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The Selection of New Science Missions

B.G.Taylor
Space Science Department, ESA Directorate of Scientific Programmes,
ESTEC, Noordwijk, The Netherlands 

In October 1999, ESA’s Science Directorate
issued a Call for Mission Proposals for the
second and third Flexi-missions (F2 and F3) 
of the Horizons 2000 Scientific Programme. 
49 proposals had been received from the
European scientific community by the deadline
of 31 January 2000.

Of these, six were selected by ESA’s advisory
bodies for an assessment study:
– Eddington (a stellar physics and planet finder

explorer)
– Hyper (Hyper Precision Atom Interferometry

in Space)
– Master (Mars and Asteroid Mission)
– NGST (Next-Generation Space Telescope)
– Solar Orbiter (a high-resolution mission to the

Sun and inner heliosphere), and 
– Storms (a three-spacecraft constellation for 

the study of magnetospheric storms). 

The assessment studies, supported by the
Concurrent Design Facility within the Directorate
of Technical and Operational Support at ESTEC,
were completed by mid-2000, and published
as a series of reports to the ESA advisory
bodies. An open presentation on the six study
reports was made on 12 September 2000 at
UNESCO in Paris.

On the next day, 13 September, the results of
the four Cornerstone studies, which have been
pursued over the last years following the
recommendations of the Survey Committee in
1995, were also presented to the ESA advisory
groups and Science Programme Committee
(SPC) delegates. These Cornerstone programmes
are: 
– BepiColombo (Mercury orbiter and lander) 
– GAIA (origin and evolution of our Galaxy

through microarcsec astrometry to 20 ~mag)
– IRSI/Darwin (infrared space interferometer for

the detection and spectroscopy of Earth-mass
planets), and

– LISA (space interferometer for gravity-wave
detection).

The Astronomy, the Solar System and the
Fundamental Physics Working Groups met to
review the results of these studies on 14
September, and the Space Science Advisory
Committee (SSAC) met on 15 September to
formulate their recommendations to the SPC.
The outcome was that:
– BepiColombo should be selected as

Cornerstone-5 (launch in 2009) and the GAIA
mission as Cornerstone-6 (launch not later
than 2012) 

– LISA, the Fundamental Physics Cornerstone,
should be implemented within a Flexi-mission
envelope, in collaboration with NASA 

– the European involvement in NGST should
be pursued with the highest priority 

– Solar Orbiter should be selected as a Flexi-
mission, to be implemented after BepiColombo
and capitalising on its technological
development, with potential NASA cooperation
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– Eddington should be selected as a ‘reserve
mission’, which could be implemented
depending on the NGST and LISA schedules
or through the provision of further resources. 

The SPC, at its meeting on 11-12 October,
unanimously approved this package for the
next phase of the Horizons 2000 Science
Programme. The SPC noted the need to review
the details of the implementation at each
decision on the ‘Level of Resources’ and
emphasised the need to maintain flexibility for
new ideas and the earliest appropriate
implementation of GAIA.

Further, the SPC approved a modest ESA
participation in the Corot (astroseismology) and
Microscope (test of the Equivalence Principle)
missions in the French national programme,
both of which had actually been proposed in
response to the 1999 call for F2/F3missions.

While the four Cornerstone missions have been
described earlier in the ESA Bulletin (No. 103,
August 2000), presented here are six short
articles on the F2 and F3 candidate missions,
written by the study scientists from the Space
Science Department and the study managers
from the Future Projects Study and Technology
Office. Due acknowledgements are made to the
Science Teams of the candidate missions and
other ESA staff involved, particularly in the
Technical and Operational Support and the
Science Directorates.                             s
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The quest for other ‘worlds’ in the Universe is
one of mankind’s oldest intellectual endeavours;
while philosophers and scientists have
speculated about the existence of other worlds
already since antiquity, only now, at the beginning
of the 21st century, has the technique needed
to answer this question on a scientific basis
become available. The Eddington mission is
designed to finally answer the fundamental
question: ‘Are there other habitable planets?’
Its design allows one to detect a significant
number of habitable planets orbiting other
stars, and to determine how common they are,
as well as to establish their key characteristics.

The other key scientific goal of Eddington is to
understand the structure and evolution of stars.
Stars are the building blocks of the Universe,
the key component of galaxies and, as
chemical elements are created inside them, the
seat of all chemical evolution in the Universe.
Yet our understanding of the interior structure
of stars is still very limited, especially for some
of the critical stages in stellar evolution. Stars

are also the clock with which the age of
galaxies, and thus of the Universe, is
measured. Yet an accurate and reliable
calibration of this clock is still missing. To
understand stars and their evolution, one
needs to look ‘inside’ them. Of course stars are
opaque, and no photons ever escape directly
from their interiors. They are, however,
transparent to sound waves, and thus seismic
techniques can actually ‘look’ inside stars at a
very accurate level of detail. These techniques
have, of course, been used successfully on
Earth (by studying the propagation of seismic
waves), but also on the Sun, for example by the
very successful ESA/NASA SOHO mission.

