
ARTICLE IN PRESS
0032-0633/$ - se

doi:10.1016/j.ps

�Correspond
E-mail addr
Planetary and Space Science 53 (2005) 1309–1318

www.elsevier.com/locate/pss
The advanced Moon micro-imager experiment (AMIE)
on SMART-1: Scientific goals and expected results

P. Pineta,�, P. Cerronib, J.-L. Jossetc, S. Beauvivrec, S. Chevrela, K. Muinonend,
Y. Langevine, M.A. Baruccif, M.C. De Sanctisb, Yu. Shkuratovg, V. Shevchenkoh,

P. Planckei, B.A. Hofmannj, M. Jossetk, P. Ehrenfreundl, Z. Sodnikm,
D. Koschnym, M. Almeidam, B. Foingm
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Abstract

The advanced Moon micro-imager experiment (AMIE) is the imaging system on board ESA mission to the Moon SMART-1; it

makes use of a miniaturised detector and micro-processor electronics developed by SPACE X in the frame of the ESA technical

programme. The AMIE micro-imager will provide high resolution CCD images of selected lunar areas and it will perform colour

imaging through three filters at 750, 915 and 960 nm with a maximum resolution of 46m/pixel at the perilune of 500 km. Specific

scientific objectives will include (1) imaging of high latitude regions in the southern hemisphere, in particular the South Pole Aitken

basin (SPA) and the permanently shadowed regions close to the South Pole, (2) determination of the photometric properties of the

lunar surface from observations at different phase angles (physical properties of the regolith), (3) multi-band imaging for

constraining the chemical and mineral composition of the surface, (4) detection and characterisation of lunar non-mare volcanic

units, (5) study of lithological variations from impact craters and implications for crustal heterogeneity. The AMIE micro-imager

will also support a Laser-link experiment to Earth, an On Board Autonomous Navigation investigation and a Lunar libration

experiment coordinated with radio science measurements.
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1. Introduction

Even though the Moon has been extensively studied,
there are many domains of lunar science wherein data
are still insufficient or interpretations are ambiguous or
controversial. In the first period of its life the Moon
underwent extensive differentiation processes. The
possibility to differentiate a small body like the Moon
is strongly related to its formation history. In the
process of planetary formation, and for the Moon in
particular, the large planetesimals have certainly played
a key role (e.g., Safronov, 1969; Pinet, 1985; Tonks and
Melosh, 1993); as a striking example, the origin of the
Moon has been attributed to a Mars-sized impact on the
Earth (e.g., Hartmann and Davis, 1975; Benz et al.,
1986; Cameron and Benz, 1991). In the hypothesis of a
very hot primordial phase, global melting occurred
(magma ocean model), resulting in a complex and
heterogeneous crust. Having undergone heavy meteori-
tic bombardment, these complex crustal rocks occur
both as small fragments, eventually re-accreted to form
breccias, and as bedrock outcrops as observed by
remote sensing (e.g. central peaks of large impact
craters, Pieters, 1986, 1993).

The surface of the Moon has been characterised by
different episodes of magmatic activity. Early lavas
produced by partial melting of the lunar mantle flowed
out onto the lunar surface around 4.3–4.0Ga ago. Most
of these ancient deposits (red spot units, pyroclastic
deposits and old basaltic deposits) were obliterated by
large impacts, buried by basin ejecta or by subsequent
mare basalt flooding. Buried mare deposits (cryptomar-
ia) can only be detected by local increases in the iron
content of the surface (e.g., Hawke et al., 2003a). The
‘‘mare basalts’’, lying preferentially in the lunar near
side, result from lava flows which filled the interior of
the large basins from 3.8 to 3.0Gy ago. Recent studies
suggest that volcanic activity continued at a much lower
scale in a few areas up to about 1 billion years ago
(Hiesinger et al., 2003). Detailed remote sensing
investigation of the lunar surface are required for
improving our understanding of lunar volcanism (e.g.,
Chevrel et al., 1999a; Hawke et al., 2003b), setting
constraints on the global composition of the Moon and
its geological history (Vaniman et al., 1985).

