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Abstract

Forty years after the first spacecraft entered lumabit, the gravitational field of the lunar
farside remains poorly known, because spacecraiftdwer the farside cannot be tracked from
Earth. Current farside gravity maps are based mdirect information; they are not very precise
and their reliability is uncertain. A complete, mdable lunar gravity map would aid both
lunar science and lunar mission engineering. Tleethwvay to achieve this—often proposed,
never flown—is with an orbiter plus a subsatelld®ing continuous inter-spacecraft tracking,
and recording data when out of touch with Earth.

Lunette is a 5 kg gravity-mapping payload, includia 3.5 kg subsatellite derived from the
current CanX nanosatellites. It is meant to flyare of the larger lunar-orbiter missions now
being planned. The subsatellite includes attitadetrol, imaging, station-keeping/maneuvering
propulsion, and a radio transponder for tracking Hye electronics package on the parent
spacecraft. Six months of formation flying willoduce a reliable global gravity map with
guality matching current nearside-only maps, anchlomeasurements—better than any current
data—of selected areas of interest.

An alternative, more challenging, concept gets Isintiesults with an all-Canadian mission: a
pair of nanosatellites, delivered to lunar orbither by “piggybacking” on a larger mission or
by a small independent propulsion package. Pasdibhette follow-ons include a lunar gravity-
mapper microsatellite (with gravity gradiometer amaker altimeter), and gravity-mapping
payloads for asteroid-rendezvous missions.

Introduction
Return To The Moon

After several decades of neglect, interest in lusgrloration has revived considerably in the last f
years. Most spectacularly, NASA's recent massiviét ®f emphasis has focused its attention on
resuming lunar exploration, with unmanned missi@ss precursors to later manned flights. Less
prominently, the European Space Agency's SMART<¢hrielogy-demonstrator mission is currently
completing its mission in lunar orbit, and Japarplanning a pair of lunar missions (although their
schedules unfortunately keep slipping). More eséng yet, India and China—two nations which have
not previously shown an interest in planetary esailon—have chosen lunar orbiters as their first
projects beyond Earth orbit.

Despite the revival of interest, even unmanned riun@sions continue to have a reputation for being
costly, with budgets typically of hundreds of nahis of US$. For example, SMART-1, considered an
unusually inexpensive project by ESA, is costingrodS$120M, not including instrument development.
Even NASA's fairly-simple “Lunar crasher” LCROSS sgion (to launch as a secondary payload with
Lunar Reconnaissance Orbiter in 2008) is expecedst US$80M (not including its launch cost). Vehil

the “small-satellite revolution” of the past decaues started to produce space science missiorsnin |

Earth orbit with extraordinarily low costs (e.ghet MOST space astronomy microsat mission, the
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development of which was led by several of usStibrany and Carroll, 2000), it has not yet madelit
visible in lunar exploration. However, recent m&ab and nanosat technology developments can now
enable well-chosen goals in lunar science and extm to be met at much lower costs.

Most of theeasygoals of lunar exploration and science have beenaineady, or are likely to be met
soon by one of the several lunar orbiters now mdnnOpportunities for small satellites to conttéu
useful results in obvious areas like imaging arev very limited. However, more specialized goals
remain unmet, and some of them appear suitableni@ail spacecraft. We have identified one such,goal
offering an opportunity for a lunar nanosatellite €nd a follow-on microsatellite to do leading-edg
work, contributing to lunar science, lunar explaat and engineering of future lunar missions.

Gravity Mapping

Many forms of remote sensing have been used toy stuel Moon, but few of them are practical for
studying the lunamterior. Optical and near-optical techniques study roypghé top millimeter of the
surface. Gamma-ray and neutron spectroscopy candweovn to depth of a meter or two. The Moon is a
particularly favorable target for penetrating radance its extremely dry regolith transmits radiaves
quite well, but even so, a depth of a few kilomgierthe most that can be expected.

Gravity mappingis a remote-sensing technique that has some uriduantages. Most notably, it is
extremely penetrating (nothing blocks gravity), asdoutinely used to study from near-surface depth
right down to planetary cores. Gravity's view mifeirnal structures is inherently blurred by disegrizut
even so, it reveals the interior of planetary bsdie few other techniques can. Its only major aiitgy

is seismology, but that requires instrument packagmplaced on the surface, and for the Moon in
particular, seismology is badly hampered by the Meguiet interior: moonquakes are few and slight,
and substantial impacts are rare, making it diffitm study the lunar interior by listening. Grigwvidoes
not have those problems.

The Moon's gravitational field is quite irregulah@n examined closely, much more so than Earthés, an
carries considerable information about the interiotn particular, it is distorted by large mass
concentrations— “mascons”—Ilocated below many ofrttagor impact basins. Good-quality maps of the
lunar gravitational field have major potential ugescience, exploration, and mission engineering.
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Gravity data is one of the major potential sourcksformation for the study of lunar geophysicglan
geology, most notably the puzzling nature of thescoas, and the still-unsolved mystery of how much
the lunar nearside and farside differ and why. ghéntheories of the origin of mascons by magma
flooding of impact basins have great difficulty &dping the farside's South Pole Aitken basin, Whig
unflooded (and shows no mascon) despite beingatigedt, deepest, and probably oldest impact basin o
the Moon (Arkani-Hamed, 1999; Arkani-Hamed and BPeost, 2001). Traditional theories attempting to
explain why the mascons have not sunk deeper adnterior seem to require a very strong lunastcru
forming very early (Reindler and Arkani-Hamed, 2G&hich is not easy to reconcile with models @ th
Moon's thermal evolution. Even such a simple doestf lunar geology as whether the crust really is
thicker on the farside than on the nearside—whiab long been the accepted theory, but doubts have
been raised about it recently (Arkani-Hamed, Sjogrand Konopliv, 1999)—could be definitively
resolved by good gravity mapping. (Figure showsdrncrustal thickness inferred from Lunar Prospecto
gravity data, illustrating the putative nearsideside dichotomy.)