Both of these crucial scientific enterprises can
be achieved with the same simple technique,
namely high-precision, space-based, wide-field
photometry. The only technique available today
for finding terrestrial planets is to look for the
minute decrease in the light of the parent star
when the planet transits in front of it. While
small (about 1 part in 10 000), the dip in the

stellar light is easily measurable
from space with an adequate,
purpose-built photometer.
Indeed, the feasibility of the
approach has recently been
demonstrated by the detection,
from the Hubble Space
Telescope (HST), of the transit
of a giant (Jupiter-sized) planet
in front of another star. However,
HST has a very small field of
view and thus can only observe
one star at a time (the planet
was already known to exist
around the star shown in Fig. 1).
On the other hand, Eddington’s
wide field of view will allow us to
survey the large number of stars
(hundreds of thousands)
necessary to find other rocky
planets similar to the Earth, i.e.
of similar size and with a similar
surface temperature.
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Eddington

F. Favata & O. Pace
ESA Directorate of Scientific Programmes, ESTEC, Noordwijk, The Netherlands

Figure 1. Artist’s impression
(approximately to scale) of

the recently observed
transit of the giant planet in
front of the star HD 209458

(Copyright L. Cook)
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Figure 2. Schematic
locations of various classes
of oscillating stars in the
Hertzsprung-Russell
diagram, together with
actual Hipparcos
observations of stars in the
solar neighbourhood. All of
the stellar types shown here
will be observed in detail by
Eddington
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available (old Population-II
stars), whose age sets an important limit to the
age of the Universe (according to current
knowledge, some old stars appear to have
been born before the Big Bang, which is a
paradox that Eddington will address). The wide
range of stellar types that Eddington will
observe is shown in Figure 2.

Accurate photometry is also the tool needed to
detect seismic oscillations on other stars. While
this is now routinely achieved on the
Sun, e.g. with SOHO, Eddington will
do the same for a large number (tens
of thousands) of stars spanning all
interesting stellar types (in terms of
mass, chemical composition and ages).
While some small national missions
(Most, Corot and Mons) are scheduled in
the next few years to lay the initial foundations
of asteroseismology from space, they can only
observe a small number of bright stars.
Eddington’s observing programme, in contrast,
is characterised by the large number of objects
spanning a wide range in luminosity. This will
give it the unique ability to observe stars in rare
but crucial stages of their evolution. For
example, Eddington will study with a high level
of detail key stellar types such as the
precursors to type-II supernovae, the stellar
‘chemical factories’ where most of the
elements that are present in the Universe are
manufactured. Eddington will also be able to
‘observe’ the interior of the oldest known stars

the new science missions
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How our Solar System formed is still an open
question. Existing theories about its origin did
not predict the existence of giant planets in
close orbits, yet since the discovery of the first
extra-solar planet in 1995 these have been
shown to be common. However, ground-based
techniques are intrinsically limited in terms of
the discovery of giant planets, and therefore
give only a partial view of the state of planetary
systems around other stars. Observation of a
large number of planetary systems spanning a
wide range of planet masses is needed to
understand their formation, and thus ultimately
the formation of our own Solar System.
Eddington is designed to supply the
observational data needed.

At the same time Eddington will enable us to
understand, in detail, stars with the same mass
and composition as our Sun, but in different
stages of their evolution. In particular, young
Suns will be studied, providing a detailed
understanding of the conditions in the early
Solar System, at the times at which life must
have started to form. Thus, while yielding
fundamental insights into the evolution of stars
and planets elsewhere in our Galaxy (and
ultimately in the Universe at large), closer to
home Eddington will lead to a fundamental
advance in our understanding of our own Solar
System.

In addition to its the key science goals (stellar
structure and evolution, and habitable planet
finding), the long, wide-field observations
performed by the Eddington telescope will
allow a variety of additional, ‘parallel’ science
goals to be addressed. In the initial study,
several activities were identified, i.e. the study
of variability from QSOs, the study of the faint
halos from galaxies, as well as several
additional scientific projects deriving from the
accurate measurement of stellar variability (e.g.
eclipsing binaries, stellar activity, etc.).

Allocation of most of Eddington’s observing
time will take place through an open
Announcement of Opportunity, so that the
whole European astronomical community will
be able to participate in its science.  This
applies to both the core scientific goals as well
as the parallel science.

Neither of Eddington’s key scientific enterprises
can be carried out from the ground, as the
Earth’s atmosphere perturbs the starlight
through the well-known – but unavoidable –
phenomenon of ‘scintillation’ (which makes
stars twinkle). This introduces noise into the
photometric measurements, which obscures
any signal either from transiting terrestrial
planets or from low-amplitude stellar oscillations.

