel,
15 x 30 m/pixel zoom
(S-band);

150 x 150 m/pixel
(X-band)

10 km/pixel

~300 m/pixel

Topography, slopes,
roughness (5-spot altimeter) (see
EA-1-9, Smith et al. 2010)

Global imaging, lighting, lunar
resource mapping (7-band UV-VIS);
stereo topography

Targeted imaging, hazards
(2 NACs, 5 km combined swath);
stereo topography

Precision orbit determination
(LOLA detector from Earth to LRO)

Thermal state, volatile stability,
rocks, regolith, composition
(0.35—400 pm in 9 channels)

Resources, topography, hazards
(bistatic radar, S- & X-bands)

Radiation spectra, tissue effects
(LET spectra, 0.9 keV/um to
2.2 MeV/um)

Neutron albedo, hydrogen maps
(thermal, epithermal, energetic
neutrons)

Water-frost, permanently shadowed
regions

Instruments were selected competitively to address these objectives (Table 6; Vondrak et al.
2010). LRO was launched on June 18, 2009 and entered lunar orbit on June 23, 2009. After
spacecraft commissioning in lunar orbit, the Exploration Mission began on September 15,
2009; this reconnaissance mission was completed on September 15, 2010 when operations
were transferred to NASA’s Science Mission Directorate for a two-year Primary Science
Mission. LRO is currently operating in a fourth extended mission phase.

LRO was initially placed into a 30 x 200 km polar orbit with periapse over the south pole
during commissioning (Keller et al. 2016). At the beginning of the exploration phase, LRO was
moved to a quasi-circular mapping orbit, maintained at 50 km altitude with frequent station-
keeping propulsive maneuvers. To obtain high resolution imaging of the Apollo landing sites
and other locations of high scientific interest, the periapse was lowered to 21 km in August and
November of 2011. To conserve fuel and permit extended operations for several more years,
on December 11, 2011 the LRO spacecraft was returned to a 30 km x 200 km quasi-stable
polar orbit, requiring minimal annual station-keeping maneuvers.

LRO operations included several special events, both to obtain new views of surface
artifacts and features and to respond to events such as eclipses, coordinated observations
with other spacecraft, and spacecraft impacts. These events included targeting slews to obtain
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off-nadir (oblique) views, the impact of the Lunar Crater Observation and Sensing Satellite
(LCROSS, see below) in Cabeus crater near the lunar south pole on October 9, 2009 (Colaprete
et al. 2010), and the impact of the two Gravity Recovery and Interior Laboratory (GRAIL, see
below) into a northern sunlit peak on December 17, 2012 (Robinson et al. 2015).

Science objectives of LRO focused on a variety of topics, and several discoveries related to
these have resulted from the mission. For example, possible evidence for lunar polar water was
identified in data from the collimated epithermal neutron detector on the LEND instrument in
maps of epithermal neutron flux at a spatial resolution of ~10 km (Mitrofanov et al. 2010a,b),
indicating that there are local Neutron Suppression Regions (NSRs) near the poles. However,
measurements of water content by LCROSS at Cabeus crater of 5.6 +2.9 wt% (Colaprete et al.
2010) were higher than the estimated water content of 0.5-4 wt% from LEND. Similarly, in
Shoemaker crater, LAMP data (Hayne et al. 2015) are consistent with small amounts of water
frost on the surface, but LEND data support larger amounts of subsurface hydrogen (Sanin et
al. 2017) (see EA-1-10). Results from analysis of data from Mini-RF (Nozette et al. 2010) also
suggested that water ice may be present at Cabeus crater as a thin (~10 to 20 cm) layer, near the
surface (Patterson et al. 2017). Using superposed crater density, analyses of LROC data support
the determination of the relative and model ages of impact craters at a wide range of crater sizes,
from a few meters to 100s of km in diameter. For example, use of both LROC and LOLA data
indicate that basin and crater size distributions have changed such that older highland craters
are preferentially larger than younger mare craters, indicating shifts in the impactor population
characteristics over geologic time (Morbidelli et al. 2012; Kirchoff et al. 2013). New (< 5 years
old) impact craters and were found to be widespread across the lunar surface (Speyerer et al.
2016). LROC images reveal a population of small contractional and extensional structures on
the lunar near side and in the far side highlands (Watters et al. 2010, 2012; Banks et al. 2012),
suggesting that the Moon is in a general state of relatively recent (< 1 Ga) contraction.

Science results from LRO also include a characterization of relatively young volcanic
complexes, such as Ina (Braden et al. 2014), and revealed first direct evidence of the presence
of highly silicic volcanic rocks on the Moon at sites such as Compton-Belkovich (Glotch
et al. 2010; Jolliff et al. 2011; Wilson et al. 2015). Studies of CRaTer (Spence et al. 2010)
data indicated that LRO measured galactic cosmic ray interactions with the Moon during a
period with the largest cosmic ray intensities observed during the space age (Schwadron et al.
2012, 2013). Analyses of LAMP (Gladstone et al. 2010) data indicate that lunar surface water
abundance varies with terrain type and local time and temperature (Hendrix et al. 2019).

The LRO data are archived and available in PDS formats online (http://pds-geosciences.
wustl.edu/missions/Iro/). Special interfaces have been developed for certain archives; for
example, mosaics, landing site maps, and digital elevation models are all served at the LROC
operations center (http://lroc.sese.asu.edu/). LRO has thus far produced a number of maps and
datasets for both exploration and science, including high-resolution images of robotic and human
exploration sites that showed hardware, the tracks of the astronauts, and surface disturbances
from landing and ascent (e.g., Schmitt et al. 2017; Wagner et al. 2017) (see EA-1-11) and several
major global products (i.e., 100 m/pixel spatial resolution, 7-color image and derived maps from
LROC/WAC; Denevi et al. 2014; Sato et al. 2014, 2017; see EA-1-12); Diviner temperature
at 0.5° (~20 km/pixel) and rock abundance at 4 pixels/degree spatial resolution; Paige et al.
2010a,b; Bandfield et al. 2011, 2017; Williams et al. 2017 (see EA-1-13); maps of roughness and
radar scattering characteristics by Mini-RF at a resolution of ~250 m for the upper meter of the
lunar surface; Cahill et al. 2014) (see EA-1-14). Polar products were of special interest for future
exploration, and these included maps of illumination conditions near the poles (Mazarico et al.
2011; Speyerer and Robinson 2013), high resolution polar topographic maps (Zuber et al. 2010,
2012), and polar temperature products (Paige et al. 2010b).
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3.5. Lunar Crater Observation Sensing Satellite (LCROSS)

The Lunar Crater Observation Sensing Satellite (LCROSS) mission was designed as a
low-cost companion mission to LRO to provide direct evidence for water ice in permanently
shadowed craters of the Moon (Colaprete et al. 2012). The intent was to crash the spent rocket
stage (an Atlas V upper-stage Centaur rocket) from LRO into the Moon and observe the ejected
debris, including hydrogen species, from instruments on a trailing spacecraft. Shortly after the
LRO/LCROSS launch, LRO separated from the Centaur, the remaining fuel was vented, and
the LCROSS Shepherding Spacecraft (SSc) then controlled the Centaur for 4 months while any
residual volatiles baked off, calibrations were performed, and target the impacting site in Cabeus
crater. On final approach to the Moon, about 9 hours before impact, the SSc separated from the
Centaur, braked, and oriented its instruments toward the impact site. About 1 hour before impact,
the nine LCROSS instruments were powered on and started collecting data (Ennico et al. 2012).

The LCROSS instrument suite consisted of nine science instruments (Table 7): one
visible, two near infrared (NIR), and two mid-infrared cameras; one visible and two near-
infrared spectrometers; and a photometer. Although the plume was smaller than expected and
so could not be observed from Earth-based telescopes, observations from the near-infrared
and ultraviolet/visible (UV/VIS) spectrometers indicated that near-infrared absorbance could
be attributed to water vapor and ice and ultraviolet emissions could be attributable to hydroxyl
radicals, both lines of evidence supporting the presence of water in the plume debris (Colaprete
et al. 2010). The concentration of water ice in the regolith at the LCROSS impact site was
estimated to be 5.6 + 2.9% by mass. Spectral data also indicated that other volatile compounds
also were observed, including light hydrocarbons, sulfur-bearing species, and carbon dioxide.

The LCROSS data (in the form of raw and calibrated images and spectra) are archived
and available in PDS formats online (https://pds-imaging.jpl.nasa.gov/volumes/lcross.html).

Table 7. LCROSS instruments (Colaprete et al. 2010, 2012).