As we discuss below, the single biggest problemunfent lunar gravity maps is that the map quatity
very much worse for the farside than for the nelasand so there is considerable uncertainty about
whether apparent nearside/farside differences sed¢he maps areeal. For scientific purposes, the
highest priority for gravity mapping is a uniformogal map free of “artifacts” introduced by data
analysis. More detailed maps of important locabar such as the South Pole Aitken basin and séme o
the more unusual farside mascons, would also Eutel

Lunar exploration would also benefit from good diawmaps, mostly high-resolution local maps of area
considered interesting for manned activities. Logavity maps are extensively used on Earth for
locating mineral resources, and should have simig®s on the Moon. They also have possible uses in
locating subsurface physical features of interesth as large lava tubes that might be good plfaces
construction of naturally-sheltered bases.

Finally, mission engineering for lunar spacecrafiemtly wants good gravity maps of the Moon. Most
notably, both mission planning and mission operetifor lunar orbiters would benefit from accurate
orbit prediction, which is extremely difficult irhé Moon's lumpy gravitational field. This is espdigi
true for low Lunar orbits, which mascons perturkesely, and for which the difference between a well
chosen and poorly-chosen orbit can mean a largerelifce in orbit-maintenance propellant consumption
or (for a satellite without propulsive capabilitg)short orbital life before crashing. More subtyen
lunar landing missions need good gravity data: poduit prediction contributed to Apollo 11
overshooting its intended landing site by 8 km.r Fission engineering, like science, the main [igior
is high-quality uniform global maps. Long-term wrbtability predictions, and the finding of stable
orbits, are particularly sensitive to data quality.

Odd though it may seem, despite extensive effortbdih early and recent lunar missions, the Moon's
gravity field is quite poorly mapped. There is@portunity here for a very small spacecraft torove
the situation greatly.

Past Work

When spacecraft began orbiting the Moon, in the-1860s, it became obvious that the Moon's
gravitational field is quite “lumpy” compared to fads. NASA's Lunar Orbiter project discovered the
lunar mascons (Muller and Sjogren, 1968), and itisedttempts at lunar gravity maps used Lunar @rbi
tracking data. Even then, it was quickly obviobattthe impossibility of ground tracking of spaedtr
over the lunar farside was a problem for mappikgirfg line-of-sight radio signals, radio trackinglw
not work when a Lunar satellite “sets” behind thedvl as seen from tracking stations on Earth; riacgall
that one side of the Moon always faces the Earril,the non-Earth-facing farside over which s@ts
cannot be tracked from Earth.)



The Apollo manned missions supplied some furthecking data, as well as a clear indication of its
practical importance: making pin-point landinggeg-selected points using pre-calculated orbityguio
impossible, because of the uncertainties aboutgtheitational field over the farside. Apollo fligh
controllers found it necessary to do hasty lastutdrracking as the Lunar Module came into viewlyea

in its landing approach, and insert a final coiecto take out orbit errors introduced over thesitde.
(The simplest way to insert the correction turnetl to be lying to the guidance software, tellingndt
that there was an error in its spacecraft posigistimate, but that thending sitehad moved!) There
were also one or two occasions during Apollo missizvhen unplanned orbit corrections were needed,
because a low orbit was gettitap low due to unexpected perturbations.

Unfortunately, gravity mapping from Lunar OrbitencaApollo data was limited by poor data quality:
both types of spacecraft frequently fired thrustersattitude control, and the small orbit distunbas that
resulted injected considerable noise into the ¢yadata. One attempt to deal with this was made by
Apollos 15 and 16: those two flights released smailh-stabilized “subsatellites” which did not hatés
problem. Unfortunately, tracking support for thebsatellites was rather sparse—tracking was done
periodically rather than continuously—and their it'bwere not ideal for mapping. The Apollo 16
subsatellite, in particular, was released in a pobit due to spacecraft problems, and it crashéml the
lunar surface after only 35 days—a graphic dematistr of the irregularities of the lunar gravitatad
field. (The Apollo 15 subsatellite lasted aboubtyears before crashing.)

Even the subsatellites, however, could not be gdaver the lunar farside. Despite the suggesiivee,
they were not tracked from the main Apollo spackcomly from the Earth. One of this paper's ausho
(J. A.-H.), together with W.L. Sjogren of JPL, irstigated putting gair of subsatellites on Apollo 18,
with a tracking link between them; unfortunatelpatt proposal was stillborn when Apollo 18 was
canceled in mid-1970.

The ensuing long hiatus in lunar exploration wamlfy broken in 1994 by the Clementine mission
(Nozetteet al, 1994). Clementine was tracked extensively duiisghree months in lunar polar orbit,
but its relatively high orbit greatly reduced iensitivity to local gravity irregularities. The &hentine
data did improve lunar gravity models, but the ioygments were modest. There was no farside
tracking, although the high orbit reduced the digance of that.

Modern lunar gravity maps are based almost entioglydata from the Lunar Prospector mission of
1998/99 (Binder, 1998), which spent a year in al@®Ccircular polar orbit, and was progressively edv
down to lower altitudes in its remaining six monthsunar Prospector (illustrated in Figure ) wamsp

Figure 2. Lunar Prospector Orbiter (NAS



stabilized and rarely fired its thrusters, andkiag coverage was continuous. The resulting datdity
was excellent...over the nearside. Once agaickitrg over the farside was impossible.

Some limited information about the gravity fieldesthe farside was obtained from Lunar Prospecgtor b
tracking its setting (disappearance) and risinge(reergence) on each orbit. Unfortunately, disagitag
nearly half an orbit of accumulated gravitation#fleets is difficult, and the resulting data anadysi
requires many questionable assumptions (Flobergh&@92). Moreover, Lunar Prospector's orbit was
not ideal for this: this techniqgue would work muétter in “crossover mode”, where later orbits sros
earlier ones over the farside, but Lunar Prospsc@® orbit crossed itself only over the lunargsol

There have been many other proposals for lunatesgbwith gravity mapping as a primary or secondary
mission, but none that has actually flown.

