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“As the first spacecraft to use primary electric propulsion in

conjunction with gravity manoeuvres, and as Europe’s first

mission to the Moon, SMART-1 opens up new horizons in space

engineering and scientific discovery. Moreover, we promise

frequent news and pictures, so that everyone can share in our

lunar adventure.” Giuseppe Racca, ESA’s Smart-1 Project

Manager.

A Solar-Powered
Visit to the 
Moon
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By July 2003 a hitchhiking team of engineers and scientists will
be at Europe’s spaceport at Kourou in French Guiana, thumbing
a lift for a neat little spacecraft, ESA’s SMART-1, on the next

Ariane-5  launcher that has room to spare. It’s not very big - just a box
a metre wide with folded solar panels attached - and six strong men
could lift it. It weighs less than 370 kilograms, compared with
thousands of kilos for Ariane’s usual customers’ satellites. So it should
pose no problems as an auxiliary passenger.

SMART stands for Small Missions for Advanced Research in
Technology. They pave the way for the novel and ambitious science
projects of the future, by testing the new technologies that will be
needed. But a SMART project is also required to be cheap - about one-
fifth of the cost of a major science mission for ESA  - which is why
SMART-1 has no launcher of its own. Its main purpose is to allow the
engineers to evaluate a new way of propelling spacecraft on far-ranging
space missions. Power from SMART-1’s solar panels will drive an
electric-propulsion system called an ‘ion engine’. The demonstration
task is to overcome the Earth’s gravity and put the spacecraft into orbit
around the Moon. 

After 40 years of Soviet and American lunar exploration, knowledge
of the Moon’s surface is still surprisingly incomplete. Always ready to
seize the chance to make new discoveries, Europe’s space scientists
have fitted SMART-1 with very modern and compact sensors to map
lunar minerals in greater detail than ever before,  using infrared rays.
With X-rays too, it will make the first comprehensive inventory of key
chemical elements in the lunar surface. Adding to this the many scenes
coming from its advanced multi-colour camera, Bernard Foing, 
ESA’s Project Scientist for the mission, believes that SMART-1 will
“renew our view of the Moon and prepare for future lunar and
planetary exploration”.
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Giuseppe Racca, Bernard Foing, and the SMART-1 Project Team 
ESA Directorate of Scientific Programmes, 
ESTEC, Noordwijk, The Netherlands

SMART-1

The SMART-1 
Mission
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ESA has conducted several
studies of potential lunar
missions in the past, including
one for a Polar Lunar Orbiter
(POLO) in the 1980’s. At the
beginning of the 90’s, wide
consultation with the scientific community
led to a survey of the possible scientific
and social benefits that renewed lunar
exploration might bring. A strategy for
progressive exploration in four phases -
precursor missions, landers, resource
utilisation and deployment of large
infrastructures, and a permanent human
presence - was proposed by ESA, and
agreed with other space agencies
coordinated by the International Lunar
Exploration Working Group (ILEWG)
after the Beatenberg International Lunar
Workshop in 1994. Between 1994 and
1996, ESA studied a scientific lunar
mission (MORO) as a contender for a
medium-cost mission. In the same time
frame, technical studies were also
conducted on a lunar lander (LEDA), and
between 1996 and 1998 a study called
‘Euromoon’ addressed the possibility of
making a landing near the lunar south pole.
In parallel, a series of key technologies for
future lunar and planetary exploration
were developed. In 1995, ESA’s Long-
Term Space Policy Committee made
strategic recommendations for Europe’s
future space endeavours, which included
the eventual building of a permanent lunar
base, and robotic precursors.

Faster, Cheaper, Smarter 
The SMART series of missions have been
introduced into the ESA Scientific
Programme in order to prepare the
technologies needed for the major future
science missions, the so-called
‘Cornerstone’ missions. At mission
approval, SMART-1 was assigned four
goals:
– to demonstrate the use of Solar Electric

Primary Propulsion, in preparation for
future deep-space missions requiring
high-energy trajectories, like the Bepi-
Colombo mission to Mercury and the
Solar Orbiter mission

– to demonstrate a new ‘faster, cheaper,
smarter’ approach for spacecraft
procurement and management, compatible
with the low overall mission budget and
highly demanding mission requirements
(taking higher risks was considered
acceptable for this mission) 

– to demonstrate new spacecraft and
instrument technologies, and

– to provide an early scientific opportunity
for instruments and investigations.