Earth-based and Clementine multi-spectral observa-
tions in the UV–VIS–NIR domain, with spatial resolu-
tions in the range of 100m–1 km have made an
important contribution to the spectral characterisation
of lunar surface units by providing a first global
description of the lateral compositional heterogeneity
of the lunar surface and a definition of the main
geological units. These observations definitely improved
our understanding of the lunar crust structure and
nature, and of the emplacement of the maria and
cryptomaria. However, these results also suggest that
the importance of early lunar volcanism (more than
3.8Gyr ago), and of impact melting may have been
widely underestimated when assessing the evolution and
structure of the lunar crust. Optical heterogeneities
related to local physical properties of the surface
(texture, surface roughness, maturity and cristallinity)
at a scale of 100m or less have not yet been adequately
characterised. These goals can be addressed by new
generation instruments providing improved spatial
resolution and sensitivity.

An opportunity for implementing such investigations
has been provided by The ‘‘SMART-1’’ ESA mission to
the Moon, which has been successfully launched on
September 27th 2003. ‘‘SMART’’ stands for ‘‘Small
Missions for Advanced Research and Technology’’, and
the main goal of the mission is a validation of Solar
Electric propulsion (Racca et al., 2002) which will be
implemented in major future missions of ESA such as
Bepi Colombo and Solar Orbiter. The science payload
also emphasises advances in technology with highly
miniaturised experiments. Within a tight mass envelope
of 15 kg, this payload will address important issues of
lunar science (see, e.g., Foing et al., 2001).
2. The AMIE micro-imager

The advancedMoon micro-imager experiment (AMIE)
is the onboard imaging system of the SMART-1 mission.
The AMIE micro-imager will acquire broadband images
as well as filtered images at three wavelengths (750, 915
and 960 nm). The filters are directly applied onto the
CCD, covering an area of 11/16 of the total CCD area,
with one 1/16 used by the laser filter at 847 nm, while the
remaining 512� 512 pixels (i.e., 1/4 of the CCD area)
not covered by filters and thus being devoted to broad-
band imaging (see Fig. 1). It should be noted that while
the filters at 750 and 915 nm are two narrow-band filters
(respective width of 10 and 30 nm), the filter at 960 nm is
a high-pass filter with steep transmission edge, which
critically convolves with the negative slope of the CCD
spectral response in the longer wavelengths region of the
spectrum.

The filter disposition makes it possible to map each
region of the sub-spacecraft track at three wavelengths
with the two pointing schemes, which will be imple-
mented by SMART-1 (Fig. 1). A more detailed technical
description of the AMIE micro-imager and of its
subsystems is given in Josset et al. (2003) and Foing et
al. (2003). The main characteristics of AMIE are
presented in Table 1.

Also, the AMIE capability allows the determination
of the photometric properties of the surface. Thus, both
geomorphologic studies and geologic interpretation will
considerably benefit from the AMIE imaging and multi-
spectral information.
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Table 1

AMIE camera characteristics and performances

Aperture diameter 0.0155 m

Focal length 0.155m

FOV 5.31� 5.31

Detector: CCD (THX7888A) 14 mm� 14 mm
Resolution 0.005761/pixel; 46m/pixel at 500 km

Integration time 10ms–10 s

Dark current o20DN/s (6000 e-/s) at 21 1C

Signal-to-noise ratio (SNR) 200–400 (no filter)/80–350 at 915 nm

256 pixels

512 pixels

1024 pixels

Spectral filter
 960nm

Spectral
Filter

915nm

Spectral
filter

750nm

No filter

AR coating

Spectral filter
915nm

Spectral filter
750nm

CCD

Laserlink filter
847nm

Fig. 1. Layout of the filters on AMIE’s CCD.
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3. Measurements and expected performances

The spacecraft entered lunar orbit on November 15,
2004. After reaching its final orbit in February 2005 and
a commissioning phase until May, 2005, SMART-1 is
presently performing an operational phase with science
activities in an orbit about 500� 3000 km. At a distance
of 500 km, the field of view of AMIE (5.31� 5.31)
corresponds to 46 km on the surface, with a pixel size for
the 1024� 1024 CCD of 46m.