As a result, existing lunar gravity maps (see Fégyrmostly based on Lunar Prospector data although
also incorporating available data from earlier miss, have excellent coverage of the lunar nearside
(The unit mGal referred to in that figure, is 1/0006f the CGS unit for acceleration, the Galileotuni
which in turn is 1 cm/s So, 1 mGal is equal to 2@m/<, or 10° m/<. This is the unit commonly used by
geophysicists to measure local variations in thehEsagravitational field.) Spatial resolutionlimited
mostly by Lunar Prospector's orbital altitude, whigas down around 30 km (with perilune as low as
15 km) toward the end of its mission, resultingitellent sensitivity to small gravity variations.

This level of map quality extends 10-15° into tlhwmdr farside, because Lunar Prospector remained
visible from Earth to around that point. Beyondtthanfortunately, the quality of the gravity mas i
visibly poorer, with estimated errors 5-10 timesdh of the nearside areas. Worse, there is adisti
possibility of systematic errors. As noted abotres data analysis for set/rise tracking—especially
without crossovers—is difficult and requires margsamptions, some of which are surely not exactly
true. The large-scale features of current fargideity maps are undoubtedly correct, but thenmuish
uncertainty about the details. Attempts to dequantitative data about issues like crust thickreass
perilous, especially since data on the nearsidaeatabe used to constrain farside results, because s
differencesare expected.

400
300
200
100

Mear Side Far Side

Figure 3. Lunar Gravity Map, Showing Anomalous Gravity SignanGal,




Even for engineering purposes, the current map®flienited use (Floberghagen, 2002). They do not
appear to predict orbits reliably unless the oraits very similar to those used in the mappingdeistly
Lunar Prospector's). Predictions of subtle orbiiperties like long-term stability are hopelesd$tedent
models make very different predictions.

Gravity Measurement Approaches

Classical gravimetry—which amounts to a refinedsigr of “hang a known weight on a spring and see
how much the spring stretches”—does not work intorlEinstein'sEquivalence Principleone of the
foundations of his General Relativity theory, psshat ndocal measurement—made at a single point—
can on its own be used to distinguish betweenntalfreely in a gravity field and sitting motionleiss
empty space (and that no local measurement canglisgh between the force experienced when a body
is supported at rest in a uniform gravitationalldfjeand the pseudo-force experienced due to
corresponding acceleration of the body by a noritational force). Since a spacecraft in orbiinideed
falling freely, it can'directly measure the strength of the gravitational field.

What can be done in orbit is to measuredtiferencein gravitational field between two separate points
There are currently two practical approaches t& thi

1. An electromagnetic (radio or optical) trackirigkl can be used to measure the relative motion of
two stations some distance apart—perhaps many lam,a&s in the case of measuring the relative
motion between Lunar Prospector and a ground statioEarth.

2. A gravity gradiometercan apply extremely delicate measurement techaigaemeasure the
difference in the gravitational forces on two snmalisses a small distance (typically a fraction of a
meter) apart (Tryggvason, Main and French, 200Exef this small separation makes the
measurement “non-local” in the sense meant in thp@v&lence Principle, allowing gravity to be
distinguished from acceleration.)

Both have their uses, especially since the lunavitational field is of interest on a wide rangesoéles.
The “long-wavelength” components of the field, whimust be measured over long distances, contain
information about the overall structure of the Moonhhe local, “short-wavelength” components reveal
mascons and other local details. Gradiometerdrdwerently superior for measuring short-wavelength
components, since a fast-moving spacecraft passmsgh a localized field irregularity too quicklgrfits
orbital motion to be affected measurably. Trackiimgs are the only practical way to measure long-
wavelength components and are generally the easgrod for intermediate cases.

At the moment, the choice is easy. The resoluwibourrent maps has not yet reached the point where
gradiometers are necessary to achieve the nextdéimprovement. Moreover, gravity gradiometers a
complex, delicate instruments, and putting one spacecraft is currently a major technological iemgje
(i.e., very expensive). Gradiometer technologimiproving—a point we will return to below—but isn't
yet practical for economical space missions. Tiragknks are relatively easy to build today.

Mapping the Moon's gravity to a reasonable resmtutising a tracking link requires at least one
spacecraft in low lunar orbit, the lower the beiteorder to measure with the finest spatial retsotu
Lunar Prospector flew mostly at 100 km altituded ahleast one of the new orbiter missions (Bharetar
al.,, 2003) is planning to do likewise; that is a nelely conservative altitude. NASA's Lunar
Reconnaissance Orbitent{p://lunar.gsfc.nasa.gov/missigris planning to use a 50 km orbit, based on
Lunar Prospector's successful experiment with Veny orbits late in its mission. The tradeoff hése
that very low orbits require very careful navigatitm avoid high points in the lunar terrain, andymaed
frequent orbit corrections (each of which adds @tdisthe gravity data) to maintain terrain cleaeanc
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Figure 4. Low-Low Inter-Satellite Relative Speed Signals

There are several possibilities for the other ehthe tracking link. The main distinction is whettthe
other end is nearby (“low-low” satellite-to-sattdlitracking) or far away (“high-low” satellite-t@llite
tracking). A low-low system requires another sgaat in a similar orbit. A high-low system can be
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done with a spacecraft in high orbit, or a groutatien either directly (for the nearside) or vidigh-
orbit relay satellite (for the farside). Which apgach is preferable depends on various constréintsa
low-low system does have two specific advantages:

1. Since communications ranges are short, one ef ghacecraft can be a small and simple
“subsatellite” rather than a full-sized spacec(afatever that means, in the context of the specifi
technology being used!).

2. For short-spatial-wavelength components of ttawitational field—with wavelength of the same
order as the spacing between the satellites—a dow-$ystem inherently makedifferential
measurements, measuring local gravity field chamtjesctly (Floberghagen, 2002). A high-low
system must derive them by numerical differentratad a data series, which is inherently very
sensitive to noise in the dat&.low-low system is thus effectively a form of gyagradiometer,
where a high-low system is effectively a form alvgneter.