Instrument Goal Capability

Visible Camera Plume imaging  Analog video camera, CCD with /1.2 lens for a

(VIS) 37.8° Field of View (FOV)

Near-Infrared Cameras x 2 Plume imaging  0.9-17 um, InGaAs sensor, 320 x 240 pixels,

(NIR1, NIR2) 25 mm lens, /1.4, 36° FOV; NIR1 had long-pass
filter >1.4 pm, NIR2 had no filter

Mid-Infrared Cameras x 2 Plume imaging  6.0-13.5 pm, microbolometers, 164 x 128 pixels,

(MIR1, MIR2) 30 mm lens, /1.6, 18.6° FOV; MIR1 had band-pass
filter at 6-10 um, NIR2 had no filter

Total Luminescence Photometer Brightness Visible light, 0.4-1.0 mm;

(TLP): measurements  SEM had 10° FOV

Sensor Electronics Module

(SEM) and

Digital Electronics Module

(DEM)

Visible Spectrometer Plume spectra ~ ~0.263-0.65 um slit spectrum is imaged onto a

(VSP) 1044 x 64 pixel CCD; resolving power is R~300,

500, and 850 at 0.30, 0.40 and 0.60 pm

Near-Infrared Spectrometers x 2~ Plume spectra ~ Forward and rear facing, 1.2-2.4 um spectra; NSP1
(NSP1, NSP2) had 1° FOV, NSP2 had 130° FOV
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3.6. Chang’E 2

Chang’E 2 (CE2) was China’s second lunar orbital mission. It was essentially the backup
satellite of Chang’E-1, but with additional technology improvement (see below). The main
engineering goal of CE2 was to test key technologies for future lunar landed missions, and to
enhance lunar scientific exploration (Ye et al. 2013). Scientific goals were extensions of those
for CE1, including further mapping of element distribution in the lunar regolith, determination
of the thickness of lunar regolith, and understanding the environment in near lunar space.

The CE2 satellite was launched on 1 October 2010, accomplished the primary lunar
science mission (including flying at 100 km in a circular orbit and at a 100 x 15 km elliptical
orbit for high-resolution surface imaging), and departed lunar orbit on June 9 2011. On the
August 25 2011, the satellite was successfully captured into a Lagrange L2 point orbit, where it
entered a Lissajous orbit (a low-energy, stable position in orbit around L.2). On April 15 2012,
the satellite departed lunar orbit to begin an extended mission in deep space. On December 13,
2012, the satellite flew by the 4179 asteroid Toutatis and obtained optical images with the
highest resolution superior to 3 m (Huang et al. 2013; Zou et al. 2014; Zhu et al. 2014a).

CE2 has seven science instruments (Table 8), only lacking the interference imaging
spectrometer that was used on CE1. The main differences from earlier instruments include: a
Lanthanum Bromide (LaBr) crystal was used to replace Cesium lodide (Cel) crystal for GRS
and the detection accuracy was increased. The spectrum of the X-ray spectrometer was reduced
from the original 10 keV-60 keV to 25 keV-60 keV to avoid high noise from 10 keV-25 keV
detected by CE1 XRS.

Scientific achievements from Chang’E 2 include a global map of the Moon with 7 m/pixel
spatial resolution (Zhao et al. 2012). In addition, stereo images with ~1.5 m spatial resolution
were acquired from the Sinus Iridum area, for the purpose of planning for the subsequent
soft-landing mission Chang’E 3 (see below). The stereo pair data were used to generate high

Table 8. List of Chang’E 2 instruments (Ye et al. 2013; Blewett et al. 2018).

Instrument Resolution at 100 km Goal & Capability

Stereo camera, 7 m/pixel Global high-quality images,
charge-coupled device (1.5 to 7 m/pixel in elliptical monochrome global and stereo maps:
(CCD), orbit) 7 m/pixel at 100 km orbit

2-line pushbroom array

Laser altimeter
(LAM)

Gamma-ray spectrometer

X-ray spectrometer

Microwave radiometer

High-energy particle detector

Solar wind detectors

5 m vertical accuracy

150 km x 150 km

240 km x 65 km

1°x1°

Instantaneous field of view:
6.7° x 180°
Acceptance angle:
6.7° x 15°

(1.5 to 7 m/pixel in elliptical orbit)

Global topography data (instrument
failed)

Elemental mapping, (U, Th, K, Fe, Ti),
4% @662 keV

Elemental mapping, (Mg, Al, Si);
low energy < 300 eV @5.95 keV;
high energy < 10% @59.5 keV

Regolith thickness, surface temperature
and brightness. Receiver frequencies:
3.0 GHz, 7.8 GHz, 19.35 GHz, 37 GHz

Detection of high-energy particles, lunar
plasma environment

Energy spectra of primary solar wind,
40 eV-20 keV
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resolution lunar DEMs at 20 m/pixel (Wu et al. 2014). Additional elemental maps (e.g., Th, K)
were generated at 2° X 2° or ~60 x 60 km (Zhu et al. 2013, 2014b, 2015; Chen et al. 2016; Wang
et al. 2016) and regions of Oceanus Procellarum were chemically mapped in terms of Mg, Al,
Si, Ca and Fe by the X-ray spectrometer (Ban et al. 2014). The full moon temperature mapping
(Lian et al. 2015), the temperature of the lunar soil (Fang and Fa 2014) and the dielectric
constant of the lunar soil (Lian et al. 2014) were obtained by the microwave radiometer.

The CE2 ground application system released archival products and advanced science data
products; all data have been digitally released at http://moon.bao.ac.cn/index.jsp (in Chinese)
and http://moon.bao.ac.cn/index_en.jsp (in English) (Zuo et al. 2014).

3.7. Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon’s
Interaction with the Sun (ARTEMIS)

NASA’s ARTEMIS mission (Acceleration, Reconnection, Turbulence and
Electrodynamics of the Moon’s Interaction with the Sun) repurposed two of five Earth-
orbiting satellites to the Moon. These satellites were repurposed from the NASA Heliophysics
constellation of satellites (THEMIS, Time History of Events and Macroscale Interactions
during Substorms) that were launched on February 17, 2007 and successfully completed
their mission in 2010 (Angelopoulos 2008, 2010; Angelopoulos et al. 2008). The ARTEMIS
mission provides unprecedented two-point measurements over a range of altitudes from ~100
to 10,000 km, with a variety of orbital phasings and probe separations.

ARTEMIS utilized a complex trajectory design that leveraged transfer orbits through the
“weak stability boundary” regions in the vicinity of Lagrange points (where the net gravitational
force provides the centripetal force needed to allow an orbiting object to remain at rest with
respect to a two-body system) to achieve the transfer of the two spacecraft from geocentric
to selenocentric orbits (Broschart et al. 2009; Cosgrove et al. 2010; Folta et al. 2011, 2014).
The two probes each conducted a combination of apoapsis-raise maneuvers, lunar flybys, and
transfers through the vicinity of the Sun—Earth L1 Lagrange point to Lissajous orbits around
the Earth-Moon Lagrange points to achieve their eventual insertion into lunar orbit. ARTEMIS
conducted science throughout these maneuvers, which took almost two years to complete.
The Lissajous orbit phase, during which the probes orbited the Earth—-Moon (lunar) Lagrange
points (LL1 and LL2), provided extended observations of the full three-dimensional lunar
wake. The final lunar orbits, in which the probes still remain, lie nearly in the ecliptic and are
highly elliptical, with apoapses of ~19,000 km and periapses that naturally vary from tens to
hundreds of km in altitude. These orbits require little station keeping, and provide observations
at a variety of distances from the Moon. One probe orbits prograde and the other probe orbits
retrograde, so the orbits precess around the Moon at different rates, thereby providing a variety
of different two-point perspectives on the lunar environment.

ARTEMIS is conducting a wide range of observations of the Moon’s interaction with
the solar wind and investigating clues about its planetary structure and evolution (Halekas
et al. 2010; Sweetser et al. 2011). The original ARTEMIS mission goals (Sibeck et al. 2011)
included both planetary science and heliophysics objectives. The planetary science objectives
focused on measuring ions from the tenuous lunar exosphere, remotely sensing the near-
surface electrostatic environment, utilizing electromagnetic sounding to investigate the lunar
interior, and exploring the unique lunar magnetic fields and their interaction with the space
environment. The heliophysics objectives focused on the structure and dynamics of the
terrestrial magnetosphere and its boundaries at lunar distance (as observed during full Moon),
the foreshock region upstream of the terrestrial bow shock, fundamental plasma physics
processes in the solar wind, and the structure and dynamics of the lunar plasma wake. Each
of the ARTEMIS probes maintains the same instrument complement as the original THEMIS
constellation (Table 9), with all instruments still functional. Minor issues such as the loss



Recent Exploration of the Moon 21

of one of the EFI booms and the failure of the SST attenuators have been compensated for
operationally, and all sensors on both probes still return usable science data.