ESA’s  Science Programme Committee
approved the SMART-1 mission in
September 1999, and the prime contractor,

Swedish Space Corporation,
began the development work
in October 1999. The
approved SMART-1 scenario
was a lunar mission,
including six months of

scientific operations in lunar orbit. The
total budget allocated to the mission is
101.5 MEuro: 68.2 MEuro from the ESA
Science Programme, 12 MEuro from the
ESA Technology Research Programme,
and 21.3 MEuro from a special
compensation programme funded by
France, the United Kingdom and
Denmark.   

Besides its novel primary electric
propulsion, SMART-1 includes innovative
technologies within the spacecraft’s
systems and instruments. To reduce
development time and increase reliability,
strong emphasis has been placed on
modularity, commonality and the use of
commercial-off-the-shelf hardware and
software components. The spacecraft
platform combines the heritage from
previous small satellite programmes
undertaken by the Swedish Space
Corporation and the latest technology
developments from ESA, commercial
space programmes and other branches of
industry.

A masterpiece in miniaturisation,
SMART-1 is 14 metres across with its solar
panels extended, but everything needed for
its propulsion, communications, house-
keeping and instrumentation fits into a

By the middle of this century the Moon is
likely to be a manned base, not only for
science but for mining and engineering
too - and a way-station for more
distant spaceflight. 
Image courtesy Pat Rawlings/SAIC/NASA JSC - Mark

Dowman and Mike Stovall/Eagle Engineering,Inc. / 

NASA JSC - Clementine/BMDO/NSSDC -

LunaCorp/Robotics Institute ©
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cube just 1 metre across. The solar panels
use an advanced type of gallium-arsenide
solar cell rather than the traditional silicon
cells. The avionics architecture is state-of-
the-art and will test new communications
and navigational techniques. Of the total
launch mass of 370 kilograms, 19 kilos is
available for a dozen technological and
scientific investigations. Like the space-
craft’s other components, the scientific
instruments employ state-of-the-art concepts
and miniaturisation methods to save space,
weight and cost. 

The spacecraft has also been designed to
require a minimum of ground intervention
throughout its operational lifetime to
further constrain costs. During its journey
to the Moon, SMART-1’s electric propulsion
system will function autonomously for
periods of up to 10 days. When orbiting the
Moon, the spacecraft will be contacted for
an average of just 8 hours twice per week
using ground stations on an ‘as available’
basis. 

In spite of the low budget, ESA has 
not compromised in the pre-launch testing
of SMART-1. Notwithstanding the tight
schedule, the  spacecraft programme has
included:
– mechanical qualification of the structural

model (August 2001)
– electrical and functional testing of the

flight Model (June 2002 - January 2003)
– electromagnetic compatibility, thermal-

balance, thermal-vacuum and vibro-
acoustic testing of the flight model
(October - November 2002)

– end-to-end testing of the flight model’s
electrical-propulsion system (December
2002).

The Magic of Ion Engines
Operating in the near-vacuum of space, ion
engines shoot out a propellant gas much
faster than the jet of a chemical rocket.
They therefore have a much higher
specific impulse (thrust per unit of
propellant used). The ions that give the
engines their name are charged atoms,
accelerated by an electrostatic field
generated by various techniques. If the
power comes from the spacecraft’s solar
panels, the system is known as ‘solar-
electric propulsion’. 

SMART-1 during the acoustic testing

SMART-1’s ion engine

SMART-1/2  3/3/03  3:57 PM  Page 18



esa bulletin 113 - february 2003www.esa.int 19

The type of ion engine chosen for
SMART-1 is called a Plasma or Hall-Effect
Thruster, as it makes clever use of an effect
discovered by the American physicist E.H.
Hall in 1879, whereby a current flowing
across a magnetic field creates an electric
field directed perpendicular to the current.
This phenomenon is used to accelerate
ions of xenon, a chemically inert gassy
element with atoms about 131 times
heavier than hydrogen atoms. Fed with
1350 Watts of electrical power from the
spacecraft’s solar panels, SMART-1’s ion
engine, manufactured by SNECMA of
France, generates a thrust of 0.07 Newton,
equivalent to the weight of a postcard! 