Figure illustrates the results of simulating tree wf a pair of satellites in a low-low configuaatito
measure the anomalous gravitational field due hgpothetical (small) Lunar mascon, which is assumed
to due to a spherical deposit of anomalous der&Zitfkm deep, with an excess mass relative to the
surrounding Lunar material of 1.5xfkg (while real Lunar mascons results from depdsit are not
spherical in shape, this simplified example seteeiflustrate the principles involved). The two eltites

are assumed to be in a circular orbit around therMat an altitude of 50 km, and an orbital speed of
1.655 km/s. The magnitude of the vertical compormdrthe gravity anomaly due to the mascon (i.ee, th
excess in gravitational acceleration in the dimcof the center of the Moon, as compared to thettd
spherically-symmetric first term in the Lunar gitational field’s spherical harmonic expansion,
measured at orbital altitude) is shown at the tiojhe figure.

The approach of the satellites, which are simul&ie to fly directly over the mascon, is shownrfra
distance of 300 km before flyover to a distance880 km after flyover; the leading satellite is 9@ k
ahead of the trailing satellite. As the leadingelits¢é approaches the mascon’s position, it acessr
forward (shown here as negative X speed) and dowdsvgshown here as positive Z speed); after it
passes over the mascon, it accelerates downwaddbaakwards. The trailing satellite follows the sam
behavior, lagging 54 seconds behind the leading Wftéle significant relative velocity componentear
developed between the two satellites in both threzbotal (X) and vertical (Z) directions, radio ¢kang
between the two satellite would measure only thmapmment projected onto the line-of-sight between th
two satellites; since negligible vertical motiorsu#ts during the flyover, and since the satelldaes here
simulated to fly one following the other in the saworbit, this corresponds to the “X Speed Diffeehc
which peaks at a relative line-of-sight speed afult3.5 mm/s both before and after the mascon #yov

The subsatellite option has been particularly efitra as an add-on to single-spacecraft orbitesions,
and so it has featured in many past proposalg)dima) NASA's Lunar Observer (Cook, 1990) and ESA's
MORO (Moon ORDbiting Observatory; see Chicarro, Ra@nd Coradini, 1994). Somewhat surprisingly,
however, none of the currently-planned Lunar orbitéssions includes a (low-low) subsatellite or a
(high-low) relay satellite, with one exception, thzeing Japan's SELENE (Ilwa&t al, 2002), which
includes two relay satellites.

SELENE, unfortunately, has two problems for grawitgipping:

The technical problem is that it will do many thersfirings, at least during its primary mission,
and the quality of the resulting gravity data isemain. This is because gravity models are
extracted from radio tracking data by fitting thettér to simulated tracking data, based on
candidate gravity-model parameters, and this tyfjpgacameter-fitting gives better results when
operating on long sequences of uninterrupted tnackiata, than on numerous much-shorter



tracking sequences. Every firing of SELENE’s theustwill likely necessitate starting a new
tracking sequence, unless the thruster’s force msdaalibrated extremely well.

The non-technical problem currently appears worSELENE is far behind schedule—it is a
follow-on to the Lunar-A penetrator mission, whighs originally supposed to launch eight years
ago and reportedly is still not ready to go to gasl—and in the context of a space program
which appears to be having serious budget andigadliproblems, its future must be considered
uncertain.

Gravity Mapping by Nanosatellite:  Lunette
Hardware

To fill this persistent gap, we propoksenette a very small subsatellite to fly as an “ejectabirument”

on a bigger orbiter. Gravity mapping will be domigh a low-low tracking link between the subsatelli
itself and a small electronics package left on pagent spacecraft. With the parent supplying
transportation to lunar orbit, and handling mosttirte communication with Earth, Lunette can be both
small and inexpensive: a nanosatellite for lunga@eation.

Our current concept is a nanosatellite of aboutk8,5derived from the CanX-3 design currently in
development at University of Toronto's Space Flighboratory (http://www.utias-sfl.net/) for the BRE
mission (Carroll, Rucinski and Zee, 2004). 1.5kbudgeted for the base unit that remains behinthe
parent, giving a total of 5 kg for the Lunette noss

CanX-3 (see Figure ) is approximately a 15-cm cubth solar arrays on all six faces. It has aranen
level three-axis attitude control with miniatureacéon wheels, a miniature star tracker, and aldapa
onboard computer. For Lunette, the star track#irbei used occasionally as an imager, to returrgasa
of the Moon or (shortly after separation) the pamgacecraft. The BRITE photometer payload will no
be carried.

The payload of the Lunette subsatellite will beadio transponder (currently baselined to use S-hand
replacing CanX-3's radios with a system that capltkise-locked coherent “bent-pipe” retransmission o
an incoming signal, for precision range-rate meam@nt. Superimposed on the tracking signal wilabe
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low-precision ranging system for navigation relatio the parent, and a low-speed two-way datadok
that command and telemetry can be done via thenpaRrecise three-axis attitude control will eliraie
spin modulation of the range-rate signal (veryhlesin tracking data from Lunar Prospector, asubsed

in Floberghagen, 2002), and will offer the optidnpointing a medium-gain antenna at the parentif a
improved link margin is necessary. (Current desagalysis indicates that low-gain antennas should
suffice.)

Lunar subsatellites proposed in the past typich#lye not included propulsion, but Lunette’s doés. |
attitude-control system will normally maintain aitle without thrusting, using its reaction wheéts,
permit long undisturbed tracking runs; however, @lhdesaturation will occasionally be necessary, and
since the Moon has no useful magnetic field thendsied low-Earth-orbit approach of using
magnetorquers for desaturation will not work, seasional attitude control thrusting will be needed.
Orbit corrections will also be needed occasiondllyth to avoid terrain and to fly formation accetat
with the parent spacecraft for an extended periotinte, despite differential gravity perturbatioasd
parent satellite maneuvering, which should resuét much improved gravity model. Finally, the Ltiae
mission plan (see below) requires several maneuwerset up the correct orbits for various mission
phases. The propulsion system is currently basgtlas a low-thrust warm-gas system with a nominal
total delta-V of 100 m/s. Nanosatellite-sized pisfpn systems with this level of performance are
beginning to become available from multiple supglie

The base unit, left behind on the parent spaceafah the subsatellite separates, comprises a naowint
separation system for the subsatellite, the resh®ftracking link, and an interface to the paremhe
base-unit half of the tracking link includes antasntransmitter and receiver, an ultra-stable lasoil as

a precision reference for the transmitter/recefkeguencies, and electronics for Doppler measurémmien
range rate. The base unit also has its own ondboamputer and data storage, to control the Lunette
equipment and minimize demands on the parent.