Table 9. ARTEMIS instrumentation (Angelopoulos 2008; Auster et al. 2008; Bonnell et al. 2008; Cully
et al. 2008; Le Contel et al. 2008; Ludlam et al. 2008; McFadden et al. 2008a,b; Roux et al. 2008).

Instrument Goal Goal & Capability

Fluxgate Magnetometer Magnetic field Vector magnetic field DC to 64 samples/s
(FGM)

Electrostatic Analyzer Charged particles Ions and electrons 1 eV-30 keV

(ESA)

Solid-State Telescope Charged particles Tons 25 keV-6 MeV

(SST)

Electrons 25 keV-900 keV 240 km x 65 km Elemental mapping, (Mg, Al, Si);

low energy <300 eV@5.95 keV;
high energy < 10% @59.5 keV

Search Coil Magnetometer ~ Magnetic field Vector magnetic field from 0.1-8192
(SCM) samples/s

Analyses of the measurements made by the ARTEMIS mission have revealed the
structure and dynamics of the lunar wake (Halekas et al. 2010; Tao et al. 2012; Zhang et al.
2012; Poppe et al. 2014), the characteristics of ions from the lunar exosphere (Halekas et al.
2012, 2013), the complex structure of the near-surface electrostatic environment (Halekas et
al. 2011; Harada et al. 2017), the unique interaction between lunar magnetic fields and the
space environment (Halekas et al. 2014; Harada et al. 2015; Howard et al. 2017; Poppe et al.
2017a), and the unusual behavior of the lunar environment inside the terrestrial magnetosphere
(Poppe et al. 2012; Harada et al. 2013 Zhou et al. 2013). ARTEMIS measurements have also
been used to study phenomena not originally envisioned, such as the outflow of matter from
the Earth (Poppe et al. 2016), weathering of the lunar regolith (Poppe et al. 2017b), and the
energetic particle environment at the Moon (Xu et al. 2017).

ARTEMIS has also played an important supporting role in lunar science, providing
constant monitoring of the space environment around the Moon. These observations have
proven important in providing the input conditions needed to organize measurements made
by other orbiters around the Moon, including LADEE and LRO (Benna et al. 2015a; Halekas
et al. 2015; Hurley et al. 2015). As more missions, including small satellites and landers, visit
the Moon in the coming years, the environmental monitoring capability of ARTEMIS should
prove invaluable in supporting further scientific investigations.

The ARTEMIS mission archives are publicly accessible through the mission web site (http://
artemis.ssl.berkeley.edu) and at the NASA Space Physics Data Facility (https:/spdf.gsfc.nasa.
gov/). These data products include the basic measurements (vector field components, charged
particle energy-angle distributions) and derived products such as charged particle moments
(density, velocity, temperature, etc.) and Fourier transforms of the time series field data sets.

3.8. Gravity Recovery and Interior Laboratory (GRAIL)

The Gravity Recovery and Interior Laboratory (GRAIL) mission was a twin spacecraft
system launched on 10 September 2011 (Zuber et al. 2013a,b). The spacecrafts (dubbed Ebb
and Flow) were inserted into lunar polar orbit on 31 December 2011 and 1 January 2012. After
lowering and circularizing the orbits to ~55 km mean altitude, GRAIL conducted a primary
mapping mission of the lunar gravity field from 1 March through 30 May 2012, transmitting
to Earth 637 MB of laser ranging science data.
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The GRAIL payloads were nearly identical (Asmar et al. 2013; Zuber et al. 2013a), and
they included Lunar Ka-band Lunar Gravity Ranging Systems (LGRS) and MoonKam (Moon
Knowledge Acquired by Middle school students) cameras. The root mean square (RMS)
range-rate residuals from the LGRS Ka-band (32 GHz) ranging system were generally on
the order of 0.02 to 0.05 mm s~!. The digital MoonKam system consisted of four cameras per
spacecraft, three with 6 mm lenses (two pointing + 60 degrees forward and backward, and one
pointing down) and one with a 50 mm lens pointing down (Zuber et al. 2013a). Unfortunately,
the MoonKam cameras were damaged by a solar flare event in November 2011, before they
could acquire lunar data. Data from the GRAIL instruments is served by the NASA Planetary
Data System’s Geosciences Node (http://pds-geosciences.wustl.edu/missions/grail/default.
htm), and the most recent maps are served by NASA’s Goddard Space Flight Center (https://
pgda.gsfc.nasa.gov/products/50).

The science goals of the GRAIL mission were to map the structure of the lunar crust and
lithosphere, understand the Moon’s asymmetric thermal evolution, determine the subsurface
structure of impact basins and the origin of mascons, assess the temporal evolution of crustal
brecciation and magmatism, constrain deep interior structure from tides, and place limits on
the size of the possible inner core. GRAIL mapped the high-resolution lunar gravity field with
unprecedented accuracy and resolution (Zuber et al. 2013b; Lemoine et al. 2014), most recently
up to degree and order 1200 (Goossens et al. 2016), and the data returned supported analyses
of crustal density and thickness (Wieczorek et al. 2013) (see EA-1-15), bulk Moon chemical
composition (Taylor and Wieczorek 2014), numerical modeling of lunar mascon basins (Melosh
et al. 2013), and the discovery of linear gravity features that appear to be from ancient intrusive
magmatic dikes (Andrews-Hanna et al. 2013). More recent results used GRAIL data and Apollo
lunar laser ranging (LLR) data to calculate models of the lunar interior with a fluid outer core
with radius of 200 to 380 km, a solid inner core with radius of 0-280 km and mass fraction of
0-1%, and a deep mantle zone of low seismic shear velocity (Williams et al. 2014).

3.9. Lunar Atmosphere and Dust Environment Explorer (LADEE)

The Lunar Atmosphere and Dust Environment Explorer (LADEE) mission was launched
on 6 September 2013, and entered lunar orbit on 6 October 2013 after using geocentric phasing
loops to optimize arrival time and geometry (e.g., Elphic et al. 2014). After dropping into a
250 x 250 km orbit at 157° inclination (an Apollo-like retrograde, near-equatorial geometry),
a 30-day period of science instrument checkout commenced. On 21 November 2013, LADEE
was maneuvered into a ~50 x 150 km orbit, with periapsis over the sunrise terminator, and
began the 100-day primary science operations phase. After successfully completing all primary
mission requirements, an extended science phase was approved and began on 1 March 2014.
After acquiring dust and exosphere measurements at unprecedented low altitudes (a few km),
LADEE was deliberately decommissioned by impact into the eastern rim of Sundman V crater
(11.85° N, 266.75° E) on the far side of the Moon on 18 April 2014.

LADEE carried three science instruments and a laser communications technology
demonstration payload (Table 10). The LADEE instruments were operated with a duty cycle
determined by spacecraft power balance and thermal management. Instrument operations,
therefore, focused on acquiring data over strategic local times and altitudes, and with required
cadence over the mission. The Lunar Dust Experiment (LDEX) operated throughout the entire
mission, capturing measurements from slightly after noon local time around to nearly the
dusk terminator. Measurements were made from a few km above the surface up to several
hundred km. The Ultraviolet and Visible Spectrometer (UVS) instrument routinely measured
Na and K emissions in the noon, dawn and sunset terminator local times. The Neutral Mass
Spectrometer (NMS) measured helium, neon and argon in the exosphere over an altitude range
of a few kilometers to several hundred km, at nearly all local times. NMS routinely measured
neutral He, Ne, and “°Ar, and other species seen include H,*, Na*, K*, as well as '?C*, “N*.
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The Lunar Laser Space Terminal (LLST) on LADEE was operated on dedicated orbits, when
the science instruments were not operating (Elphic et al. 2014).

Table 10. LADEE Instruments (Boroson and Robinson 2014; Colaprete et al. 2014;
Horényi et al. 2014; Mahaffy et al. 2014).