Due to their weak thrust, ion engines
work their magic in a leisurely way. As
normal-sized solar panels supply only a
few kilowatts of power, a solar-powered
ion engine cannot compete with the
enormous thrust of a chemical rocket.
However, a typical chemical rocket engine
burns for at most a few minutes, while an
ion engine can go on pushing gently for
months or even years on end – basically for
as long as the Sun shines and the small
supply of propellant lasts! Thus, the ion-
propelled tortoise will eventually overtake
the chemically-propelled hare, and
continue accelerating, slashing the time for
interplanetary travel. So far this is only a
theory, but it is one that SMART-1 is out to
prove correct!

SMART-1 will go no further than the
Moon, but it will also demonstrate more
subtle operations of the kind needed for
long interplanetary missions, which will
combine solar-electric propulsion with
manoeuvres exploiting the gravitational
pull of planets and moons. BepiColombo,
ESA’s future mission to the innermost
planet Mercury, close to the Sun, will use
an ion engine to speed it on its way. The
Solar Orbiter, which will swoop even
closer to the Sun for close-up views, will
use the same type of ion drive as
BepiColombo. Other planned ESA science
missions are also expected to use ion
engines for complex manoeuvres in the
vicinity of the Earth’s orbit, including
LISA, a mission that will detect
gravitational waves coming from the
distant Universe.

“An ion engine can slash
almost four years off the time
that BepiColombo will take to
get to Mercury. But we need
hands-on experience with
SMART-1 to be confident about
using this new technology,”
says Gordon Whitcomb, ESA’s
Head of Future Science
Projects.

SMART-1 ion engine being test fired

BepiColombo

Solar Orbiter

SMART-1
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The SMART Way to Travel: A Spiral Path to
the Moon
By accelerating SMART-1 constantly at
0.2 millimetres per second per second, this
incredibly gentle thrust could in theory
fling the spacecraft right out of the Solar
System, if sustained for long enough. In
practice, however, SMART-1 will use its
ion engine only intermittently over a 16-
month period following its release from
Ariane, to fend off the Earth’s gravitational
pull and put itself into orbit around the
Moon. 

The Ariane-5 launcher will put SMART
into an elliptical orbit around the Earth.
Controlled by the European Space
Operations Centre (ESOC) in Darmstadt,
Germany, on two days per week, repeated
burns of the ion engine will change the
ellipse into a circle and gradually expand it
into a spiral. Each month the Moon
revolves around its own orbit, 350 000 to
400 000 kilometres from the Earth. As
SMART-1 gains distance from the Earth,
its speed will slacken. When 200 000
kilometres out, the spacecraft will begin to

feel significant gravitational tugs from the
Moon as it passes by. 

ESOC’s mission controllers must then
inaugurate a new era in space navigation.
For the very first time, they will exploit the
sustained thrust of electrical propulsion
jointly with manoeuvres under gravity.
This is quite a complex process and
optimisation of the manoeuvres that will
be needed has required extensive analysis.
The tug of the Moon will at first help to
widen the spiral orbit, in regular

encounters called ‘lunar resonances’. By
the time SMART-1 passes within 60 000
kilometres of the Moon, the effect of its
gravity will be much more pronounced, in
encounters known as ‘lunar swingbys’. 

As first noted by the mathematician
Joseph-Louis Lagrange in 1772, the
gravitational effects of the Moon and the
Earth are in balance at a point known as
‘L1’ (Lagrange Point No. 1), 50 000 to 
60 000 kilometres out from the Moon on
the earthward side. At this point, SMART-
1 will reach a crucial stage in its journey,
passing through an ‘invisible doorway in
space’ involving the spacecraft’s ‘lunar
capture’. Thereafter it will fly over the
lunar north pole, aiming at a point of
closest approach above the south pole, so
achieving a wide polar orbit around the
Moon. During the weeks that follow,
SMART-1’s ion engine will gradually
reduce the size and duration of this orbit,
to improve the view of the lunar surface. 