The tracking link will primarily function betweerné parent and the subsatellite, but there will &lso
some “three-way” tracking, in which a ground statistens to the signals from both spacecraft, when
visibility and ground-station availability permit.An interesting further possibility is to use VLBI
technigues to do ultra-precise cross-range trackirgm ground stations, over the nearside) of one
spacecraft or the other. The basic low-low tracking is designed to be sensitive to inter-sakelfipeed
variations of 1 mm/s, averaged over 10 seconds.

Our plan is that the subsatellite and base unitheilbuilt primarily by UTIAS/SFL, who have an acti
nanosatellite program built on the foundation dittbus-building experience for the MOST astronomy
microsatellite (Stibrany and Carroll, 2000; Groc@ee and Matthews, 2004), which is currently & it
third highly-successful year of operation in Eawtbit. (An update on SFL’'s CanX nanosat program can
be found in Callibot, Grant and Kekez, 2005)

Mission Plan

The following is the preliminary mission plan fouhette; details are rather subject to change, dipgn

on the level of spacecraft performance achieveth@slesign matures, and on the details of the paren
satellite’s mission The working lifetime of the saltellite will be limited by either propellant extsdion
(followed by drifting too far away from the parespacecraft and/or crashing on the lunar surface) or
lunar eclipses.

Roughly every six months, the Moon passes throughhE shadow, producing a lunar eclipse. The
depth of these eclipses varies considerably, btitedrworst case, a spacecraft in lunar orbit caim betal
darkness for 2-3 hours. This is a severe straithempower subsystem and on thermal control, eslhgeci
for a very small spacecraft which has little thermass and can spare little battery power for heati
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With this in mind, in the baseline plan Lunette'Brary mission is five months long. Exact schewiyli
will depend on just when the parent spacecrafvesrin lunar orbit, but the subsatellite will remain

the parent—partially protected against temperaaxteemes and able to draw on the parent's power
system—until just after a lunar eclipse. The priynaission will be completed before the next edips
on the assumption that the eclipse will kill thebsatellite. This is a conservative assumption: the
spacecraft has a reasonable chance of survivimggée £xposure to extreme cold accompanied by deep
battery discharge, and an extended mission islgessit does.

Separation from the parent will be done in anwdgtchosen so that the separation impulse willyred
slow drift back along the parent's orbit. The tyfill be slowed and then stopped by subsatellite
maneuvers, leaving the subsatellite flying formati®0 km behind the parent (assuming a parentabrbit
altitude of 100 km). Subsatellite checkout and eossioning will be done over the first two weekaf b
formation flying will be continued for another sixeeks with continuous tracking. The six weeks will
give three complete passes over the entire lundacgy providing the data needed for a uniform glob
gravity map.

At this point there are several options for Lunettission continuation, but the baseline is to expen
about 25 m/s of delta-V, over several days of maeeng, to move the subsatellite into an elliptical
orbit. The orbit's period will be the same as thfathe parent's circular orbit, but it will (nonaitly) drop
down to 50 km altitude at perilune, and rise to kBO at apolune. Viewed from the parent, the
subsatellite will appear to move in an ellipse eezdl on the parent and lying within their withireith
mutual orbital plane, with its long axis along frerent's orbit, as shown in Figure ; in that figulewn is
towards the center of the Moon, and the subsa&adlibsses the parent's orbit roughly 100 km ahéad o
and behind the parent. The point of this orbitngeis to take the subsatellite down to 50 km over
specific points of interest, such as farside oapotascons, for higher-resolution local mapping.

Orbit-maintenance requirements in the ellipticabibrare quite uncertain, and the situation will be
reassessed after the first few weeks in that ofBieliminary estimates suggest that it will begiole to
remain in the elliptical orbit for the remaindertbg five-month primary mission, at the cost of gbly
using up most of the remaining propellant.

Using relatively inexpensive radio equipment toieeh a range-rate tracking resolution of 1 mm/s ave
10-second integration period, Figure shows thateltie should be capable of detecting mascons with
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Figure 6. Elliptical Trajectory of Follower Sub-SatelliteeRitive To Leader Satellite
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anomalous gravity fields as low as 10-20 mGal. Timesdata from the six-week global-mapping phase
should yield a global map with resolution and gyaloughly equal to that of theearsideportion of the
Lunar Prospector maps. This map will cover thd glbbe based on direct measurements, with a
straightforward data analysis requiring no questid@ assumptions, and will provide—at last—a
trustworthy basic reference for science, explorgtend mission engineering. Lower-altitude datanfro
the elliptical-orbit phase will provide local mamg some interesting areas at substantially higher
resolution, depending on altitude. If subsatellitepellant consumption is low and an extended ioniss

is possible, a sizable fraction of the Moon cowdnimapped at this resolution.

Mission-level coordination, planning and operatiovid be by Gedex Inc. (a Canadian company whose
main business is terrestrial gravity mapping fonenal exploration) and SP Systems (software arcthite
for the MOST astronomy satellite and primary depeloof the Lunette mission concept). The Lunette
science team is led by Dr. Jafar Arkani-Hamed dttduthor of this paper), whose expertise in lunar
gravity mapping and geophysics began with Apolld has continued through over 20 refereed papers on
lunar geophysics (plus roughly 100 on the otheegtrial planets).

History and Status

Lunette was originally proposed for India's Chagdem-1 mission (Bhandaet al, 2003), in response to
ISRO's Announcement of Opportunity for internatiopayloads. The proposal was well received and
was included on ISRO's initial “short list”, butetlextremely tight proposal schedule ultimately made
impossible to arrange firm funding quickly enoughhe cost of the Lunette payload should be able to
come in well under $10M.) Lunette was also propdsédl the recent NASA in-house competition for a
secondary payload to fly with LRO in 2008; whileetproposal in which Lunette would have been a
“tertiary payload” was not selected (subsequenhéoproposal being submitted, NASA added a selectio
criterion filtering out all proposals that did nioiclude a polar lander), this proposal did garnene
interest in the Lunette concept at NASA.