The mission plan of SMART-1 is highly complemen-
tary to that of Clementine. Indeed, the orbit of
Clementine was polar, eccentric, with a pericenter close
to the equator. The SMART-1 orbit is also polar and
eccentric, but with a pericenter close to the South Pole
so that the orbital evolution during the 180 days of
nominal mission will provide a good coverage of the
7301 southern latitudes. At high-southern latitudes, the
AMIE micro-imager will provide a spatial resolution
more than 15 times better than Clementine.
When compared to the Clementine UVVIS camera,
the AMIE micro-imager has indeed several major
advantages: AMIE uses a 1024� 1024 pixels CCD,
while Clementine was equipped with a 256� 256 pixels
CCD. Thus, a single AMIE frame acquired from the no-
filter area of the CCD (512� 512 pixels in size)
corresponds, for an equivalent spatial resolution, to 4
Clementine images, giving access to a wider field of view
when mapping regional geologic features without the
caveats of the mosaicking reduction. It should be noted
that even at the lowest altitude of 500 km, the AMIE
field of view of 46 km is ideally suited to observe major
geologic features. Significant mineralogical diversity can
be revealed at the scale of a few tens kilometers (e.g.,
central peaks of Copernicus).

At the equator, the AMIE resolution will still be
close to 150m per pixel. The resulting images, 150 km�

150 km, will be suitable and very helpful to better
understand the photometric characteristics of the lunar
surface at different wavelengths. Clementine images are
much smaller for this latitude (typically 30 km� 30 km).
They were obtained in sequence along a meridian, and
consecutive strips (two adjacent orbits) were often
obtained under different illumination conditions. The
comparison with the AMIE images, obtained with a
single exposure, will contribute in the formidable task of
patching these small Clementine images into photome-
trically controlled comprehensive multi-spectral albedo
maps of the lunar surface.

In order to obtain multi-colour information, AMIE
will image the same geographical area in all three filters,
taking advantage of the pushbroom motion of the
spacecraft (e.g., Almeida et al., 2002). AMIE, with its
multi-band imaging capability, is essential to provide the
context for the SIR infrared spectrometer (940–2400 nm;
spectral resolution 6 nm; footprint 550m at 500 km).
The correlated interpretation of these two complemen-
tary data sets will much enhance the scientific return of
each instrument.

Fig. 2 shows as an example the footprint of the AMIE
three filters (512� 256 pixels each) and non-filter area
(512� 512 pixels) of the CCD detector for the Reiner
Gamma region near the equator (see Fig. 2 for details).
Depending on the latitude of the lunar region observed,
and therefore the altitude of the spacecraft on its orbit,
the swath (full CCD, i.e., 1024� 1024 pixels) ranges
from 46 km at pericenter (500 km) to 150 km close to the
equator, and around 200 km at mid northern latitudes.

It should be also noted that AMIE uses a 10 bits
ADC, instead of an 8-bit ADC for Clementine. The
large dynamic range of 1023DN reduces the digital
noise. Its main asset is that it eliminates the need for the
bewildering number of gain states, acquisition times and
offsets used during the Clementine mission, where more
than 200 different observation modes had to be
implemented, most of which were not calibrated. For
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Fig. 2. Example of the footprint of the AMIE three filters (750, 915

and 960 nm; 512� 256 pixels each; solid line) and non-filter area

(512� 512 pixels; dashed line) of the CCD detector (see Fig. 1)

superimposed on a Clementine mosaic (not harmonised) of the Reiner

Gamma region (about 81N, 2991E). The swath (L) of the full CCD

(1024� 1024 pixels) is given by the relation L ¼ 2.h.tan(a/2) where h is

the altitude of the spacecraft (nadir pointing) above the lunar surface

and a is the field of view of the AMIE camera. This gives a footprint of

L/2�L/4 (respectively length and height along ground track) for each

filter image and L/2�L/2 for the non-filter image. Assuming an

altitude of about 1990Km at the latitude of Reiner Gamma, one

obtains a footprint of 92� 92Km for the non-filter image and

92� 46 km for a given filter image.