At the same time, however, space offers an 
ideal environment in which to perform such
measurements: outside the Earth’s atmosphere,
the dip in stellar light caused by a transiting
planet will be immediately recognisable with a
modest-sized telescope and a simple CCD
camera. Indeed, Eddington’s telescope is very
simple, and relies on technology available today,
with similar telescopes already operational on
Earth.

More generally, Eddington can be realised with
simple, already-available technology, and its
payload can make use of different existing
spacecraft, such as the Mars Express or the
Prima multi-purpose bus. The mission is
designed to be launched to an L2 orbit, which
offers the benefit of a very quiet environment
and permits the long, undisturbed observations
that are crucial to the achievement of
Eddington’s goals.

The direct observation of habitable planets, 
and the determination of whether they are 
life-supporting, is part of ESA’s long-term
programme, with the IRSI-Darwin mission set
to actually study the composition of the
atmospheres of such planets. This is an
extremely ambitious programme requiring
challenging, yet to be developed technologies.
The Eddington mission, by detecting the first
habitable planets, will act as a key precursor of
the IRSI-Darwin programme: it will prove the
existence of habitable planets, and it will
provide a direct measurement of their frequency
around different types of stars, thus providing
key knowledge to steer the construction and
the exploitation of such a challenging
programme.

At the same time, Eddington’s science in the
field of stellar structure and evolution is key to
the achievement of the ambitious scientific
goals of GAIA, one of ESA’s Cornerstone
missions: GAIA will trace the history of our
Galaxy back in time, by mapping in detail the
positions and orbits of a significant fraction of
its stars. Eddington will provide the accurate
clock (currently lacking) with which the age of
these stars can be precisely determined.  s
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Hyper

R. Reinhard & M. Novara
ESA Directorate of Scientific Programmes, ESTEC, Noordwijk, The Netherlands

Atom interferometers are versatile sensors,
which can be employed for many different
purposes depending on the interferometer
design selected. The Hyper mission has been
designed to realise two different types of
sensors based on atom interferometers, each
optimised for a specific scientific objective: a
Mach-Zehnder interferometer used as an
atomic gyroscope, and a frequency-sensitive
Ramsey-Bordé interferometer.

In a Mach-Zehnder interferometer, slowly
drifting atoms are coherently split, re-directed
and re-combined such that the atomic
trajectories enclose as large a surface as
possible. Beam splitting is achieved by
atom–light interaction. During each interaction
sequence, the atoms cross two counter-
propagating laser beams. An atom absorbs a
photon from one laser beam and is stimulated
by the other laser beam to re-emit the photon.

In this way, twice the recoil of a photon is
transferred coherently to the atomic wave
(rather than atoms), such that the atomic wave
is either equally split, deflected or re-combined.
The Mach-Zehnder interferometer senses both
rotations and accelerations in only one
particular direction. Two interferometers with
counter-propagating atoms are required to
discriminate between the two kinds of motion.
This combination of two interferometers is

called an Atomic Sagnac Unit (ASU).

Unlike the Mach-Zehnder
interferometer, the Ramsey-Bordé
configuration is designed to
measure frequencies. It is based on
atoms at rest, which are split by a
temporal sequence of four laser
pulses retro-reflected on one mirror
such that two atom interferometers
are formed. The frequency
sensitivity is due to the asymmetry
of the beam splitting. The part of the
matter wave that is split off gets
excited and experiences the recoil
shift, while the other part of the
matter wave remains unaffected. In
the two interferometers, the
frequency shifts have opposite
signs, because the roles of the
ground and excited state are
reversed.

Hyper carries four cold-atom
interferometers, which can be
operated in either Mach-Zehnder 
or Ramsey-Bordé mode. For

measuring the gravitomagnetic effect of the
Earth, the four atom interferometers are used in
Mach-Zehnder mode, while for the
measurement of the fine-structure constant
they are used in Ramsey-Bordé mode. In
space, the drift velocity of the atoms can be
reduced to 20 cm/s, which gives 3 s of drift
time in a 60 cm enclosure. The temperature of
the atoms is 1 µK, corresponding to a thermal
velocity of ~1 cm/s.

the new science missions
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Figure 1. The gravitometric
effect. The Earth’s rotation J

leads to a drag (black field
lines) varying over the

satellite’s orbit (red). The
contour of the vector field of

the Earth’s drag resembles
the magnetic field of a

dipole – hence the term
‘gravitomagnetic’
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The primary scientific objectives of the Hyper
mission are:

– To test General Relativity by mapping the
spatial (latitudinal) structure (magnitude and
sign) of the gravitomagnetic (frame-dragging
or Lense-Thirring) effect of the Earth for the
first time, with about 3-5% precision.