The Canadian Space Agency's Space Exploration Agvi€ommittee has strongly endorsed Lunette,
and we are pursuing flight opportunities for Lueeth later lunar orbiters. Any sizable orbitemitow
polar orbit would be suitable, although data qyaliill be improved if the parent can minimize thiers
firings during Lunette's primary mission. Thatdssi Lunette puts minimal demands on the parent
spacecraft, adds little risk to its mission, anésusnly 5 kg of payload mass and 6-8 W of parent-
spacecraft power.

The original conception of the Lunette mission—aghk subsatellite deployed from a parent lunar
orbiter—does have some disadvantages. Most seyiotigluts two constraints on the parent spacecraft
which might complicate parent operations and waoptldbably disqualify some otherwise-interesting
missions as parents:

- Experience with Lunar Prospector [Floberghagen]ciaigs that it is essentially impossible to model
thruster firings precisely enough to take them cletey out of the tracking data. So each thruster
firing puts a discontinuity into the data. The grarmust therefore do thruster firings relatively
infrequently, because the complexity of analyzimg tracking data—already considerable—rises
greatly as the runs of continuous data get shordrthe very least, thruster firings must typigalle
several orbits apart. A spacing of days would ighliz desirable, and weeks would be preferable. A
parent spacecraft that uses thrusters, rather ribaction wheels (etc.), for primary attitude cohtro
probably can't do this at all. Even when the spaafe design permits it, this constraint will be
unpopular with the spacecraft's operators, espedi@ operations in very low orbits where frequent
orbit corrections are desirable.

12



- Gravity gradients manifest themselves as relatiséian of the centers of gravity of the two spacécra
but what ismeasuredis relative motion between the two tracking-linktennas. Lunette's parent-
spacecraft antenna will presumably be located wieereonvenient on the parent, and its electrical
center ("phase center") is most unlikely to coiecidth the parent spacecraft's center of gravig.a
result, parent-spacecraft attitude motion will @gpurious changes in measured range rate, because
the attitude motion will move the antenna. Datalgsis can remove this spurious signal only if the
parent's attitude history is known quite preciselfhis may or may not be feasible, especially € th
parent's own mission does not require precisaidttisensing.

Lunette's own mission design is constrained byrtatihe parent's orbit essentially predeterminedr F
example, moving one spacecraft into an elliptigaitahat dips down lower is not nearly as satisiac
as moving both spacecraft into a lower orbit, Ibetlatter is impractical unless the parent is goando it
anyway.

Finally, operation as a subsatellite inevitablydlwes Lunette with the parent's data handling, ajans,
etc. This is good in that some tasks will be destlh by the parent's operations team, bad in oltiaérs
will be joint operations requiring careful coordiioa, and potentially bad in that the Lunette pcojeill

inevitably have limited say in decisions that céfea it greatly.

There is an alternative mission design which avaidst of this: fly Lunette as@air of nanosatellites,
accompanying the parent for part of the way (igeafito a low lunar orbit), but then separatingnfrd to
perform an independent mission. A two-spacecraftdite project can schedule its own maneuvers and
attitude changes, put antennas in the best placdsuhette operations, gather attitude data asinedyu
plan its own orbits (within limits), and handle @&n operations and data.

A non-trivial secondary advantage is that this wiaallow Lunette to be an all-Canadian mission!

The main disadvantage is that Lunette must thedlbats own communications, somehow. This may be
simplified if the parent can do data relay for Ltieg or if a general-purpose lunar-science
communications satellite is in position by thatdirbut otherwise Lunette is on its own.

Given the relatively low data rate required, ddingpette communications with Canadian resources migh
be feasible, especially if the Algonquin Park ratdilescope’s 46-meter antenna can be used. However
would be a major advantage to have better commtioitsa available during commissioning, early

operations, and any emergencies that arise. Therpossibility of trading access to Lunette datause

of NASA or ESA communications facilities at critichmes, but those facilities are already heavily
committed (especially NASA's Deep Space Networky] the barter value of Lunette's data is probably
inadequate to get a regular time allocation fornmadr operation. Canada may well need its own
communications resources for an independent Lunette

A more subtle communications issue of making Lunatt independent mission is that it can no longer
exploit the parent spacecraft's independent ragitem to do Earth communications simultaneouslj wit
data gathering. If neither the tracking link nbe tEarth link requires a directional antenna, ushe
same transmitter for both links might be possitleat( is, the downlink is done by having Earth
essentially listen in on the inter-spacecraft linkflowever, either at least one spacecraft needs tw
receivers, or Lunette can't do data gathering agplohiu reception simultaneously. There is a similar
conflict if both links impose attitude constraingsg. pointing a directional antenna or holdingiwade to
avoid antenna motion. Finally, the best frequenéie the two links may differ; in the case of upia
relay satellite, the frequency might be beyond ltta'& control and might not be usable for trackahgll.

Generally, it would be preferable for the link tarth (or a relay satellite) to be entirely sepafede the
tracking link, and for at most one of them to impaattitude constraints. The CanX-4/5 spacecraft
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already have two separate radio systems, so tbisidmot present grave problems, but the details wi
need careful attention. Ideally, the two spacéavaluld be identical and interchangeable, exceqi tie
radio frequencies for the tracking link would bernoi images (to avoid requiring multi-frequency
radios). Both spacecraft would have USOs, evenghmnly one USO would be in use at a time. This
might require an unusually lightweight USO.

A fallback approach would trade off fuel mass fd8@ mass, by having one "base" spacecraft and one
"rover" spacecraft. Only the base spacecraft wdse a USO, and it would have very limited
maneuvering fuel. (It needsomefor orbit maintenance.) The rover spacecraft wadh most of the
maneuvering. This constrains the mission plan sinalely, but does relax mass constraints somewhat.