Fig. 3. Full Moon image produced by AMIE camera during the

eclipse of May 4, 2004 from a 100 000 km SMART-1 distance from the

Earth.
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AMIE, we plan to have far less operative modes,
working mainly on the integration time, which has the
lowest impact on the photometric response. This will
improve the reliability of the data reduction process on
the basis of ground calibration.

The acquisition time of AMIE can be adjusted from a
few milliseconds to several seconds; this, combined with
the large digital dynamics of the instrument and with its
intrinsic low noise level (the read noise of the CCD is
lower than 100 electrons, hence much less than 1DN)
results in values of the signal-to-noise ratio always
sufficiently high to obtain the scientific objectives
(Koschny and Almeida , 2003); representative values
for the broad band region and for one of the filters with
various observation conditions are presented in Table 1.

The high S/N and large dynamic range of AMIE
makes it ideally suited for observing permanently
shadowed areas and their immediate neighbourhood,
and more generally to image regions characterised by
very low levels of illumination, with the possibility of
imaging the surface of the permanently shadowed areas
due to Earth’s light: in the most favourable conditions
the illumination of these areas from the Earth could
reach a value of 5–10 lux.

Fig. 3 shows an image of the Full Moon produced by
AMIE micro-imager during the eclipse of May 4, 2004
at a distance of about 100 000 km from the Earth. Fig. 4
shows a first AMIE multi-spectral 960/915 nm ratio
image (relative to a highland reference area) of the
eastern part of the nearside of the Moon. Images were
taken during the first quarter of the Moon on 2004,
January, 29, while the spacecraft was still at a distance
of about 300 000 km from the Moon. Although these are
raw images, the colour ratio shows the presence of a
strong mafic absorption for maria, relatively to high-
lands, consistent with the regional occurrence of iron-
rich mare basalts. In particular, the stronger absorption
at 960 nm for mare tranquillitatis, relative to other
maria (Crisium, Fecunditatis and Nectaris) is consistent
with the presence of most iron-rich mare basalts
(18–20wt% FeO) in these regions of the Moon (Lucey
et al., 2000).
4. Scientific objectives

The AMIE camera will carry out both scientific and
technological objectives; furthermore, it will also be used
as a context imager for all other SMART-1 cruise or
lunar investigations. The investigation by the AMIE
camera will address a number of specific scientific
objectives listed below (see also Table 2).

One of the major goals of AMIE will be to acquire
high-resolution images of the lunar surface, in total light
and for specific spectral bands, under a number of
different viewing conditions and geometries.
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Fig. 4. First AMIE multi-spectral 960/915 nm ratio image of the eastern part of the nearside of the Moon. Colour coding shows variations relative to

a highland reference area, with the strongest mafic absorptions reaching 10–15% in mare tranquillitatis, consistent with the regional occurrence of

iron-rich mare basalts.

Table 2

Principal types of geological units planned as target for the AMIE camera, and related studies

Type of unit Example of target Type of studies

Impact basins

Floor and rim South pole-Aitken Composition and stratigraphy of crustal and basin ejecta

materials

Impact craters

Fresh craters Copernicus, Tycho Composition of excavated materials and stratigraphy of the

target. Distribution of ejecta materials (rocks versus melts)

Bright rays Kepler Composition, surface properties

Floor fractured craters Gassendi, Taruntius, Petavius Identification and composition of volcanic deposits in

relation with tectonic features

Volcanic units

Mare basaltic units young mare deposits in Procellarum Composition, identification of flow fronts and single flows.