Gravitomagnetism describes the general
relativistic modification of the metric of
spacetime around rotating massive bodies,
such as the Earth. Hyper will make the first map
of the spatial contour of the gravitomagnetic
effect close to the Earth. It will achieve a
precision of 3 - 5% in one year of accumulated
measurement time (continuous measurements
are not required). As they move in their orbit,
atom gyroscopes with high rotation-rate
sensitivity (10-12 rad/s at 1 Hz) will trace the
latitudinal variation of the Earth’s drag with
respect to an inertial reference provided by a
guide star monitored by a high-performance
star tracker. In an atom interferometer, the
Earth’s rotation affects the trajectories of the
coherently split matter waves differently and
thus causes a Sagnac-like phase shift at the
exit ports of the interferometer. Proposals to
track satellites precisely with lasers such as the
Lageos project, or the even more ambitious

Gravity Probe B measuring the precessions of
free-falling gyroscopes without any
interruptions over one year, will only be
sensitive to the mean effect and cannot resolve
the latitudinal shape of the gravitomagnetic
effect.

– To determine independently from Quantum
Electrodynamics (QED) theories the fine-
structure constant by measuring the ratio of
Planck’s constant to the atomic mass one to
two orders of magnitude more precisely than
present knowledge.

The fine-structure constant α is a measure of
the strength of the electromagnetic interaction,
and hence plays an important role in Grand
Unification Theories (GUT). Presently, the most
precise value of α is inferred from the anomaly
of the magnetic moment of the
electron relying on QED. In
contrast to this measurement,
the route chosen by Hyper to
determine α does not rely on
QED and, thus, represents
an independent test for
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Figure 2. The Atomic
Sagnac Unit (ASU). The two
counter-propagating atom
interferometers (red and
blue) discriminate between
rotations and accelerations.
The ASU is sensitive only 
to one axis for both
accelerations and rotations

will therefore pave the way to a novel
generation of inertial sensors and gyroscopes,
which will be needed, for example, for future
gravitational-wave missions. 

The Payload Module, with a mass of 240 kg
and a power consumption of 200 W, consists
essentially of the Optical Bench, carrying:
– the optical elements for coherent atom

manipulation
– the high-precision star tracker (200 mm-

diameter Cassegrain telescope, pointing
accuracy 10-7 rad at 10 Hz readout frequency)

– the two drag-free proof masses

the Atom Preparation Bench, carrying:
– the four atom interferometers based on

caesium or rubidium and accommodated in
two magnetically shielded vacuum chambers

– the optics for atom preparation and detection

the Laser Bench, carrying: 
– the laser for atom interferometry, preparation

(e.g. trapping, cooling) and detection of the
atoms 

– the high-precision microwave synthesiser
for the hyperfine transitions of caesium or
rubidium.

The Payload Module, a cylinder 0.9 m in
diameter and 1.3 m high, is accommodated in

the centre of the box-shaped Service Module.
Together they constitute the ‘spacecraft’, which
has a launch mass of 770 kg. It will be
launched by a Rockot vehicle from Plesetsk
Cosmodrome into a circular, 700 km Sun-
synchronous orbit. Drag-free performance to a
level of 2 x 10-11 g (at 0.3 – 3 Hz) is achieved by
a drag-free control system, comprising two
drag-free proof masses and their capacitive
sensors, and 16 proportional Field-Emission
Electric Propulsion (FEEP) thrusters mounted
externally on the spacecraft, each with a thrust
capability of 500 µN.                              s

this kind of theory. The measurements
performed by Hyper will help to resolve the
disagreement between the results obtained by
measuring α in several different ways. One of
these methods determines it by measuring the
ratio of Planck’s constant to the atomic mass
(caesium or rubidium). In the absence of gravity,
Hyper will improve the precision of this
measurement by one to two orders of
magnitude. Apart from the significance for QED
theories, the fine-structure constant plays an
important role in metrology and spectroscopy,
linking together three other fundamental
physical constants: the speed of light, Planck’s
constant and the electric charge of an electron.

– To investigate various distinct sources of
matter-wave decoherence as required for an
upper bound to quantum gravity effects.

Hyper will investigate the decoherence of
matter waves in an undisturbed environment.
Besides technical noise, decoherence results
from many distinct kinds of interaction between
the atoms and the environment, for instance
with black-body radiation. New theories have
been developed predicting changes in the first-
order correlation function of matter waves due
to spacetime granularity. One of the biggest
unsolved problems in fundamental physics is
the unification of quantum mechanics and
gravity. A consequence of the
unification could be the existence
of incoherent conformal waves in
gravitational fields due to
quantum mechanical zero-point
fluctuations. The outstanding
performance of the atom
interferometers on Hyper and a
detailed study of possible
sources of decoherence will set
an upper boundary for these
predictions, and thus will have a
strong impact on this new
quantum-gravity field.