Doing Lunette as an independent mission opens u haoinch options: at the cost of needing more
propulsion capability on the Lunette spacecratytban ride on a parent spacecraft which is natgall

the way to Lunette's desired orbit. Taking thishe limit, they could make their way to lunar arfbom
geostationary transfer orbit... although the d¥lteequired is large enough (circa 1400 m/s) thatauld
probably require a separate propulsion stage, oe it@n one.

Next, Improving The Global Lunar Gravity Model Reso  lution: AGGLO

Lunette aims to correct the main deficiency of tuerent-best Lunar gravity model, by filling in the
farside model using direct measurements. This lwilig the accuracy of the farside model up to about
that of the current nearside model, about 10-20 IsyGéa a very low-cost mission. It is possible to
improve significantly on this level of accuracy,dathere are numerous scientific, exploration and
engineering reasons to want to do so. The two ma&ithods available for doing this are:

To fly a more-elaborate low-low radio tracking niiss For example, the past ESA MORO
proposal (Chicarro, Racca and Coradini, 1994) aitoeflly a pair of satellites in low Lunar orbit,
equipped with a radio tracking payload with an @acy about 10 times better than that of Lunette
(achieving an accuracy of about 0.1 mm/s, makiregstystem sensitive to anomalous gravity down
to 1-2 mGal). However, achieving this higher legélperformance would come at a steep price,
with MORO aiming for a budget of 345 million “Euregan Accounting Units” (ESA’s precursor of
the Euro) in 1993, about 50 times the estimatet aolsunette.

To fly a single satellite carrying a gravity-gradieter instrument.

The latter concept has some striking fundamenteduaidiges over the former one:

Only a single satellite is flown, not two, reducitig mission complexity substantially.

This mission does not need highly-precise, contisu@dio tracking from the ground (needed by
the other mission in order to achieve good orhiimestes); a relatively coarse orbit estimate (to

within a few km at any given time) will suffice tegister to gradiometer data-set. This will greatly
reduce the mission operations cost.

In this case, the instrument data post-processifigrly simple and straight-forward, in comparison

to the extremely challenging job of gravity-mod#irig to tracking data that is needed for the othe

type of mission. This will reduce very significanthe science data post-processing effort and cost.

The Lunar-orbiting gravity gradiometer mission ceptwas first proposed, as far as we can tell, by
Robert L. Forward (Forward, 1976), based on a gonice had developed in the mid-1960s for a rotating
cruciform gravity gradiometer (Forward, Bell andINgdims, 1970). As originally conceived, this was a
room-temperature instrument whose performance wbaig been somewhat limited by the technology
available at that time. Gedex is developing anealversion of that design for airborne geophysical
exploration operations. This version is based oveld@pments by van Kann (van Kann, 2004) and by
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Moody and Paik (Moody and Paik), and has been ualyodubbed by those researchers the Orthogonal
Quadropole Responder (OQR), and the Cross CompoS8eperconducting Gravity Gradiometer
(CCSGQG); here we will use the term CCSGG. Thisgiesichieves significantly better performance via
various improvements, including operating withoatating, at cryogenic (liquid helium) temperature
where advantage can be taken of various effecdsérconductivity.

Gedex’s target CCSGG performance level, in an aima@nvironment, is a error+noise intensity of 1
Ec?/Hz, implying that gravity gradient signals larghan about 3 Eo (a SNR of 3) should be visible to
this instrument on a time-scale of 1 second. (The i€ another CGS unit commonly used by
geophysicists to measure local variations in thehEsagravitational field, in this case the gradiefthe
gravity field with respect to distance; 1 Eotvostsiis equal to a change of 1@Gal over a distance of 1
cm. In Sl units, the equivalent is182.) Figure illustrates the operation of a Gedex GG3n response
to the gravity gradient signal arising from a dgnanomaly (e.g., a buried mineral deposit).

Gedex is developing a mission concept for a Lumiiting CCSGG gravity gradiometer named AGGLO
(“A Gravity Gradiometer in Lunar Orbit”), as thetoeal follow-on to the Lunette mission. Assumingtth
the same 1 E{Hz instrument performance level can be achievetunar orbit, Figure illustrates the
performance achievable in detecting gravity ancasalihe mass of anomaly shown here is 1.5X4d)

or 1/10 the size of the one shown in Figure , andssumed to be at a depth of 20 km. For a single
satellite flying at an orbit altitude of 50 km, theak gravity anomaly intensity is 2 mGal at oddi@ight,
1/10 that of the previous example; the range-rigigas generated by Lunette for this target wouldnad
below Lunette’'s noise floor, with a peak SNR of3;0showing that Lunette would not detect this size
mascon. The bottom plot in the figure shows sevaraiponents of the gravity gradient tensor’s sigmal
the orbit plane (the tensor components to whiclh sugradiometer would tend to be most sensitiviy t
values peak at 0.3 to 0.6 Eo. Given an orbit spdetl655 km/s, and an effective dwell-time over the
target of about 20 s, the error+noise intensitgetfor the airborne instrument (1 #6z) would filter to
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Figure 7. A CCSGG Responding To A Gravity Gradient
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about 0.2 Eo (RMS), resulting in a good signal/agitio (1.5-3) for this target; AGGLO would seésth
size target handily.

This analysis suggests that a 1%Ba gravity gradiometer in low Lunar orbit shoule lsapable of
making gravity measurements with a sensitivity albbditimes that of Lunette, which make it able to
produce a complete global Lunar gravity model alddutimes as accurate as the current Lunar nearside
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Figure 8. Low Lunar Orbit Gravity Gradiometer Signals
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gravity model. This is about the performance laaegeted by the MORO mission. Also, note that the
gravity-gradient plot (bottom) in Figure shows laaiper rise and drop-off than the corresponding
gravity-signal plot (top); this reflects the fatist the gravity gradient signal varies with theerse-cube

of the distance to a density anomaly, versus therge-square variation of the gravity-force sigialen

at the same raw signal sensitivity level, AGGLOwuddde more capable than MORO would have been at
discerning short-wavelength variations in the Maogravity field (i.e., it should have higher sphtia
resolution).