Surface properties

Cryptomaria Schiller-Schickard Composition and degree of mixing with highlands materials

Pyroclastic deposits (dark mantling

deposits)

Aristarchus, Humorum, Orientale, Sinus

Medii

Composition, glass content, mode of deposition,

identification of source vents, surface physical properties

Non-mare volcanism (domes) Gruithuisen, Hansteen Composition, detailed morphology, surface properties

Regolith

surface properties (photometric

studies)

MS2 (Mare Serenitatis standard area),

landing sites (Apollo, Luna, Lunakhod),

Reiner Gamma and Ingenii swirls

Composition and physical surface properties. Mecanism of

regolith evolution (degree of maturity) and modification

(lunar swirls)
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4.1. Spectral imaging of the lunar regolith

The selected spectral bands allow discrimination
between mafic minerals which dominate the mare
(revealed by the Fe2+ absorption feature at 950 nm)
and the feldspar-rich highland materials. The ratio of
reflectances 750/950 nm is sensitive to the strength of the
950 nm absorption band and it provides a first-order
assessment of relative plagioclase and mafic minerals
abundances (e.g., Tompkins and Pieters, 1999). Reliable
quantitative methods have been developed for low and
medium latitudes by Lucey et al. (1995, 2000); Blewett et
al. (1997), and Shkuratov et al. (2003a, b) for separating
the effects of soil maturity and iron content on the broad
band reflectance properties of the lunar surface. They
rely on the relationship between the spectral ratio 950/
750 nm and the reflectance at 750 nm. At high latitudes,
the local slope is the main controlling parameter of the
reflectance, and methods combining visible and near-IR
spectral information will be required (Le Mouelic et al.,
2002).

There are interesting applications for studying the
space weathering of lunar surface material (e.g., Pinet
et al., 2000). Lunar surface materials darken, redden and
lose spectral contrast with increasing soil maturity, while
increasing the mineralogical Fe2+ abundance in the
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surface material decreases the reflectance of minerals
and increases the spectral contrast. Further semi-
quantitative ways of discriminating between different
mafic-bearing lithologies have been put forward for
example by Pieters et al. (2001). The original approach
by Tompkins and Pieters (1999) has been extended in
this paper and three diagnostic parameters characteris-
ing the diagnostic shape of the ferrous band near
1000 nm have been defined. It should be noted that the
position of AMIE filters closely mirrors those of the
Clementine UVVIS camera, while bringing additional
spectral information in the 1000 nm region covered by
the Clementine NIR data set; this will allow us to
perform similar semi-quantitative mineralogical analysis
complementing Clementine UVVIS–NIR results.

For this purpose, a new technique for the determina-
tion of lunar surface composition from remote sensing
has been recently presented in the context of the
SMART-1 mission (Shkuratov et al., 2003a, b). The
technique is based on spectral and composition (miner-
alogy and chemistry) data obtained by the Lunar Soil
Characterisation Consortium (Taylor et al., 2000a, b,
2001) for lunar soil samples and the Clementine UVVIS
camera data. The distributions of TiO2, FeO, and
pyroxene contents, maturity degree (Is/FeO), and a
characteristic size of particles were mapped. With this
technique, one can show the relevance of future AMIE
data for quantifying the chemical and mineral composi-
tion of the lunar surface (Shkuratov et al., 2003b).