SMART-1 first orbits the Earth in ever-increasing ellipses. When it reaches the Moon, its orbit is altered by
the lunar gravitational field. It uses a number of these ‘gravitational assists’ to position itself for going into
orbit around the Moon.

Once SMART-1 has been captured by the Moon’s gravity, it begins to work its way closer to
the lunar surface.
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When human beings first went to sea
many thousands of years ago, they
monitored the phases and motions of the
Moon in order to estimate the state of
the tide in various harbours. More
subtle shifts, up and down the sky,
fascinated prehistoric experts who
wanted to predict eclipses. Computing
the first full Moon after the spring
equinox defined Easter in the Christian
calendar. Before modern lighting,
convenors of meetings chose dates with
predictable moonlight, to help
participants on their way.

Beauty and science go hand in hand.
The artist Leonardo da Vinci was
perhaps the first to realize 500 years ago
that the subtle glow on the dark part of
a crescent Moon is due to light from the
Earth. Now astronomers and space
scientists measure that ‘earthshine’ to
gauge variations in our planet’s
cloudiness, and the role of clouds in
climate change.

Such ancient technical interest in the
Moon never conflicted with the
admiration for its beauty, from pagan
worshippers of Diana the Huntress to
writers of modern pop songs. The fact
that human beings have walked on the
Moon, and will again, should not
diminish but enhance the sense of
wonder. In the modern perspective,
seeking a lunar foothold for science,

home in space much more fully, making
us better able to safeguard its future.

What is new about the Moon? The
Apollo and Luna mission samples have
been put into a more global context by
the Clementine and Lunar Prospector
data. It has been shown that the
distribution of elements detected from
orbit differs from that derived from
lunar samples, which were limited in
their geographical coverage. The South-
Pole Aitken Basin is the largest impact
basin so far detected in the Solar
System; it differs significantly in
composition from highlands or maria
and may provide a window to mantle
materials.

SMART-1 is Europe’s first mission to
the Moon. The scientists taking part
have a 21st-Century view of our
companion in space, which makes our
connection with it more intimate than
ever. The Moon holds the key to
planetary science and exploration and
lunar data can teach us about the
formation and evolution of rocky planets
and moons. The Moon also serves as a
‘laboratory’ for studying planetary
processes, a test bed for advanced
technologies, and a necessary step for
future robotic and human exploration of
the Solar System. The Moon is no longer
seen merely as a satellite, but as the
Earth’s daughter planet.

technology and exploration can help to
inspire our society to innovate and go
further.

The Moon is almost as large as the
planet Mercury, and 27% of the
diameter of the Earth. Compared with
its mother planet, it is relatively far
larger than any other moon in the Solar
System. Our neighbour Mars has two
small moons, and Venus none at all. The
geology of those planets is totally
different from ours. So it is not far-
fetched to ask whether the Moon’s
existence gives the Earth qualities
especially suited to life.

The Earth and the Moon have shared
a common history for 4500 million
years. The effect of lunar tides on the
Earth’s oceans and biosphere is well
known. It has been proposed that the
Moon has influenced Earth’s early
geological history. It has been shown
that the Moon’s tidal influence has
prevented the Earth’s rotational axis
from varying chaotically, a factor that
has stabilised the Earth’s climate.
Knowing the Moon more thoroughly
will help scientists to understand our

Earthrise as seen from Apollo - a picture that changed our view of planet Earth.

Welcome to the Earth-Moon Double Planet
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What Will All of SMART-1’s Instruments Do?
Multinational teams of scientists and
engineers will conduct ten different
investigations coordinated by a Science
and Technology Operations Centre. The
instrument teams are led by Principal
Investigators from Finland, Germany, Italy,
Switzerland and the United Kingdom. All
ESA Member States are participating by
providing Co-investigators for the various
experiments, which fall into two main
categories: 

Testing new techniques
EPDP and SPEDE: Designers of future solar-
electric spacecraft want to know exactly
how SMART-1’s ion engine performs,
what side effects it has, and whether the
spacecraft interacts with natural electric

It will use the very short radio waves of
KaTE. The primary purpose of KaTE is to
demonstrate the next generation of radio
links between the Earth and far-flung
spacecraft. Microwaves in the Ka band,
around 9 millimetres in wavelength, can be

and magnetic phenomena in the space
around it. Possible problems include
deflection of the ion engine’s thrust
direction, erosion of surfaces, short-
circuits by sparks, interference with radio
signals, and accumulation of dust. These
effects will be monitored by
EPDP and SPEDE. 