Instrument Goal Capability
Lunar Dust Experiment Impact-ionization  Particles 0.7-5 um in size
(LDEX) dust detector

Ultraviolet and Visible Spectrometer ~ Exosphere Na, K Point spectrometer, 250-800 nm

Uuvs) emissions wavelength, spectral resolution of <1 nm;
Main telescope optic was 76.2 mm in
diameter, with a 1° field-of-view

Neutral Mass Spectrometer Exosphere ITons 25 keV-6 MeV

(NMS) monitor

Lunar Laser Communications Communications Downlink rates as high as 622 Mbits/sec,
Demonstration system and uplinks of 20 Mbits/sec

(LLCD) system:

Lunar Laser Space Terminal
(LLST) on LADEE, and the
Lunar Laser Ground Terminals at
White Sands, NM

Scientific results from the LADEE mission include details of the Moon’s exosphere
from surface through to several hundred km above surface. LDEX measurements revealed a
permanent, asymmetric dust cloud over the morning side of the Moon (Horanyi et al. 2015;
Wooden et al. 2016). This dust cloud is clearly linked to the impact of micrometeoroids on the
“upstream” side of the Moon, and varies on monthly and seasonal cycles, and particularly as
the Earth-Moon system sweeps through cometary debris trails such as the Geminids. UVS
measurements showed that the variable sodium and potassium lunar exospheres are controlled
by both the solar wind (sputtering implicated), and orbit phase (Colaprete et al. 2016). When the
Moon is in the magnetotail, production of sodium is reduced and the exosphere diminishes. NMS
observations demonstrated that three noble gases, He, Ne and Ar, comprise the most dominant
contribution to the exosphere (Benna et al. 2015a; Halekas et al. 2015). Helium definitely has
a major solar wind source, but a small amount leaks out of the interior due to radiogenic decay.
Neon also has its origins in the solar wind, where it is a very minor constituent; its very long
lifetime against photoionization and loss allows the gas to build up to levels comparable to
helium and argon. Argon is almost entirely “°Ar, derived from decay of “°K. Exospheric “°Ar
is seen to peak over the western maria, specifically the Procellarum KREEP Terrane, where
potassium abundances are high. The mechanism of release is not well understood.

LADEE data were archived by the NASA Planetary Data System at two locations: LDEX
data are at the PDS Asteroid/Dust archive (https://sbn.psi.edu/pds/resource/ldex.html) and
UVS and NMS are available online at the PDS Planetary Atmospheres Node: (http://pds-
atmospheres.nmsu.edu/data_and_services/atmospheres_data/LADEE/mainr.html). Details of
the products and their calibrations can be found in the Software Interface Specification (SIS)
for each instrument on the archive sites.

3.10. Chang’E 3

Chang’E 3 (CE3) was a robotic landing mission for the second, lunar surface operations
stage of the Chinese lunar exploration project. CE3 included a lander (the Lunar Landing
Vehicle or LLV) and the Yutu lunar rover, informally known as the Jade Rabbit. The mission
was launched on 2 December 2013 and on 6 December 2013, CE3 entered a lunar circular orbit
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with an altitude of 100 km. On 10 December 2013, the spacecraft was successfully entered into
an elliptical orbit about 15 x 100 kilometers high in diameter, and it successfully landed on the
northwestern part of the Imbrium basin on 14 December 2013 (340.49° E, 44.12° N; Xiao 2014;
Xiao et al. 2015). The lander and the Yutu/Jade Rabbit rover were successfully separated on 15
December 2013 and the rover explored the geology of the local area before mobility was lost
after several weeks on surface. Yutu was a six-wheeled vehicle powered by solar cells; mounted
on top of the LLV, the rover was lowered on a ramp onto the lunar surface after landing. The
rover continued to operate with some functionality through to 31 July 2016 at mission end.
Powered by a radioisotope thermoelectric generator (RTG), the lander continues to operate.

CE3 had a total of 8 payloads, with the lander and the Yutu rover each with 4 payloads
(Table 11). The science objectives of the CE3 mission include: (1) investigation of the
morphological features and geological structures of and near the landing area; (2) integrated in-

Table 11. Chang’E 3 instruments (Chen et al. 2014; Fang et al. 2014; Feng et al. 2014; Fu et al. 2014;
He et al. 2014 ; Liu et al. 2014; Ren et al. 2014; Su et al. 2014; Wang et al. 2014 ; Wen et al. 2014;

Liet al. 2015).

Instrument

Goal

Capability

Lander Instruments

Moon-based Optical Telescope

(MOT)

Extreme Ultraviolet Camera
(EUVCO)

Landing Camera
(LCAM)

Terrain Camera
(TCAM)

Optical astronomical
science observations

Image the entire ion layer
of the Earth from lunar
surface

Descent imaging of landing
site, selection of smooth
site for landing

Topography, geological
survey of landing site

0.2 to 0.4 um; +6 to +15 Myv; energy
concentration of diffuse speckle 80
(<3 x 3 pixel)

30.4 nm; 15° field of view (FOV); 0.08
ang. resolution; 0.1 to 10 R; 0.1 counts/
sec/R sensitivity

3-Color RGB filter; 1024 x 1034 pixel
CCD; 45° x 45° FOV; 10 frames/sec;
40 signal to noise ratio (SNR) at 9%
albedo, 30° solar altitude angle

3-color RGB filter; 2352 x 1728 pixel
CCD; 22.9° x 16.9° FOV; 5 frames/sec;
36 signal to noise ratio (SNR) at 9%
albedo, 30°solar altitude angle

Rover Instruments

Panoramic camera
(PCAM)

Lunar Penetrating Radar
(LPR)

Active Particle-induced X-ray
Spectrometer
(APXS)

Visible and Near-infrared
Imaging Spectrometer
(VNIS)

Color imaging of landing
site and rock samples

Subsurface structure

Elemental mapping

Spectral and image data
from visible light to
shortwave infrared

3-color RGB filter; 2352 x 1728 pixel
CCD; 19.6° x 14.5° FOV; 5 frames/sec;
40 signal to noise ratio (SNR) at 9%
albedo, 30°solar altitude angle

Channel 1: 0.5, 1, 2 kHz, >100 m
detecting depth; 1 m thickness
resolution; Channel 2: 5, 10, 20 kHz,
>30 m detecting depth; 30 cm thickness
resolution

0.3-25keV energy (140 eV@5.9 keV
energy resolution); 25 mm work
distance; 60 mm spot size

Visible: 450-950 nm, 2—6 nm spectral
resolution; 8.4° x 8.4° FOV; Shortwave:
900-2400 nm, 3-11 nm spectral
resolution; 2° x 2° FOV; Both had SNR
31 at 9% albedo, 45°solar altitude angle
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situ analysis of mineral and chemical composition of and near the landing area; and (3) exploration
of the terrestrial-lunar space environment and lunar-based astronomical observations.

Major scientific achievements based on CE3 data included:

1. The Yutu rover drove 114 meters on the ejecta blanket and photographed the rough
surface and the excavated boulders of a 450 m-diameter crater. The boulder contained
a substantial amount of crystals, which are most likely plagioclase and/or other mafic
silicate mineral aggregates similar to terrestrial dolerite;

2. The composition of regolith derived from olivine-normative basaltic rocks is high in
FeO/(FeOMgO) and with abundant high-Ca ferropyroxene (augite and pigeonite)
plus Fe-rich olivine, indicating a new mare basalt chemical type (Ling et al. 2015;
Zhang et al. 2015a,b);

3. The LPR found the regolith thickness exceeded expectations and volcano eruption
lasted until 2-3 Ga (Fa et al. 2015; Xiao et al. 2015; Zhang et al. 2015a);

4.  The EUVC discovered the OH free radical upper limit of the outer atmosphere of the
Moon (Wang et al. 2015); and

5. A causal relationship was observed between the substorms and the formation of three
bulges on the plasmasphere (He et al. 2016).

The CE3 science data products (e.g., Tan et al. 2014; Zuo et al. 2016) were released online
[at http://moon.bao.ac.cn/index.jsp (in Chinese) and http://moon.bao.ac.cn/index_en.jsp (in
English)].

3.11. Chang’E 4

Chang’E 4 (CE4) was a robotic landing mission for the second lunar surface operations
stage of the Chinese lunar exploration project, and it was designed to both back up and build
on the success of CE3. Prior to launch of the CE4 lander, two microsatellites were launched
(Longjiang-1 and -2) along with a relay satellite, with a student-built webcam (640 x 480 pixels)
and a radio transmitter. While Longjiang-1 did not achieve orbit, Longjiang-2 did and has
returned several lunar far side views. CE4 included a lander, the Yutu 2 robotic lunar rover, and
a communications relay satellite (Queqiao) to orbit at the second Earth—-Moon Lagrange point
(L2) (Qin et al. 2019). Launched on 7 December 2018, the relay satellite carried a contributed
instrument, the lander and rover each carried four instruments (Table 12; Jia et al. 2018). CE4
landed on 3 January 2019 within Von Karmén crater in the lunar South Pole—Aitken basin on
the far side. The Yutu 2 rover was deployed about 12 hours after landing. Included in the lander
payload was a “mini-biosphere” capsule experiment submitted by students, with a collection
of seeds, water, a nutrient solution and air, and a small camera and data transmission system.
Early in the CE4 mission images of sprouted seeds were widely circulated.