4.2. Detailed high-resolution imaging of the South Pole

The South polar region had been proposed as the
focus of European lunar activities by the Lunar Science
Advisory Group of ESA on the following grounds: the
possibility of ice deposits in the permanently shadowed
regions at the South Pole was put forward as a probable
explanation for results from the Clementine Bistatic
radar experiment (Nozette et al., 1996). Independent
results obtained by the Lunar Prospector neutron
spectrometer have also identified an excess of hydrogen
deposits at the lunar poles (Feldman et al., 1998, 2000),
consistent with the presence of possible water ice. The
most effective source of the production and accumula-
tion of ice in lunar polar regions is likely to be comets
(Shevchenko, 1999). It has been proposed that ice
deposits could only survive in ‘‘double shadow’’ regions,
i.e. small craters located in permanently shadowed
areas, which protect the deposit from sunlight diffused
by the rims. The shaded zone near the South Pole is
located below the absolute datum level, the height of the
closest rim being about 3 km. Thus, in this region, the
‘‘solar horizon’’ is always 1–2

o

below the topographic
horizon (Chikmachev and Shevchenko, 1999). Estimates
of extent of ‘‘double shadow’’ areas show that they
could represent up to 104 km2 (Petrov et al., 2003).
During its mission lifetime around the Moon, the AMIE
camera will produce repeated high-resolution coverage
of the polar regions under different geometrical condi-
tions (‘‘Sun–lunar area–spacecraft’’) and it will thus
provide us with a precise assessment of the character-
istics of permanently shadowed areas.

The South Pole is on the rim of a major geological
feature discovered by Clementine, the South Pole Aitken
basin (SPA), the largest impact basin on the Moon with
a diameter of 2500 km, and a depth of 12 km (e.g., Zuber
et al., 1994). From the Galileo and the Clementine
spectral data, it has been shown that the basin floor,
which is mostly composed of basin ejecta deposits and
small deposits of mare basalts, exhibits a lower albedo
and higher mafic mineral abundances than the sur-
rounding highlands (Petro and Pieters, 2004). Because
of its size, and of this mafic anomaly, it has been
suggested that deep crustal and mantle materials have
been excavated and deposited during the impact event
that formed the Aitken basin (e.g., Head et al., 1993;
Spudis et al., 1994; Pieters et al., 1997; Lucey et al., 1998;
Pieters et al., 2001). However, the composition of the
materials forming the SPA basin floor, inferred from
both the spectral Clementine data and the geochemical
Lunar Prospector data, is still a matter of debate (e.g.,
Pieters et al., 1997, 2000; Lucey et al., 1998; Blewett
et al., 2000; Chevrel et al., 1999b, 2000, 2002; Lawrence
et al., 1999).

The determination of the composition of the materials
found in the SPA basin is important because it will give
important constraints to the processes of formation of
the large basins on the Moon and the evolution of the
crust. There is a strong interest in investigating at close
range the mineral composition of ejecta which provide a
vertical sounding of the farside crust down to several
tens of km. AMIE will directly contribute to the
characterisation of surface mineralogy and geology in
the SPA region, in combination with other elements of
the payload (SIR spectrometer, D-CIXS X-ray spectro-
meter); this represents an important task in preparation
to a planned sample return mission in SPA. As an
example, the AMIE multi-spectral capability could be
used to search for cryptomaria around dark halo craters
in the SPA region (see, e.g., Blewett et al., 1999). These
observations would take advantage of the rather high
resolution at the southern latitudes, and would be
complemented by the full NIR spectra provided by SIR
(Basilevsky et al., 2004) and by elemental abundance
analysis by D-CIXS.