Moreover, Hyper will be the first
spacecraft to be controlled by atom
interferometers acting as sensors for rotations
and accelerations. The four atom inter-
ferometers carried can be combined to form
two atomic Sagnac units to measure rotations
and accelerations in two orthogonal directions.
The Sagnac units can work in two different
modes, for coarse (sensitivity 10-9 rad/s) and
fine sensing (sensitivity 10-12 rad/s), depending
on the atomic velocity, which is adjusted by
lasers. While the fine-sensing gyroscope
measures the gravitomagnetic effect, the
coarse-sensing gyroscope will support the
attitude and orbit control system and keep the
star tracker directed to the guide star. Hyper

the new science missions
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Figure 1. The trajectory of
the Master spacecraft joins

three milestones in the
history of the Solar System:

the Earth with its complex
ecosystem, Mars which

possibly sustained primitive
life forms, and the large
asteroid 4 Vesta, whose

basaltic surface retains the
record of ancient volcanic

activity (graphics by 
E. Perozzi)
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J. Romstedt & M. Novara
ESA Directorate of Scientific Programmes, ESTEC, Noordwijk, The Netherlands

The Master (Mars + Asteroid) mission
comprises Mars and Asteroid flybys and was
intended to make use of the Mars Express
spacecraft bus to the maximum practicable
extent. The Mars flyby, needed to gain delta-V
to reach the Asteroid Main Belt, offers a unique
opportunity to carry out remote observations
and to deploy landers on the martian surface.
The asteroidal part of the mission starts after
the Mars flyby, when the Master spacecraft is
inserted into a trajectory that can lead to flybys
of one or more asteroids. Several asteroids
were considered in the course of the study,
each of them producing different mission
scenarios. However, Vesta is by far the most
appealing among the inner main belt objects. 

Vesta is the third largest known asteroid,
orbiting the Sun at 2.4 AU. Its spectral
characteristics are unique in the asteroidal belt
and this leads us to believe that Vesta may be
the parent body of some basaltic achondrite
meteorites (howardites, eucrite, and diogenites,
the HED group). Its albedo of 0.42 is one of the
highest among the asteroids and its surface
has a non-uniform appearance. Indeed, HST
observations discovered the presence of what
appears to be a 460 km impact basin. Vesta

would therefore represent
one of only three known
extraterrestrial Solar
System bodies for which
actual rock samples are
available in terrestrial
laboratories.

In summary, therefore,
Vesta is a small planetary
world frozen in time at a
unique and unexplored
epoch of the early Solar
System’s formation and
evolution. Because it is the
smallest surviving body to
have undergone terrestrial
processes such as heating,
melting and differentiation,

the space-borne exploration of Vesta will reveal
unique clues about the early planetary evolution
of the Earth, Moon, Mars, Venus and Mercury.

The relatively low flyby velocity of Master at
Vesta –  less than 4 km/s –  enables it to
achieve numerous scientific goals. The
determination of the asteroid’s size, shape,
mass, density, rotation speed, pole orientation
and magnetic environment would provide a
physical characterisation of Vesta. A medium-
angle camera, a flux-gate magnetometer, a
plasma package and radio science address
these objectives. The surface can be studied
morphologically with a resolution of <50 m/
pixel, as well as mineralogically and chemically
using a visible/infrared imaging spectrometer
and an X-ray spectrometer. The internal
structure of the asteroid can be investigated
using radio-science techniques with the aim of
establishing the presence and size of a core. 

Master would allow high-precision determination
of the global and local properties of Vesta.
Primary objectives for asteroid science are to:
– characterise the global physical properties of

the asteroid: size, shape, volume, density,
rotation and pole orientation
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bus in a similar way to Mars Express, with 
the visible/IR spectrometer and plasma/
magnetometric instruments mounted externally.
The thermomechanical architecture of the bus,
again derived from Mars Express, has been
adapted to cope with the specific requirements

of transporting and delivering landers to
Mars, and of surviving the

cooler asteroid-belt environ-
ment between 2 and 3 AU
from the Sun. The 2007
launch opportunity to Vesta
allows a full complement of
four landers (of the NetLander
class) to be delivered to

Mars, requiring a purpose-built jettisonable
support structure.

In the Master baseline mission, the 1500 kg
spacecraft would be launched from Baikonur
on a Soyuz/Fregat booster (with the same
performance as expected for the 2003 launch
of Mars Express) during a month-wide window
in September 2007. The spacecraft then fires
its own 400 N engine to reach the required
hyperbolic excess velocity of 3.6 km/s. Vesta is
reached by a combination of two Mars gravity-
assists and propulsive manoeuvres. The first
Mars flyby then occurs in October 2008, at
which time the four landers are individually
released between 30 and 10 days before
closest approach, and start their autonomous
mission. Lander release parameters match
those already used for the NetLander design 
as part of the Mars Sample Return Orbiter
mission.