KaTE and RSIS: Small changes in
SMART-1’s motion will
reveal the precise thrust
being delivered by the ion
engine. Like police radars
used to catch speeding
motorists, RSIS will exploit
the Doppler effect to log how
the changes in speed alter the
wavelength of radio pulses.

The People Behind SMART-1

SMART-1 has been built by a six-nation European team involving fifteen industrial companies, led by the Swedish Space Corporation as prime
contractor. The ESA Mission Team is based at the European Space Research and Technology Centre (ESTEC) in Noordwijk, The Netherlands.
Giuseppe Racca is the Project Manager, and Bernard Foing the Project Scientist. The spacecraft will be controlled from the European Space
Operations Centre in Darmstadt, Germany. 

The SMART-1 Science and Technology Working Team – formed by the payload Science Principal Investigators (PIs) and the Technology
Investigators (TIs) – will conduct ten different investigations coordinated by a Science and Technology Operations Centre located at ESTEC.
They will be supported by their teams of Co-investigators, associated scientists and students.

Experiment    Subject PI/TI Investigators Participating Countries

SPEDE Space plasma environment Walter Schmidt, SF  SF, S, ESA, USA
EPDP Ion engine’s side effects Giovanni Noci, I I, ESA, SF, A
KaTE Microwave communication Reinhard Birkl, D D, ESA, UK
RSIS Radio science Luciano Iess, I I, USA, D, UK, F, ESA, S
Laser-Link Laser communication Zoran Sodnik, ESA
OBAN Spacecraft navigation Finn Ankersen, ESA

AMIE Camera Jean-Luc Josset, CH CH, F, NL, I, E, ESA 
SIR Infrared analysis      Uwe Keller, D D, UK, CH, I, IRL, ESA
D-CIXS X-ray analysis Manuel Grande, UK UK, SF, S, E, I, F, ESA, USA
XSM Solar X-ray monitoring Juhani Huovelin, SF SF, UK, ESA

The AMIE Laser Link experiment

AO
ES

 M
ed

ial
ab

,©
 ES

A 
20

02

SMART-1 Instrument Technology,
Planetary Science & ExplorationBernard Foing, and the Science &

Technology Working Team
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SMART-1

focused into relatively narrow beams by
the small dish antennas available on the
spacecraft. 

Laser Link: This is another communications
experiment. ESA already has laser links
with telecommunications satellites from an
optical ground station on Tenerife in
Spain’s Canary Islands. Aiming the laser
beam becomes much more difficult if, like
SMART-1, the spacecraft is far away and
moving rapidly. The hope is that the AMIE
camera on SMART-1 will see Tenerife
aglow with laser light. 

OBAN: Future spacecraft will need to be
more self-reliant in guiding themselves
along pre-defined paths towards distant
destinations. OBAN will evaluate a
computer technique for on-board
autonomous navigation. It will use the
bearings of stars seen by SMART-1’s star
trackers, and the Earth, Moon and possibly
asteroids seen by the AMIE camera. 

Observing the Moon, the Sun and the Sky
Different kinds of visible and invisible
light coming from the lunar surface which

provide clues to its chemical composition
and geological history will be measured by
the AMIE, SIR, and D-CIXS instruments:

AMIE: This ultra-compact electronic camera
will survey the lunar terrain in visible and
near-infrared light. 

SIR: This infrared spectrometer will chart
the Moon’s minerals. 

D-CIXS: This X-ray telescope will use new
technology for collimating and detecting
X-rays to identify and map key chemical
elements in the lunar surface. 