Science objectives of CE4 include: 1) Conducting low-frequency radio astronomy
observations from the far side for Milky Way mapping, a Very Long Baseline Interferometry
(VLBI) experiment with a ground array for studies of planetary low-frequency bursts, solar
coronal studies, and space weather characterization; 2) Probing shallow lunar subsurface (likely
crustal) structures and characterizing regolith thickness at up to 30 m depth; 3) Exploring
landform morphology, topography and mineralogy at the landing site for crater and geologic
studies, mapping pyroxene, olivine, plagioclase and other rock-forming minerals. The CE4
mission combined a variety of instruments to establish a comprehensive geological profile of
a lunar far side site, with integrated analysis and mapping of topography, geological structure,
material composition and shallow structures of Moon’s far side, and focused on establishing
a more complete model of the evolution of lunar geochemistry and tectonics. One early result
was the preliminary spectroscopic identification of orthopyroxene and olivine in materials in
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Table 12. Chang’E 4 instruments (Jia et al. 2018).

Instrument Goal Capability

Lander Instruments
Low-Frequency Spectrometer Solar electric fields Antennas mounted on three five-meter-
(LFS) long booms. Bandwidth: 0.1-40 MHz
Lunar Lander Neutrons and Lunar surface fast neutron Fast neutrons (2-20 MeV),
Dosimetry spectrum and thermal Thermal neutron flux (10-104/min),
(LND) neutron spectrum. Proton energy spectrum (7-30 MeV),

Electron spectroscopy (60-500 keV),
Alpha particle energy (7-20 MeV/n),
Heavy ion energy (10-30 MeV/n),
LET (0.1-430 keV/um)

Landing Camera S/C mounted descent Complementary Metal Oxide
(LCAM) imager. Images first Semiconductor or CMOS sensor;
acquired at ~10 frames/s, 419-777 nm,
at 12 km altitude, video 1024 x 1024 pixels,
stream of landing site 45° FOV
acquired.
Terrain Camera Lander mounted color Complementary Metal Oxide
(TCAM) imager with 360° viewing. ~ Semiconductor (CMOS) sensor;
420-700 nm,

2352 x 1728 pixels,
~23° x 17° FOV

Rover Instruments

Panoramic camera Color imaging of landing Two mast cameras for 360° and stereo
PCAM) site and rock samples. viewing;

420-700 nm,

color and panchromatic modes,

19.7° x 14.5° FOV.
Lunar Penetrating Radar Subsurface structure and Two bands at 40-80 MHz and
(LPR) regolith thickness 250-750 MHz
Advanced Small Analyzer for Backscattered energetic 10 eV-10 keV,
Neutrals(ASAN) neutral atom fluxes from Institute of Space Physics, Sweden

the lunar surface

Visible and Near-infrared Spectral and image data Visible: 450-950 nm;
Imaging Spectrometer (visible light to short wave  Short wave: 900-2400 nm;
(VNIS) to infrared) for surface Infrared: 0.4-2.4 um

mineral mapping

Relay Satellite Instrument

Netherlands-China Low- Detect radio bursts from the = Work frequency/spectral resolution:
Frequency Explorer Sun and planets 100 kHz—-1MHz/1 kHz;
(NCLE) 1 MHz-10 MHz/10 kHz;

10 MHz-80 MHz/100 kHz
(Radboud University, Nijmegen,
Netherlands)

the floor of Von Karman crater that were suggested to have originated from the lunar mantle
(Li et al. 2019). More recently, LPR data were used to map a lunar ejecta sequence, including
its thickness and internal structure (Li et al. 2020).

CEA4 is still operating on the Moon. Among its technical accomplishments thus far are the
historic first lunar far side landing, the first communication between the lunar far side and an
orbiting satellite, the first mapping of a far side landing site, and the first sprouting of a seed
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on the Moon. The lander was designed for 12 months and the rover for 3 months of operation.
Data from the CE4 archive were released online (http://moon.bao.ac.cn/), with data formats
following PDS guidelines (Zhang et al. 2019).

3.12. Beresheet

Beresheet was a robotic lander and rover mission from the private, Israeli SpacelL, a
non-profit that began during the Google Lunar XPrize competition (GLXP; Aharonson et al.
2019; Russell et al. 2019). Launched on 21 February 2019, Beresheet was intended to land
on the lunar surface on 11 April 2019, but the main engine cut off early due to gyroscope
failure and it crashed. The Beresheet payload included a magnetometer (the Spacell
Magnetometer or SILMAG; built at University of California, Los Angeles or UCLA), a laser
Lunar Retroreflector Array (LRA; built by NASA Goddard Space Flight Center) for Moon—
Earth distance measurements, and a digital “time capsule” with >30 million pages of data. The
planned landing site was at northern Mare Serenitatis (Aharonson et al. 2020), and surface
operations were planned for two days on the lunar surface; the retroreflector was expected
to continue to operate for several decades. The goal of the SILMAG investigation was to
measure the crustal magnetic field on the lunar surface and of the LRA was to help determine
precise localization of the landing site and support orbiting lunar spacecraft in the future by
initiating the setup of a surface navigation system. SILMAG data were expected to be recorded
in two modes: 10 Hz and 0.625 Hz, the latter representing 16-measurement averages of the
former. In addition, six 8-megapixel CCD cameras (5 panoramic cameras and a self-pointing
camera) were integrated on the spacecraft, intended to acquire images for public engagement
and scientific interpretation of the landing site. Data acquisition was planned during orbit and
landing trajectory, providing a unique data set at low altitude. Although the likely velocity
of the crash resulted in a total loss on impact with the lunar surface, there was hope that the
retroreflector survived. The LRO NAC imaged the crash site and the LRO LOLA instrument
directed lasers there, but the reflector was not found.

3.13. Chandrayaan-2

On July 22, 2019, ISRO launched a second lunar mission, Chandrayaan-2 (Ch-2),
which included an orbiter, lander and solar powered rover component (Mylswamy et al. 2012;
Vanitha et al. 2020). The orbiter achieved orbital insertion on 20" August 2019, and was put
into a 100 km polar orbit. The spacecraft carried eight orbital scientific packages (Table 13)
to study surface geology via chemical mapping (the Chandrayaan-2 Large Area Soft X-ray
Spectrometer: Narendranath et al. 2014; Radhakrishna et al. 2020), mineralogy mapping (the
Imaging IR Spectrometer: Chowdhury et al. 2020a), and determination of regolith structure
and surface geomorphology (the Dual Frequency L and S band Synthetic Aperture Radar:
Putrevu et al. 2020, the Terrain Mapping Camera-2: Chowdhury et al. 2020b, and the Orbiter
High Resolution Camera: Chowdhury et al. 2020c). Two other science packages were designed
to look at the electron density (Dual Frequency Radio Science experiment: Choudhary et al.
2020) and chemistry (the Chandrayaan-2 Atmospheric Compositional Explorer 2: Das et al.
2020) of the lunar ionosphere and exosphere. The Ch-2 orbiter remains active at this time.

The lander and rover, called Vikram and Pragyan, were intended to land and operate near
the south pole at ~70° S (Sinha et al. 2020). The lander was equipped with a seismometer
package and a NASA-provided laser retroreflector unit to become part of the Moon-wide
retroreflector network (Vanitha et al. 2020). The rover was intended to last for a 14-day
traverse carrying two different instruments for mapping surface chemistry including a Laser
induced Breakdown Spectroscope and an Alpha Particle Induced X-ray Spectroscope (Vanitha
et al. 2020). However, both vehicles were lost during descent from the spacecraft on the 6™
September 2019. Data from the LROC NAC camera (see above) were used to identify the lunar
crash site and debris field at 70.8810° S, 22.7840° E (http://Iroc.sese.asu.edu/posts/1131).
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Table 13. Chandrayaan-2 orbiter instruments (Choudhary et al. 2020: Chowdhury et al. 2020a,b,c,d;
Das et al. 2020; Radhakrishna et al. 2020; Vadawale et al. 2014; Vanitha et al. 2020).