The Master on-board payload is operated
during the Mars flybys for remote sensing of
either the martian surface and atmosphere, or
the moons. After a second Mars flyby in August
2009 and a main mid-course propulsive
manoeuvre, Master would reach Vesta in
March 2011. Science data (in the order of 
40 Gbit) would be gathered during flybys,
stored on board, and downlinked to Earth after
the completion of each pass.                       s

– observe the asteroid environment to detect
the presence of satellite(s) and dust

– reveal the surface record of collisional
processes over the age of the Solar System

– detect the presence of a magnetic-field and
plasma signatures of the asteroid’s interaction
with the solar wind

– study the morphology (local features, crater
distribution and evidence of possible regolith),
texture and composition of the surface layers
to infer some of its bulk physical and chemical
properties

– draw physiographic maps in order to define
a relative time sequence for the major events
that affected the object’s history

– investigate the nature of early protoplanetary
heating, melting, and differentiation processes

– study the nature of surface evolutionary
processes during the first few million years of
the Solar System’s lifetime

– determine the spatial distribution of the various
mineralogical types and their mixtures

– investigate the global elemental composition
and establish possible differentiation

– establish the element abundances and
mineralogy sufficiently to identify the source
of meteorites recovered on Earth.

Master also provides an excellent opportunity
for the exploration of Mars, not only by
observing its surface and atmosphere with a
state-of-the-art payload during two flybys, but
also by carrying and deploying the four
NetLander probes to the surface of the red
planet. A European Consortium formed by a
large number of ESA Member States would
provide the network of landers, which are
designed to carry out geophysical, meteoro-
logical and mineralogical investigations of Mars. 

The complementary nature of the Mars and
Vesta-related science objectives of Master are
reflected in its system configuration. The
selected spacecraft bus design is conceptually
the same as for Mars Express. This allows re-
use of the whole suite of electrical systems with
minimum modifications related to off-the-shelf
equipment availability in the time frame of
relevance. The remote-sensing payload is
partially accommodated inside the spacecraft

the new science missions
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Figure 2. A NetLander probe
deployed on Mars’ surface
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P. Jakobsen & J. Cornelisse
ESA Directorate of Scientific Programmes, ESTEC, Noordwijk,
The Netherlands

Few will dispute that the NASA/ESA Hubble
Space Telescope (HST) has been one of the
most successful astronomical space projects
ever undertaken. The equal access to the HST
observatory gained through ESA’s active
participation in the HST mission from its very
beginning has not only been hugely beneficial
scientifically to the European astronomical
community, but has also contributed towards
promoting competitiveness and cross-border
collaboration within European science as a
whole. NASA and ESA — joined by the Canadian
Space Agency (CSA) — have collaborated
since 1996 in the definition of a worthy
successor to HST, the Next-Generation Space
Telescope (NGST). By participating in NGST at
the financial level of a Flexi-mission, ESA
stands to gain a  ~15% partnership in the
observatory, as well as a continuation of the
existing HST Memorandum of Understanding
(which expires in 2001) to the end of that
observatory’s operational life, expected in
2010.

As presently envisaged, NGST is to consist 
of a passively cooled, 6 m-class telescope,

optimised for diffraction-
limited performance in the
near-infrared (1 – 5 micron)
region, but with extensions
to either side into the
visible (0.6 – 1 micron) and
mid-infrared (5 – 28 micron)
regions.

The large aperture and shift to the infrared
embodied by NGST is first and foremost driven
scientifically by the desire to follow the contents
of the faint extragalactic Universe back in time
and redshift to the epoch of ‘first light’ and the
ignition of the very first stars. Nonetheless, like
its predecessor, NGST will be a general-
purpose observatory capable of addressing a
very broad spectrum of outstanding problems
in galactic and extragalactic astronomy.

The scientific case for NGST is documented in
considerable detail in the form of the so-called
‘Design Reference Mission’ (available at
http://www.ngst.stsci.edu/drm/programs.html).
The DRM represents a nominal observing plan
for NGST covering the first 2.5 years of the
mission. Its 23 programmes can be grouped
into the following broad categories touching
upon nearly all areas of modern astrophysics:
– cosmology and structure of the Universe

(21%)
– origin and evolution of galaxies (33%) 
– history of the Milky Way and its neighbours

(15%)
– the birth and evolution of stars (16%)
– origins and evolution of planetary systems

(15%).

The scientific objectives of the DRM are to be
achieved with an instrument complement
consisting of:
– a Near-IR Wide-Field Camera covering the

0.6 – 5 micron band
– a Near-IR Multi-Object Spectrograph covering

the 1 – 5 micron band, and
– a Mid-IR combined Camera/Spectrograph

covering the 5 – 28 micron band.