4.3. Study of lithological compositional diversity from

impact craters

Compositional heterogeneities have been observed in
morphological structures (central peaks, floor, walls,
rims) of impact craters. For instance, Tompkins and
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Pieters (1999) discuss the presence of high-Ca pyroxene-
bearing rocks on the walls of Tycho crater, indicating
that gabbroic plutons in the crust might have been
exposed as a result of the impact process. Given the
AMIE camera capabilities, it would be important to
improve, at a spatial resolution of 50m/pixel, the
characterisation of structural lithological variations
revealed earlier at the sub-kilometer scale by telescopic
and Clementine images on the walls of large impact
craters, such as Copernicus (Pinet et al., 1993; Pieters et
al., 1994; Le Mouelic and Langevin, 2001). Complex
lithological variations have also been found in craters
such as Aristarchus (e.g., Pinet et al., 1999; Le Mouélic
et al., 2000; Chevrel et al., 2004). Indeed, a global survey
of central peaks of 109 craters in the diameter range
from 40 to 180 km (Tompkins and Pieters, 1999) has
shown that 40% of them exhibit multiple lithology,
considered to be associated with vertical and lateral
differences in composition of the lunar crust. In general,
craters found within impact basins are more hetero-
geneous than highland craters, with the notable excep-
tion of Tycho, which exhibits the most mafic central
peak. Three distinct, relatively mafic units are visible at
Stevinus with sharp contacts showing variations in
albedo and colour. At Theophilus, the central peaks
display both anorthositic and troctolitic composition.

Higher resolution data from AMIE, combined with
SIR, could identify combination of smaller, lithologi-
cally distinct units within their central peaks and walls.
Classification of mapped lithological units ranging from
pure feldspathic to feldspathic and/or mafic materials
could be done on the basis of the reflectance ratio 750/
1000 nm, while for more detailed compositional studies
the AMIE camera should provide the imaging support
for detailed spectral analysis by SIR (Basilevsky et al.,
2004) and elemental analysis by D-CIXS. The char-
acterisation and the distribution of fresh crater materials
(including the ejecta blanket), respectively at high spatial
and spectral resolution by AMIE and SIR, will also
contribute to better document the processes of excava-
tion and production of impact materials (e.g., abun-
dance of rocks versus melt products).

4.4. Detection and characterisation of the ancient lunar

non-mare volcanism

While lunar mare volcanism appears both widespread
and well documented, little is known about the
emplacement of lunar non-mare volcanic units before
and during the period of mare basaltic volcanism. As
with mare volcanism, the existence of non-mare volcan-
ism has equally major implications for the thermal
history and crustal evolution of the Moon, in relation
with the role played by the volatile elements. The best
candidates today for non-mare volcanic deposits are a
number of small lunar areas called red spots. These are
anomalous areas primarily characterised by a relatively
high albedo and a strong absorption in the UV relative
to the visible (Malin, 1974; Wood and Head, 1975;
Chevrel et al., 1999a; Hawke et al., 2003a, b).

The AMIE camera will provide high-spatial resolution
imaging associated with different geometry conditions of
observation and combined with multi-spectral mapping.
These data will document the mineralogy, morphology
and surface physical characteristics, while more detailed
compositional analysis from spectrophotometric proper-
ties could rely on data from SIR (Basilevsky et al., 2004).
For example, it is expected to detect compositional
variations within the volcanic domes in relation with
surface structures (lava flows and/or landslides) and
textures, and thus to document the style of volcanism
and the nature of materials emplaced.

4.5. Physical properties of regolith

The lunar regolith is a complex end-product of the
bombardment history of the Moon. Its constituents
have been fractured, melted, welded (forming complex
breccias), displaced during the major cratering events
and reworked by smaller impacts. The study of the
depth distribution and physical properties of the regolith
requires high-resolution imaging. Observations planned
at different phase angles during the SMART-1 mission
will allow us to study the photometric properties of the
regolith, from which physical properties of the surface
can be inferred (see, e.g., Pinet et al., 1998; Shkuratov et
al., 1999, 2002, 2003c; Muinonen et al., 2002; Cord et al.,
2002, 2003a, b; Shevchenko et al., 2003; Pugacheva and
Shevchenko, 2003; Kreslavsky and Shkuratov, 2003).