Instrument

Goal

Capability

Chandrayaan-2 Large Area Soft
X-ray Spectrometer

(CLASS) and

Solar X-ray monitor

(XSM)

Elemental composition of
the lunar surface

12.5 km/pixel;

6 swept charge devices (SCDs)
operating in the energy range
0.8-15 keV

Dual Frequency L and S band
Synthetic Aperture Radar
(DFSAR)

Imaging IR Spectrometer
(IIRS)

Chandrayaan-2 Atmospheric
Compositional Explorer 2
(ChACE-2)

Mapping lunar regolith and
identification of water ice
at poles

Mapping of minerals and
OH feature in regolith

Lunar exosphere

Silicon Drift Detector (SDD), energy
range of 1-15 keV with energy
resolution ~200 eV @ 5.9 keV

~250 channels, 0.8 um to 5 um spectral
resolution, 80 m/pixel

Quadrupole Mass Analyzer, mass range
1-300 amu with mass resolution of
0.5 amu

Terrain Mapping Camera-2
(TMC-2)

Surface imaging, Stereo-
derived topography of the
lunar surface

Panchromatic, 0.4—0.85 microns;
5 m/pixel

Radio Anatomy of Moon Bound
Hypersensitive Ionosphere and
Atmosphere

Studies of electron density
in the lunar ionosphere

Dual Frequency Radio Science
experiment: 20 MHz evacuated
miniaturized crystal oscillator

source, ~10—11 stability, signals at
X (8496 MHz) and S (2240 MHz) band
radio frequencies

Panchromatic, 0.4-0.8 microns;
30 cm/pixel

Orbiter High Resolution Camera
(OHRC)

Surface imaging in detail,
mapping

3.14. Chang’E 5

On November 24, 2020, CNSA launched a fifth lunar mission, Chang’E 5 (CE5), which
was a sample return mission to target relatively young mare basalts (e.g., Ling et al. 2017;
Qian et al. 2021a,b), and consisted of four components: orbiter, lander, ascender, and returner
(Zhou et al. 2022). The lander-ascender combination touched down in the Mons Riimker
region of Oceanus Procellarum (43.06° N, 51.92° W) on 1 December 2020. The lander
contained a robotic arm with a sampling scoop and a drill to collect surface and subsurface
samples, respectively. With sampling complete and the samples transferred to the ascender,
launch from the lunar surface occurred on December 3, 2020. The ascender docked with the
Earth-return vehicle in lunar orbit on December 5, 2020 and transferred the sample container.
The components undocked on December 7, 2020, with the returner landing successfully in
Mongolia on December 16, 2020 (Zhou et al. 2022); these were the first samples returned from
the Moon since those of Luna 24 in 1976. The Chang’E 5 orbiter was successfully captured at
the Sun—Earth Lagrange point 1 (L1) on March 15, 2021. It made a lunar flyby on 9 September,
2021, and at the time of writing is thought to now be in a lunar distant retrograde orbit.

The main goals of the mission were to land on the lunar surface, collect ~2 kg of lunar
regolith samples from depths up to ~2 m through gathering and drilling, return the samples
back to Earth, and study the samples in terrestrial laboratories. A total of 1,731 g of sample
were returned. Two science objectives were also identified (Zhou et al. 2022): i) Carry out in
situ exploration in sample collection area, provide the evidence to selectively collect samples
and establish the connection between the data acquired on the Moon and that analyzed in
the ground laboratory. ii) Conduct systematic and long-term study of the lunar samples in
terrestrial laboratories, analyze the structure, physical properties and substance composition
of lunar samples and research the origin and evolution history of the Moon.
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Four scientific payloads were on the lander: Landing Cameras (LCAM), Panoramic
Camera (PCAM), a visible and near-infrared Lunar Mineralogical Spectrometer (LMS)
and Lunar Regolith Penetrating Radar (LRPR). LCAM was a complementary metal oxide
semiconductor (CMOS) descent imager operating at 1 image/second in two modes: mode 1
had a 2352 x 1728-pixel image and a compression ratio of 4:1, and mode 2 had a 1024 x
1024-pixel image and a compression ratio 8:1. PCAM consisted of two CMOS color imagers
spaced 270 mm apart for stereo imaging; it operated over a visible wavelength (420-700 nm)
color range with a 2352 x 1728-pixel sensor. The LRPR was an ultra-wideband ground
penetrating radar array with 12 bow-tie antennas and a 1 to 3 GHz operating frequency,
mounted around a drill ~90 cm above the ground. The LRPR had a vertical spatial resolution
of <5 cm and a detection distance of > 2m (Xiao et al. 2019). The LMS covered the spectral
range of 480 to 3200 nm, with a spectral resolution of 5 to 25 nm, a 3° x 3° field of view, and
acousto-optic tunable filters (Cai et al. 2019). Very long baseline interferometry (VLBI) and
Unified X-band (UXB) was conducted using the lander to accurately determine the position of
the lander on the Moon (Wang et al. 2021).

To date, basalt ages of 1963 + 57 million years (Che et al. 2021) and 2,030 % 4 million
years (Li et al. 2021) have been reported. A variety of evolved basaltic materials have also
been identified (He et al. 2022; Qi et al. 2022), including low- and relatively high-Ti basalts,
and ~120 ppm water was detected by the LMS on the lunar surface attributed to solar wind
implantation (Lin et al. 2022). However, the mantle source for the Chang’E 5 basalts is
considered to be relatively dry (Hu et al. 2021) and relatively free of KREEP (Tian et al. 2021).

4. FUTURE LUNAR MISSIONS: 2020 AND BEYOND

The year 2020 marked a new resurgence of lunar exploration (Table 14), with more than 25
new missions planned by the U.S. and international teams. We present a snapshot of these plans
at the time of writing, but it is important to note that plans for lunar exploration are changing
rapidly, the dates noted below may be delayed, and missions may come and go as circumstances
change. A variety of lunar orbital, landed robotic, and human space and surface exploration
scenarios are envisioned (e.g., Crawford et al. 2012; Crawford and Joy 2014; Lunar Exploration
Analysis Group 2016a, 2017, 2018a,b; International Space Exploration Coordination Group
2018a,b, 2020; National Aeronautics and Space Administration 2018, 2020). The NASA Lunar
Reconnaissance Orbiter (LRO) spacecraft and instrument suite are the major dedicated lunar
remote sensing mission currently operating. Its current extended mission is funded through
2025, but it has the fuel to run for several years beyond that and the plan (Petro et al. 2019) is to
continue the mission to gather data in support of the next generation of lunar missions.

India has plans for a series of lunar expeditions as well and ISRO has announced a
Chandrayaan-3 mission in ~2023 to demonstrate lunar landing and roving capabilities. ISRO
intends to partner with Japan’s JAXA on a future joint polar exploration mission called the
Lunar Polar Exploration (LUPEX) Mission in ~2025.

China has an active, robust, and exciting plan of lunar exploration, called China’s Lunar
Exploration Program (CLEP) and nicknamed the Chang’E Project, that builds on earlier and
current Chang’E missions and extending well into the future. The pioneering Chang’E-4
lander and rover are meeting major exploration goals such as landing for the first time on the
lunar far side, surviving multiple lunar nights, and driving across the lunar surface. The next
planned missions add logical challenges: Chang’E-6 will return far side samples, Chang’E-7
will explore for ice at the lunar south pole, and Chang’E-8 will help to advance technologies
for a lunar base. (Note that the numbering of these missions will depend on the success of
earlier spacecraft; new missions will simply repurpose backup spacecraft for later missions.)
Sometime in the 2020’s, CNSA plans to develop a lunar research station, and then to establish
a lunar base in 2030’s (e.g., Xu et al. 2018; Zhao and Wang 2019).
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Japan’s JAXA has plans for new missions to the Moon to take place over the next 5 years
or so. In 2023, JAXA plans to launch the Smart Lander for Investigating the Moon (SLIM)
mission, a demonstration of precision landing technology (with accuracy of £100 m; Ohtake
et al. 2018). The SLIM carries one scientific instrument (a multiband camera); it is planned to
land near Shioli, a small crater located northwest of Mare Nectaris on the near side (Ohtake et
al. 2019). JAXA is also planning the Lunar Polar Exploration Mission (LUPEX) jointly with
ISRO, which consists of a lander and a rover operating at a polar site. LUPEX is scheduled
to launch in 2025. JAXA is also studying the Demonstration and Experiment of Space
Technology for INterplanetary voYage Phaethon fLyby dUSt science (DESTINY+) mission
as a lunar flyby on the way to study asteroid 3200 Phaethon (e.g., Kriiger et al. 2019).

NASA’s plans for lunar exploration are changing rapidly. In one report (National
Aeronautics and Space Administration 2018), NASA has five space exploration goals: to hand
over low earth orbit (LEO) operations to commercial entities; build capabilities to support lunar
surface operations; send prospecting robots to the Moon; establish a new human presence on
the Moon; and demonstrate how humans might get to Mars. NASA recently released its Artemis
Plan (NASA 2020) which describes the architecture by which it will return humans to the
lunar surface. This includes a Lunar Gateway (formerly known as the Lunar Orbital Platform-
Gateway, or the Deep Space Gateway), a robotic orbiting platform designed to support lunar
surface exploration and involving participation from public and private partnerships and other
nations, from which other exploration may extend to the Moon’s surface, Mars, and asteroid
targets (National Aeronautics and Space Administration 2018). The Artemis plan includes
Artemis 1, flying an uncrewed Orion capsule to lunar orbit in 2022, and Artemis 2 in 2024
which will send a crewed Orion around the Moon. These are to be followed by Artemis 3
(2025) which will send “the first woman and next man” (e.g., National Aeronautics and Space
Administration 2020) to the surface of the south polar region of the Moon.