XSM: The D-CIXS measurements could be
confused by variations in solar X-ray
emissions, which depend on how stormy
the Sun is at the time. SMART-1 will
therefore monitor the solar X-rays with its
XSM instrument, which will also make its
own independent study of solar variability.

SPEDE: Like a ship at sea, the Moon leaves a
wake in the solar wind - the non-stop
stream of charged particles and associated
magnetic fields coming from the Sun. This
electrical experiment will observe this
effect at close quarters. 

RSIS: With the help of the KaTE microwave
system and the AMIE camera, the RSIS
radio experiment will demonstrate a new
means of gauging the rotations of planets
and their moons. It should be able to detect
the well-known ‘nodding’ of the Moon,
which slightly tilts first its north pole and
then its south pole towards the Earth.

The instruments and their techniques will
first be demonstrated during a technology-
commissioning phase, then during a
cruise- science phase, and finally in lunar
orbit. The major scientific goals are
described in the following pages.

The AMIE camera

How the three remote-sensing instruments on SMART-1
will scan the Moon’s surface during one pass. Repeated
passes will gradually fill in the picture
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The Moon, Daughter of the Young Earth
The current consensus is that a Mars-size
planet embryo impacted the proto-Earth,
and that the Moon resulted from the re-
accretion of material ejected during the
impact, coming mostly from the impactor.
The global composition of the Moon can
constrain our understanding of the proto-
Earth and of the physico-chemical
processes that followed the impact. The
compositional similarities between the
Earth and the Moon are still a puzzle. 

Rocky planet formation models assume
accretion from planetesimals originating
from different parts of the Solar System.
The Moon carries a record of the
bombardment history in the inner Solar
System, which was erased on Earth. Also
the gravity, physical and chemical
signature of giant impact basins is still
imprinted on the lunar surface. The physics
of impact processes can be investigated on
different scales, making use of remote
sensing, in-situ and sample data. 

As a small planetary body, the Moon is a
cornerstone for comparative planetology,
allowing us to study the processes of
planetary differentiation, magmatic
activity, volcanism, crust formation, and
single-plate tectonics. The Moon appears
to have melted significantly after its
formation. To constrain theories about a
possible magma ocean and the origin of the

lunar crust, the abundance of magnesium
needs to be determined, which is a key goal
for future X-ray measurements. 

The lunar surface is also a huge
repository, which has collected comets,
asteroids, and even samples ejected from
the early Earth, during the era of giant
bombardment or emergence of life. It has
been proposed that water ice could have
survived in the permanently shadowed
craters at the poles. Lunar Prospector
recently detected enhanced hydrogen
concentrations in these areas. There is still
a debate as to whether this results from
enhanced solar wind hydrogen trapping, or
from successive impacts of recent comets
or water-rich asteroids. More data will be
obtained from orbit on these polar
volatiles, but we will need in-situ
measurements, and possibly also deep
samples, to unravel the history of water-
rich impactors in the inner Solar System.
The outcome of this water-ice issue has
important consequences for sustained
human lunar exploration in the future.

Lunar Science with SMART-1: Still Plenty Left
to Do!
The Moon's pockmarked face gives us an
idea of what the Earth must have looked
like around 4 billion years ago, when
comets and asteroids rained down on the
newly formed planets of the Solar System,

creating craters both large and small. The
Earth’s wounds have mostly ‘healed’, but
the Moon has scarcely changed from 3.5
billion years ago, when molten lava formed
the flat, dark features known as ‘maria’. 

From their six landings during NASA's
Apollo Programme (1969-72), astronauts
brought home rock samples for analysis in
the world's laboratories. Three unmanned
Soviet spacecraft also recovered Moon
rocks.  Scientists prized them as samples
of the primordial minerals that went into
making the Moon and the Earth, and as
chroniclers of impacts. However, all of
these samples were acquired in the
nearside equatorial region. The far side of
the Moon and the polar regions have never
been sampled. 

Much later, in 1994 and 1998, two small
American spacecraft, Clementine and
Lunar Prospector, were put into orbit
around the Moon, carrying a variety of
remote-sensing instruments to map the
whole lunar surface. Lunar Prospector also
explored the Moon's gravity and
discovered magnetic regions. But many
unanswered questions still perplex lunar
scientists. 