Three different kind of photometric studies with the
AMIE camera of SMART-1 mission will be possible: (1)
determination of the phase function and search for
photometric anomalies; (2) characterisation of the
opposition spike; (3) detailed study of photometric
function in the spot pointing mode of SMART-1. The
first type of investigation will be particularly interesting
close to fresh impact craters, where photometric
anomalies have implications on the regolith gardening
rate and the recent projectile flux; It will also be possible
to investigate regolith anomalies associated with swirls,
ejecta fields and deposits, and possible evidence for
recent seismic events. The second type of investigation
makes it possible to study regional variations of the
characteristic soil particle size and particle aggregate
structure. The third type of investigation (tracking mode
or spot pointing) will provide a detailed understanding
of the photometric function with implications on the
meso-scale structure of the lunar surface. The specific
requirements of photometric studies are the following:
�
 At least two images of the same scene are needed for
characterising the phase function. As the phase angle
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difference should be comprised between 151 and 301,
the best choice of the phase angles is 10–201 for the
first image and 30–501 for the second image; pairs of
AMIE images are clearly preferred, but one could
also use images from the Clementine data set.
�
 Two images of the same scene are needed as well to
study the opposition spike, one of which should
contain the zero phase angle point, while the other
should be taken at a phase angle of 10–401; also, in
this case, one of the two images could be taken from
the Clementine data set if cross-correlation problems
can be solved satisfactorily.
�
 The spot pointing mode requires taking a set of
AMIE images of the same scene while the spacecraft
is moving along its orbit with motion compensation;
including the zero phase angle point into the imaging
sequence would increase the scientific output of this
mode. A flat surface is necessary for photometric
mapping with the AMIE camera. Regions for
mapping with the highest priority are the Apollo-
11, -12, -14, and -16 landing sites. Other prospective
regions are also: Surveyor 1, 3, 5, 6, and 7, Luna 16,
17 (Lunokhod 1), 20, 21 (Lunokhod 2), and 24
landing sites, swirls, selected typical mare areas, and
areas that have been imaged with Clementine at the
opposition.

At the local scale, the photometric properties of the
lunar regolith are still poorly known (Helfenstein and
Shepard, 1999). Their detailed study is a key for
understanding the soil maturation process occurring in
the regolith, which result from impact communition, the
accumulation of agglutinates, and the production of
reduced iron from vacuum reduction of Fe2+ in
minerals and glasses. As an example, the puzzling case
of the Reiner Gamma formation suggests that areas may
exist on the Moon where the regolith could present
locally unusual optical, mechanical, and magnetic
properties (Pinet et al., 2000; Pinet et al., 2004). High-
resolution orbital surveys will improve our understand-
ing of the stratigraphy and evolution of the regolith.
5. Conclusion

The AMIE experiment onboard the SMART-1
mission is a new generation of advanced imaging
system, combining a miniaturised detector with micro-
processor electronics which result in low mass and
power requirements. Important scientific objectives will
be addressed, which include: (i) the detailed imaging of
high latitude areas in the southern hemisphere (South
Pole—Aitken basin and permanently shadowed regions
close to the pole), (ii) the study of photometric proper-
ties of the lunar surface from observations at different
phase angles for the determination of the characteristics
of the regolith, (iii) the determination of new constraints
on the chemical and mineral composition of the regolith
upper layer, (iv) the detection and characterisation of
lunar non-mare volcanic units, (v) the study of the local
lithological variations from impact craters and implica-
tions for crustal heterogeneity.

AMIE will provide the context support for experi-
ments dedicated to compositional studies, i.e. the
detailed spectroscopic survey performed by SIR and
the geochemical elemental analysis carried out by D-
CIXS. This will require a coordinated observation
strategy so as to obtain a comprehensive coverage of
targets of interest. With its complementary set of
instruments, SMART-1 will provide an interesting
testbed of data analysis strategies for the more
ambitious and systematic survey which will be provided
by the LSPIM package (high-resolution spectrometer
embedded in the field of view of a multi-spectral camera)
on the japanese SELENE mission, to be launched in
2007.

The AMIE micro-imager will also support a Laser-
link experiment to Earth at 0.83 mm, an On Board
Autonomous Navigation investigation and a Lunar
libration experiment coordinated with radio science
measurements.
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