In partnership with the German Aerospace Center (DLR) and the Israel Space Agency
(ISA) (in conjunction with StemRad and Lockheed Martin) Artemis 1 will carry the Matroshka
AstroRad Radiation Experiment (MARE; Gaza et al. 2018) on Orion, which will measure
the effects of radiation on human tissue. Secondary payloads on the Space Launch System
(SLS) for Artemis 1 include thirteen small satellites (CubeSats), four of which (Table 14) will
involve lunar exploration (i.e., LunaH-Map, Hardgrove et al. 2020; Lunar Ice Cube, Clark et
al. 2019; LunIR, Clark 2018, and JAXA’s OMOTENASHI or Outstanding MOon exploration
TEchnologies demonstrated by NAnoSemi-Hard Impactor, Hashimoto et al. 2017). Lunar
Flashlight, a planned CubeSat lunar orbiter mission intended to find and characterize water
ice deposits on the Moon (Cohen et al. 2017, 2020), is scheduled for launch in 2023. Another
NASA program, Small Innovative Missions for Planetary Exploration (SIMPLEX), selected
the Lunar Trailblazer mission concept that has a lunar orbiter with instruments designed to,
among other things, detect and study water on the Moon (Ehlmann et al. 2020).

The Korea Aerospace Research Institute (KARI) of South Korea is planning to launch
the Korea Pathfinder Lunar Orbiter (KPLO) in 2022 to orbit the Moon for one year (Korean
National Committee for COSPAR 2020; Song et al. 2021) with a payload of South Korean
instruments with one U.S. contributed instrument. Objectives of KPLO are to demonstrate a
“space internet,” conduct scientific investigations of the lunar environment, topography, and
resources, and to identify potential landing sites for future missions. The KARI instruments
include a Lunar Terrain Imager (LUTI), a Wide-Angle Polarimetric Camera (PolCam) (Jeong
etal. 2020), a Magnetometer (KMAG) (Shin et al. 2019), a Gamma-Ray Spectrometer (KGRS),
a Delay-Tolerant Networking experiment (DTNPL). NASA’s instrument is the ShadowCam
imager (Robinson et al. 2017, 2022), which is a focused investigation of the Moon’s
permanently shadowed regions (PSRs) that will provide information about the distribution
and accessibility of volatiles in PSRs. The second phase of lunar exploration currently under
study by KARI is expected to include a lunar orbiter, lander, and a rover.
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Table 14. Recent agency lunar missions under development or under study (e.g., ISECG 2018a).

Target
Mission Origin Launch Objectives
Recent

Artemis 1 USA 2022 Launch 4 lunar Cubesats

Lunar Polar Hydrogen Mapper USA 2022 Polar hydrogen mapping (CubeSat)

(LunaH-Map)

Lunar Ice Cube USA 2022 Map volatiles and water across the Moon
(CubeSat)

LunIR USA 2022 Flyby for spectral and thermal mapping
(CubeSat)

OMOTENASHI Japan 2022 CubeSat lunar impactor (spacecraft failure)

Korea Pathfinder Lunar Orbiter Korea 2022 Lunar orbiter, 6 science payloads

(KPLO)

Lunar Flashlight USA 2022 Map South Polar volatiles in shadowed craters
(CubeSat)

Chandrayaan-3 India 2023 Lunar rover, lander

Smart Lander for Investigating Japan 2023 Precision landing, mineralogy of landing site

the Moon (SLIM)

Luna 25 Russia 2023 Soft lander, south pole (failed)

Under development

Lunar TrailBlazer USA 2024 Orbiter

Volatiles Investigating Polar USA 2024 Lunar polar water, drilling (CLPS)

Exploration Rover (VIPER)

Artemis 2 USA 2024 Test of Orion spacecraft on lunar trajectory
(crewed)

Chang’E-6 China 2024 Soft lander (far side), sample return

DESTINY+ Japan— 2025 Lunar flyby, solar electric propulsion

Germany demonstration

Lunar Gateway USA 2025 Multipurpose orbiting platform to support lunar
surface exploration

Lunar Polar Exploration Mission  Japan/India 2026 Lunar polar water

(LUPEX) or Chandrayaan-4 (latest)

Artemis 3 USA 2025 Lunar landing (crewed)

Chang’E-7 China 2026 Soft lander (lunar south polar site), search for
water ice

Under study

ISRU demonstration mission 1 ESA 20257 Prospect for potential lunar resources

Luna 26 Russia/China 2027? Orbiter

Luna 27 Russia/ESA 2028? Soft lander (south pole)

Chang’E-8 China 2028? Soft lander (far side, SPA site) to test
technologies for base construction

ISRU demonstration mission 2 ESA 20287 Demonstrate end to end production of oxygen
or water

Orel Russia 20297 Lunar orbit (crewed)

Luna 28 Russia/ESA 2030? Soft lander (South Polar), sample return

(earliest)
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Following the successful Luna 24 sample-return mission in 1976, Russia plans to launch a
series of orbiters and landers starting in 2023 with Luna 25 (Mitrofanov et al. 2012: Djachkova
et al. 2017), a lander designed to land at the lunar south pole and analyze regolith in situ.
Reports from the Russian Space Research Institute indicate that Luna 26 will be an orbiter to
study the Moon from a 50 to 100 km altitude, and Luna 27 will be a south polar lander that
may involve a drill and sampling device. Luna 28 is planned to be a sample return mission
from a south polar site. A new spacecraft, Orel, is also under development to support crew in
space; a 2025 test flight is planned.

The Director General of the European Space Agency (ESA) has advocated for a “Moon
Village” (Worner and Foing 2016; Crawford 2017), a vision of collaborative activity at the
Moon by diverse actors, including public and private, for multiple uses by multiple users.
ESA’s plans for human and robotic exploration activities at the Moon are focused on delivering
science and societal benefits through international cooperation on missions with international
and commercial partners. ESA is providing the European Service Module to NASA’s Orion
crewed vehicle and plans to contribute to the Lunar Gateway. ESA is providing the Package for
Resource Observation and in-Situ Prospecting for Exploration, Commercial exploitation and
Transportation (PROSPECT). This package to access and assess potential resources on the Moon
and to prepare technologies that may be used to extract these resources in the future. PROSPECT’s
drill (ProSEED) will acquire samples from the subsurface that will be passed to the chemical
laboratory (ProSPA) where they will be heated to extract any cold-trapped volatiles (Barber et
al. 2019; Sefton-Nash et al. 2019). ESA is collaborating with Surrey Satellite Technologies to
deliver a commercial communications relay service at the Moon, provide payloads to partner
led missions and develop an ESA cargo lander capability in the late-2020s. An In Situ Resource
Utilization (ISRU) preparation campaign (Carpenter et al. 2016; Binns et al. 2018) is also being
studied, using commercially procured landers and rovers to prospect potential resources and test
technologies to allow ISRU to be implemented in future human missions.

In 2018 NASA initiated the Commercial Lunar Payload Services (CLPS) program to
spur the market for commercial delivery of payloads to the lunar surface. There are currently
14 companies on the CLPS catalog who can compete for a delivery when NASA releases a
delivery task order. These task orders state the payload that NASA wants delivered as well
as other pertinent information such as desired landing location, and instrument interfaces and
operational requirements. NASA plans to conduct approximately two CLPS deliveries per year,
beginning in 2021. To date, four CLPS delivery task orders have been awarded (Table 14).
In 2021 Astrobotic will carry 11 payloads to Lacus Mortis on the central near side of the Moon,
and Intuitive Machines will carry five payloads to Oceanus Procellarum on the western near side.
In December 2022 Masten Space Systems is scheduled to deliver 9 payloads to lunar south pole.
NASA'’s Volatiles Investigating Polar Exploration Rover (VIPER) rover will also be delivered
by a CLPS company, with Astrobotic chosen to deliver VIPER to the lunar south pole in 2023.

In addition to CLPS, other companies have expressed an intention to offer customers the
ability to have payloads delivered to the lunar surface. A Japanese company, iSpace, currently
has two missions planned (Table 15).

5. NEXT STEPS TO THE MOON

We have outlined the instruments and capabilities of lunar missions operating since 2006,
and briefly summarized their major exploration and scientific results. Details of these results
can be found in the chapters to follow.