Figure 1. Light from faint
background galaxies is

bent by the lensing effect
created by the gravitation

of the large Abell 2218
cluster of galaxies. The

unprecedented high angular
resolution and sensitivity of
HST make study of the fine

structure in the arcs
possible, as well as
providing important

cosmological clues. NGST
will push such observations

to far greater distances
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Figure 2. A simulated NGST
image with redshifts for
selected objects. NGST
could detect approximately
100 galaxies with redshift
larger than 5 in this small
fraction (less than 1 percent)
of the camera field of view
(courtesy of Myungshin Im,
Space Telescope Science
Institute)

called for as part of the NGST mid-IR
instrument, in the form of a solid hydrogen
cryostat or a mechanical cooler of some
description.

ESA’s participation in NGST will follow closely
the successful HST model, and consist of three
main elements:
– ESA will be responsible for procuring

approximately half of the NGST payload. It
will provide the Near-IR Multi-Object
Spectrometer. In addition, through special
contributions from its Member States, ESA
will provide a major (40 – 50%) contribution
to the Mid-IR Camera/Spectrograph to be
developed jointly by NASA, ESA and CSA.

– ESA will also provide the spacecraft Service
Module for NGST (assumed to be a derivative
of the FIRST spacecraft bus), or alternatively,
in the event that this proves impractical,
subsystems of the Service Module plus some
amount of optical figuring and polishing of
the telescope mirrors.

– Thirdly, ESA will participate in NGST operations
at a similar level to that provided for HST.

Through these contributions, ESA will secure
astronomers from its Member States full
access to the NGST observatory on identical
terms to those enjoyed today on HST; i.e. they
will have representation on all advisory bodies
of the project and will win observing time on
NGST through a joint peer-review process,
backed by a guarantee of a minimum ESA
share of 15%.                                         s

In contrast to HST, NGST will be placed into a
Sun–Earth L2 halo orbit and will not be
serviceable after launch. It will therefore not be
possible to repair or replace these instruments
over the lifetime of the observatory.

The NGST telescope proper and its three
instruments are to be cooled in bulk to <50 K,
a temperature determined by the operating
temperature of the (InSb and HgCdTe) detector
arrays covering the prime near-IR 1– 5 micron
range. Cooling is to be achieved by passive
means by placing the observatory at the
second Lagrangian point (L2) and keeping the
telescope proper and its instrumentation in
perpetual shadow by means of a large
deployable sunshade.

The NGST telescope is specified to yield
diffraction-limited performance at a wavelength
of 2 µm in the near-IR. In order to fit into the
shrouds of suitable launchers (EELV, Atlas or
Ariane-5), it is necessary that the primary mirror
be folded during launch. The fine pointing
required to exploit this spatial resolution will be
achieved by deflecting the telescope image by
means of a fast-steering mirror controlled by a
fine guidance sensor located in the telescope
focal plane.

The short 0.6 micron visible-wavelength limit of
the NGST observatory allows for the likely use
of gold as the reflecting coating in the
telescope and instrument optics. At the other
end of the wavelength coverage, the (Si:As)
detector arrays needed to reach wavelengths
beyond 5 micron require an operating
temperature of ~8 K, which is significantly
below the 30 – 50 K ambient environment of 
the observatory. Active cooling is therefore

the new science missions
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The Sun’s atmosphere and the heliosphere
represent uniquely accessible domains of
space, in which fundamental physical
processes common to solar, astrophysical and
laboratory plasmas can be studied in detail and
under conditions that are impossible to
reproduce on Earth or to study from astronomical
distances. The results from missions such as
Helios, Ulysses, Yohkoh, Soho and
Trace have enormously advanced our
understanding of the solar corona, the
associated solar wind and the three-
dimensional heliosphere. However, we
have reached the point where further in-
situ measurements, now much closer to
the Sun, together with high-resolution
imaging and spectroscopy from a near-
Sun and out-of-ecliptic perspective,
promise to bring about major
breakthroughs in solar and heliospheric
physics. The Solar Orbiter will, through a
novel orbital design and its state-of the-
art instruments, provide exactly the
observations required.

The scientific goals of the Solar Orbiter are to:
– determine in-situ the properties and dynamics

of plasma, fields and particles in the near-
Sun heliosphere

– investigate the fine-scale structure and
dynamics of the Sun’s magnetised atmo-
sphere, using close-up, high-resolution remote
sensing

– identify the links between activity on the Sun’s
surface and the resulting evolution of the
corona and inner heliosphere, using solar co-
rotation passes

– observe and fully characterise the Sun’s polar
regions and equatorial corona from high
latitudes.

The underlying basic questions that are relevant
to astrophysics in general are:
– Why does the Sun vary and how does the

solar dynamo work?
– What are the fundamental physical processes

at work in the solar atmosphere and in the
heliosphere?