A key lunar feature is the South Pole
Aitken Basin, which dominates the Moon’s
south polar region and is the largest known
impact crater in our Solar System. The
SMART-1 spacecraft will examine this and

SIR on SMART-1 will map 
the minerals of the Moon.
Materials that often look
merely grey in visible light
are more colourful in the
infrared. When seen in the
form of a spectrum, showing
relative intensities at
different infrared
wavelengths, each mineral
has a distinctive signature
depending on which
wavelengths it absorbs most
strongly. Co
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the thousands of other lunar craters that
chronicle a prolonged bombardment of the
double planet by comets and asteroids. Our
own planet suffered even more severely
from such impacts.

SMART-1's camera AMIE will enable
scientists to study afresh the Moon's
topography and surface texture. It
measures visible light at a million points in
a field of view 5 degrees wide, and filters
can select yellow light, red light or very
short infrared rays. By looking at selected
regions from different angles, and under
different lighting conditions, AMIE will
provide new clues as to how the lunar
surface has evolved. 

With longer infrared rays, the infrared
spectrometer SIR will map the surface
distribution of minerals such as pyroxenes,
olivines and feldspars, in 256 wavelength
bands from 0.9 to 2.4 microns and thus in
far more detail than Clementine with its six
infrared bands. The mineralogy from
SMART-1 will reveal the effects of
cratering and maria formation, and the
nature of subsurface layers exposed by
fractures in the Moon's crust.

SMART-1

BENEFITS FROM LUNAR EXPLORATION

Learning about the Formation and Evolution of Planets
- Understanding how rocky planets form and evolve
- Chemical constraints on Earth-Moon origin
- Signatures of accretional processes in inner planets
- South Pole Aitken Basin and large impact basins
- Evolution of the Earth/Moon system 
- Impacts: giant bombardments in the inner Solar System.

Studying Comparative Geophysical Processes
- Volcanism, tectonics, cratering and erosion 
- Deposition of ices and volatiles
- Geophysics and geochemistry.

Using the Moon as a Collector of Extraterrestrial Samples
- Regolith sample of the solar wind’s history
- Samples of icy cometary deposits over the last 108 years
- Samples from the early and the evolving Earth 
- Samples from Venus, Mars and asteroids.

Preparing for Future Lunar and Planetary Exploration 
- Survey of lunar resources (minerals, volatiles, lighting)
- High-resolution studies for landing sites/outposts
- Coordination between lunar missions
- Environment studies in support of human exploration.

Lunar Testbed for Solar System Exploration
- Synergies with other planetary missions (Rosetta, Mars Express,

Venus Express, BepiColombo) 
- Advanced technologies (propulsion, landing, robotics, energy 

tele-presence, autonomy, life support).

Social Benefits
- Technology challenges and jobs for industry
- Inspiration for the general public and youth for knowledge,

science, technology & innovation
- Future commercial opportunities
- Moon base as refuge for humans in case of a global nuclear or

asteroid impact catastrophe.

The South Pole - Aitken Basin, the largest known  impact crater in the entire Solar System. Coloured blue in this topographic map, it is
2500 kilometres wide and up to 12 kilometres deep. 
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References: International Conference on Exploration & Utilisation of the Moon, ESA SP-462
Earth-like Planets & Moons, ESA SP-514
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How did the Moon and Rocky Planets
Form?
The fashionable theory is that the Moon
is the result of a collision soon after the
birth of the Solar System 4500 million
years ago. When the Earth was nearly
complete, a gigantic wandering asteroid
the size of Mars supposedly collided
with our planet, flinging vaporized rock
and debris from both bodies into space.
Some of it went into orbit around the
Earth, and re-accreted to form the
Moon. The impact would have
greatly altered the outer layers of
the Earth too. So a fuller
understanding of both the Earth
and the Moon depends crucially
on confirming, refuting or
refining this theory.