While it is conceivableto fly the superconducting version of the GedexSGG gravity gradiometer in
Lunar orbit, the resulting satellite would neectary its instrument in a dewar containing many then
worth of liquid helium. Based on other satellitegatthave been flown with the same requirement,(e.g.
IRAS), that would likely be a very large and expeessatellite; it is hard to see such a satelldsting
much less than MORO would have.

In parallel with development of the superconductiggsion of the CCSGG, Gedex is also developing
new technology to enable development of a room-tatpre version of the CCSGG design, which aims
to achieve performance levels similar to those haf superconducting version. This next-generation
instrument would significantly improve the logistiof conducting airborne gravity gradiometry susrey
at locations throughout the world. Preliminary gations are that such an instrument may also be
suitable for packaging on a microsatellite platfofor Lunar orbit operations. This could bring thest

of the AGGLO mission down to a very reasonablelleve

Other points of note regarding AGGLO:

When data is collected by a high-resolution graitstrument, estimation of high-resolution sub-
surface density distributions becomes possibles (ihidone routinely in terrestrial geophysical
exploration). However, to achieve good results ghavitational effects of local terrain height
variations must be accurately estimated and filtenet. Because of the inverse-cube sensitivity of a
gradiometer, terrain variations (which are at steféeight) have a much stronger effect on the
instrument’s signal than equivalent density vaoiasi below the surface. We are planning for
AGGLO to carry a LIDAR altimeter instrument, to @i collection of accurate terrain height
models, in order to enable the best possible ctiorexfor the AGGLO gradiometer data.
Conversely, topographic models derived from sagéebiorne LIDAR data have reduced accuracy if
accurate gravity modeling data is not availablec@inse the LIDAR measures only height relative
to the surface, which is a combined effect of stefterrain variations and satellite instantaneous
height variations due to gravity variations). Byrgang both a gravity gradiometer and a LIDAR,
the synergies between the two instruments willifiantly improve the accuracy of the final data
product from both.

For any gravity instrument, the spatial resolutimtimited by geometry to be not much lower than
the distance between the instrument and the anobedhg measured. Thus, the lower AGGLO
flies, the higher its spatial resolution can bemHy be possible for AGGLO to generate higher-
resolution maps of a selected spot of interesherLunar surface (e.g., a candidate site for a Luna
base), by arranging its orbit to have a low peslwwver that spot. If AGGLO has sufficient
propulsion capability, this could be repeated fams other sites as well.

Like Lunette, AGGLO will need to be able to readalnhr orbit. Unlike Lunette, it does not easily
fit the idea of being an “ejectable payload” of swther Lunar orbiter mission. AGGLO will
either need to be delivered directly into Lunaribbly some launch system, or will need serious on-
board propulsion of its own, to make its own wayow Lunar orbit from Earth orbit.
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Future Possibilities

In terrestrial geophysical exploration, mappingdane at different scales for different reasons.gear
scale “sovereignty mapping” is often undertakemagional or provincial geological survey ministriés
define the geological context of a broad territdaygely in order to attract mining companies tplexe

in their territory. Mining companies will carry ontedium-scale surveys of large staked claims, deior

to narrow down the areas for which they wish toerertheir claims. Both of these are typically done
using airborne instruments on fixed-wing platforitiee most economical means for wide-scale mapping.
Local fine-scale surveys may then be done via bpt&r-borne instruments (a higher-resolution and
more-accurate, but also more expensive approaxigentify target areas for the most expensive fofm
exploration: ground-based surveys, followed bylidgl

A similar progression seems reasonable for Lunplogation:

Current mapping is being done at a regional lefrein sensors in Lunar orbit, to develop an
overall understanding of the Moon’s structure aadlggical history. This will provide the context
for later, more-focused exploration. Radio trackivearside gravity measurements in the past have
been in this category; Lunette and AGGLO are cotscép improve on these in a step-by-step
manner.

Higher resolution and accuracy can be achieveléaat in some localized areas, via instruments on
satellites in specialized orbits (e.g., with veoyvlperilune altitude over a target area). AGGLO’s
gravity gradiometer and LIDAR altimeter would betahle for this.

The next natural step is Lunar-surface-based simgeyith various instruments, to decide the most
interesting spots to drill, and then dig. On thefaee itself, gravimeters become an option (as the
Equivalence Principle no longer hinders them oheg’te not in free-fall), and indeed have already
been used there (the Apollo 17 Traverse Gravimetggvity gradiometers continue to be very
valuable, as they are more sensitive to near-sairfdensity variations (i.e., possible mineral
deposits, or voids close to the surface) than asimeters. While some types of gravity
gradiometers can be used in free-fall but are taisléi for operation on a planetary surface (e.g.,
the electrostatically-levitated-dual-mass type &flown on the upcoming Earth-orbiting gravity
gradiometry mission GOCE, see Albertella et al.020 Gedex’s CCSGG technology is
specifically designed for planetary surface opersti

In either case (and also in the case of variousrdifpes of geophysical surveying instruments)cipt
the instruments on some sort of mobility platform.g., a rover vehiclewill greatly improve their
productivity. Here another advantage of gravitydiwenetry is evident: they can be used with good
accuracy from a moving platform, while the Equivede Principle greatly limits the usefulness of
gravimeters while moving.

Conclusion

The time is ripe to demonstrate that small sagsllitan play a useful role in planetary exploraiion
general and the exploration of the Moon in paréiculOne interesting niche for small satelliteduinar
exploration is mapping the Moon’s gravity field.hd persistent absence of direct data from the lunar
farside makes current lunar gravity maps uncewaith untrustworthy, and the problem can be addressed
well by quite small spacecratft.

We specifically propose Lunette: a nanosatellitended to fly as an auxiliary to a main lunar-abit
spacecraft. At the cost of 5 kg of payload masa/ould provide a trustworthy global gravity mapthvi

18



resolution and quality at least equal to that ofentnearsidemaps, plus more detailed maps of selected
areas.

Lunette would lead naturally into AGGLO, a lunabibing microsatellite carrying a gravity gradiomete

for dramatic further improvements in gravity magpirincluding local maps of potential lunar-base
regions. The technology for a spaceborne graviadigmeter capable of fitting within microsatellite
resources (not least being budget!) is not yetimdhbut is not far off.
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