It is clear that the world’s space agencies and many private engineering teams are serious
aboutreturning to the Moon and staying there. The 27 international space agencies/organizations
participating in the International Space Exploration Coordination Group (ISECG) advanced a
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Table 15. Private and/or agency partnership lunar missions, recent and under development

Target
Lander / Mission Origin Launch Objectives
Recent
Hakuto-R Mission 1 iSpace (Japan) 2022 Lunar lander
Under development
Peregrine Astrobotic Technology (USA) 2023 CLPS Lander (Gruithuisen)
Griffin lander / VIPER  Astrobotic Technology (USA) 2024 CLPS South polar rover
Nova-C (IM1) Intuitive Machines 2024 CLPS South Pole
Nova-C (IM2 or Intuitive Machines 2024 CLPS Lander (lunar south pole)
PRIME-1)
Nova-C (IM3) Intuitive Machines 2024 CLPS Lander (Reiner Gamma)
Blue Ghost (M1) Firefly Aerospace 2024 CLPS Lander (Mare Crisium)
Hakuto-R Mission 2 iSpace (Japan) 2024 Lunar lander, rover
Blue Ghost (M2) Firefly Aerospace 2026 CLPS Lander

long-range international exploration strategy to expand human presence into the Solar System,
as outlined in the Global Exploration Roadmap (GER; ISECG 2018a). To facilitate human and
robotic exploration of destinations where humans may one day live and work, the roadmap
lays out future exploration plans beginning with the International Space Station, proceeding
to the Moon, and leads to human missions to explore Mars. In consultation with the Global
Science Community, ISECG also prepared a report describing the science enabled by the
Global Exploration Roadmap (ISECG 2018b) and in 2020 a supplement was issued as an
update to the GER plan (ISECG 2020).

A widely acknowledged report prepared in the USA by the National Research Council
(National Research Council or NRC 2007) described major scientific areas for research on the
Moon and has been the basis of several more recent activities by the lunar science community,
organized through the Lunar Exploration Analysis Group (LEAG 2016a,b, 2018a,b), to
characterize our current understanding of lunar science and to outline the next logical steps for
exploration of the Moon. These discussions addressed lunar science in 8§ key areas:

1. Bombardment history of the inner Solar System;
Structure and composition of the lunar interior and lunar evolution;
Planetary surface processes and the nature of lunar crustal rocks;

The lunar polar environments and volatile flux in the Solar System;

Impact processes, their manifestation, ages and evolution of planetary surfaces;

2
3
4
5. Lunar volcanism and the compositional and thermal history of the Moon;
6
7. Regolith development and evolution; and

8

The lunar atmosphere and dust environment.

Many recent achievements in lunar science and exploration were recognized by a LEAG
team in 2016 and remaining “strategic knowledge gaps” (SKGs) were identified (LEAG
2016b) as major near-term goals of a lunar human exploration strategy. The next follow-up
LEAG report (LEAG 2018a) outlined the progress made towards achieving the goals of the
2007 NRC report. Although it was acknowledged that significant progress has been made in
all key research areas (listed below), none of these goals are thought to be “complete” and so
are not eligible to be retired.
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10.

Progress on understanding the bombardment history of the inner Solar System
requires surface exploration, including in situ dating of samples and the return of
samples for more sophisticated analysis. Comprehensive modeling is needed to tie
data from such studies to specific lunar sites through compositional analysis of impact
melts, petrology and geochemistry investigations, and detailed geochronology of
impact melt samples.

Progress in expanding our knowledge of planetary differentiation can be made by
the emplacement of instruments such as a simultaneous, globally distributed seismic
and heat flow network and/or an expanded retroreflector network, as well as strategic
collection of samples from terrains of different ages that can provide constraints on
lunar geochemistry and new information on the history of the lunar dynamo.

Lunar crustal studies can be advanced through acquisition of compositional
information at higher spatial resolutions, the return of samples from high-priority
targets, in situ elemental and mineralogical analyses as well as regional seismic
networks to determine vertical structure, and geologic fieldwork by astronauts.

The lunar polar environments are key to understanding the volatile flux over the
latter part of Solar System history, but a better understanding volatile source(s),
their detailed compositions, and the ancient solar environment, will require in situ
analyses and the return of cryogenically preserved samples.

Advances in understanding planetary volcanism would come from subsurface
sounding, sample return from deposits such as the youngest and oldest basalts and
pyroclastic deposits, in situ elemental and mineralogical analyses, and astronaut field
work that could include core drilling, active subsurface sounding, and sampling of a
complete sequence of basalt flows.

Lunar impact processes could be addressed by studies of large-scale melt deposits at
older basins, the establishment of regional seismic networks at multi-ringed basins,
field studies and sample return from impact melt sheets and peak rings, and long-
duration orbital observations.

Improved characterization of regolith processes and weathering on airless bodies
would come from sounding to reveal the upper stratigraphy of the regolith, sample
return from ancient stratigraphically preserved regoliths and from paleoregoliths,
and by in situ analyses and targeted sample return from areas such as lunar swirls.

Investigations of the lunar atmosphere and dust environment identification of the
sources of mid-latitude surface hydroxyl and water, determination of whether
hydrogen products migrate poleward to the cold trap reservoirs, exploration of the
near-surface electrostatic lofting of dust associated with plasma anomalies/voids in
locations such as polar craters, magnetic anomalies, and the night-side terminator,
systematic detection of trace volatile species (e.g., water, OH, hydrocarbon) in the
exosphere.

Several new encompassing research concepts also were identified for future research,
including the lunar volatile cycle, the origin of the Moon, and lunar tectonism and
seismicity.

Finally, establishing a robust capability for lunar surface access and operations will
enable advances in areas such as radio astronomy, through emplacement of a radio
telescope on the lunar far side by robots and/or human explorers.

The second follow-up LEAG report (LEAG 2018b) expanded on the first report and
addressed the next steps to be made to return to the Moon with robots in the next 5 years
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and developed concepts for future lunar exploration missions. The same key lunar science
questions provided an exploration focus, especially as they enable missions such as those
addressing sample return (a theme that appears repeatedly), rover surface operations, and
landed instrument packages. The opportunity for commercial synergies was also recognized,
with several key contributions highlighted:

1. Providing communications relay services in support of surface exploration, surface
delivery services, sample return missions, and base stations supporting communica-
tions, power, and other utilities to surface assets.

2. Utilization of the current orbiter, LRO, for supporting site selection and surface
operations is vital.

3. New orbital missions would provide global compositional mapping at multiple
wavelengths and at higher resolution than have previous missions, maps of major
and minor elements via X-ray spectrometry and of hydrogen and other volatiles
through bi-static radar and laser instruments, subsurface exploration through im-
pactors, as well as relay satellites and navigational support.

4. Landed missions would support in situ studies of volatiles, plasma and electrical
properties at the poles and, through a seismic network, a characterization of the
lunar interior.

5. Missions with rovers and hoppers would contribute significantly to a host of lunar
science and exploration objectives, through support of studies of features such as
magnetic anomalies, lava tubes, the youngest basalts, thrust faults, and in situ age
dating of key stratigraphic layers on the Moon.

In conclusion, the advances in scientific knowledge arising from recent lunar missions,
reanalysis of older data, modeling, and sample analysis have produced dramatic results,
leading to new questions about the nature, origin, and evolution of the Moon. As described in
the pages that follow, the lunar science and exploration communities continue active research
and analysis of data from these recent and legacy missions, the returns from Apollo and Luna
samples, and those from lunar meteorites. Further progress will depend on the implementation
of new robotic and human missions to the Moon as a new era of lunar exploration begins.
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APPENDIX—RECENT DEVELOPMENTS

e ISRO, the Indian Space Research Organization, indicated a launch in 2023 for Chandray-
aan-3.

* NASA is moving forward with planned launches for Artemis 1, 2 and 3, with the un-
crewed Artemis 1 mission launching toward the end of 2022. This mission carried 3 Cube-
Sats for lunar exploration—LunaH-Map, Lunar Ice Cube, LunIR. A fourth lunar CubeSat,
Lunar Flashlight, launched in 2022 on the Hakuto-R mission. Artemis 2 and 3, the first
crewed and first landed human missions in the series, respectively, are planned for later in
the decade.

e In April 2022 the European Space Agency (ESA) announced via press release that it will
no longer be collaborating with Russia on the Luna 27 and 28 mission. The PROSPECT
payload will instead be deployed on a forthcoming NASA CLPS mission.

*  CNSA, the Chinese National Space Administration, has announced plans for launch dates
in 2025 for Chang’E-6 and 2026 for Chang’E 7.

ELECTRONIC ANNEX

Figures and tables referred to by the prefix “EA” are in an electronic annex available at https://apenninus.u-
aizu.ac.jp/NVM2-EA html