If the story is right, then the
Moon should contain less iron than
the Earth, in proportion to lighter
elements such as magnesium and
aluminium. By gauging the relative
amounts of chemical elements compre-
hensively for the very first time,
SMART-1 can make a major contribution

to the resolution of this momentous
scientific issue. Its D-CIXS instrument
will provide a 50 km resolution map of
the absolute abundances of magnesium,
silicon and aluminium. The magnesium
mapping is key to studying the evidence
for a primitive lunar source, the
constraints on magma/ocean model
evolution, the sources of rocks
containing magnesium, iron, potassium
and rare-earth elements.

Peering into the Darkest Craters to
Look for Ice
The presence of water ice on the Moon
was predicted more than 25 years ago.
The story was revived in 1994 with the
confirmation of shadowed polar areas
and a tentative radar detection of ice by
the Clementine spacecraft. In 1998,
another NASA spacecraft, Lunar
Prospector, provided indirect evidence
of the presence of water ice by detecting
high levels of hydrogen in shadowed
craters near the Moon's south and north
poles. Scientists estimated that up to six
billion metric tons of water ice could be

Compared to Apollo silicon/aluminium ratio maps over 10% of lunar surface, D-CIXS will have global X-ray cover
and will detemine absolute chemical element abundances.
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buried in the craters, but an attempt last
July to find direct evidence by 'crashing'
the Lunar Prospector into a crater near
the Moon’s south pole produced no
observable spectroscopic evidence of
water.

To have survived, any water must be in
the form of ice in places always hidden
from the Sun, where the temperature
never rises above minus 170 degC. Such
dark places do exist near the Moon’s
poles, notably in the bottoms of small
craters. SMART-1’s very sensitive
imager and spectrometer (SIR) will map
what's inside the shadowed craters,
looking for the infrared signature of
water ice and perhaps of frozen carbon
dioxide and carbon monoxide too. There
is no direct illumination in the target
areas, but rays reflected from nearby

Moon can show the youth of today what
international teamwork and dedication
can achieve and will hopefully help to
attract them into careers in science,
technology and innovation, and can
inspire the next generation to continue
to pursue the development of a
knowledge-based society in Europe.

International Lunar Exploration: The
Future?
The technological and the scientific
results from the SMART-1 mission will
be used to prepare for future lunar and
planetary exploration. The Japanese
Lunar-A mission, to be launched in mid-
2004, will place two penetrators with
seismometers on the Moon’s near and
far sides to analyse its internal structure
and core. In 2005, we expect the launch
of the Selene lunar orbiter with an
impressive set of instruments for
remote-sensing, gravity, plasma, and
radio-science measurements. India’s
Somayana lunar scientific mission could
be launched in 2007. In its Decadal Plan,
the US National Research Council has
recommended a sample-return mission
to the South Pole Aitken Basin to learn
about giant impact processes and to
probe the lunar mantle in the context of
the formation and evolution of rocky
planets.

The International Lunar Exploration
Working Group (ILEWG), which brings
together ESA, NASA, the Japanese,
Russian, Indian and several other space
agencies around the world, is the main
forum for the coordination of these
initiatives and for preparing the next
steps. There are already proposals for
landers to try to measure the depth and
composition of the ices in the craters or
to return samples. The Moon can also
serve as a test bed for the development
of instruments, geophysical stations,
robotic outposts, international robotic
villages, in-situ resource utilisation,
deployment of large infrastructures
astrobiology/life-science laboratories,
and permanent human outposts, as a
first step towards the robotic and human
exploration of our Solar System. r

crater rims may light the ice sufficiently
for SIR to see it when data from many
passes are added together.

Exploration and Inspiration
The data gathered by SMART-1 data
will be released not only to the scientific
community, but also to the general
public and for educational projects. In
particular, the AMIE micro-imager will
provide a visual record of the cruise
from the Earth to the Moon, and views
of the Earth, Moon and sky for
education and science communications.
The SIR infrared spectrometer and 
D-CIXS X-ray spectrometer will also 
be used for educational and public
outreach activities.

SMART-1’s adventures will be used 
to educate the public about the
fundamental scientific questions
associated with the origin and evolution
of the Earth-Moon system and its rocky
planets, as well as providing information
about advanced technologies. Publicising
this smaller, faster project to visit the

SMART-1

Lunar Prospector neutron
spectrometer data from the
South Pole showing evidence
of enhanced hydrogen
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