– What are the links between the magnetic-
field-dominated regime in the solar corona
and the particle-dominated regime in the
heliosphere?

In particular, the data obtained by the Solar
Orbiter will be used to:
– unravel the detailed working of the solar

magnetic field as a key to understanding
stellar magnetism and variability

– map and describe the rotation, meridional
flows, and magnetic topology near the Sun’s
poles, in order to understand the solar dynamo

– investigate the variability of the solar radiation
from the far side of the Sun and over the poles

– reveal the flow of energy through the coupled
layers of the solar atmosphere, e.g. to identify
the small-scale sources of coronal heating
and solar-wind acceleration

– analyse fluctuations and wave–particle inter-
actions in the solar wind, in order to understand
the fundamental processes related to
turbulence at all relevant scales in a tenuous
magnetofluid

* Based at NASA/GSFC,
Greenbelt, Maryland, USA
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Figure 2. (a) Ecliptic
projection of the Solar
Orbiter’s trajectory. Blue:
Solar Orbiter. Pink: Earth
orbit. Red: Venus orbit.
Green: SEP thruster firings.
(b) Perihelion distance of the
Solar Orbiter as a function
of time. (c) Spacecraft
latitude with respect to the
Sun’s equator as a function
of time

sophisticated instruments. The payload (mass
130 kg; power 125 W; telemetry 75 kbps)
includes two instrument packages, optimised
to meet the solar and heliospheric science
objectives: 
– Heliospheric in-situ instruments: solar-wind

analyser, radio- and plasma-wave analyser,
magnetometer, energetic-particle detectors,
interplanetary-dust detector, neutral-particle
detector, solar-neutron detector.

– Solar remote-sensing instruments: EUV full-
Sun and high-resolution imager, high-resolution
EUV spectrometer, high-resolution visible-
light telescope and magnetograph, EUV and
visible-light coronagraph, radiometer.

The Solar Orbiter will benefit from technology
developed for the BepiColombo Cornerstone
project. Using Solar Electric Propulsion (SEP) in
conjunction with multiple planetary swing-by
manoeuvres, it will take the Solar Orbiter only
two years to reach a perihelion of 45 solar radii
at an orbital period of 149 days. Within the
nominal 5-year mission phase, the Solar Orbiter
will perform several swing-by manoeuvres at
Venus, in order to increase the inclination of the
orbital plane to 30° with respect to the solar
equator. During an extended mission phase of
about two years, the inclination will be further
increased to 38°. 

The spacecraft will be three-axis-stabilised and
always Sun-pointed. Given the extreme thermal
conditions at 45 solar radii (25 solar constants),
the spacecraft’s thermal design has been
examined in detail during the assessment study
and viable solutions have been identified.
Telemetry will be handled via X-band low-gain
antennas, and by a two-axis steerable Ka-band
high-gain antenna. The total mass of the Solar
Orbiter (1308 kg) is compatible with a Soyuz-
Fregat launch from Baikonur.                  s
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– understand the Sun as a prolific and variable
particle accelerator

– study the nature and the global dynamics of
solar eruptive events (flares, coronal mass
ejections, etc.) and their effects on the
heliosphere (‘space weather and space
climate’).

The near-Sun interplanetary measurements
(together with simultaneous remote-sensing
observations of the Sun) will be used to
disentangle spatial and temporal variations
during the co-rotational phases.
Characteristics of the solar wind
and energetic particles will be
studied in close linkage with the
plasma conditions in their source
regions on the Sun. By approaching
as close as 45 solar radii, the Solar
Orbiter will view the solar
atmosphere with unprecedented
spatial resolution (35 km pixel size,
equivalent to 0.05 arcsec from
Earth). Over extended periods, the
Solar Orbiter will deliver images and
data from the polar regions and the
side of the Sun not visible from
Earth.

The Solar Orbiter will achieve its
wide-ranging aims with a suite of

Figure 1. Artist’s impression
of the Solar Orbiter mission
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Storms

T.R. Sanderson & O. Pace
ESA Directorate of Scientific Programmes, ESTEC, Noordwijk, The Netherlands

The three-spacecraft constellation Storms is a
mission to study magnetic storms and the inner
magnetosphere. The disturbances that cause
magnetic storms originate in active processes
on the Sun, in particular as Coronal Mass
Ejections (CMEs), and are carried to the Earth
by the solar wind. The terrestrial magnetosphere
responds to these perturbations in many different
ways, and on many time scales. The effects of
the storms are detectable throughout the
magnetosphere and also on the surface of the
Earth. In fact, the average progress of a
magnetic storm is traditionally determined by
ground-based magnetometers, which measure
the magnetic perturbations caused by the ring
current composed of energetic ions encircling
the Earth at altitudes of several Earth radii.

Among the most important scientific problems
to be studied by the Storms spacecraft are:
– growth and decay of the ring current and the

role of ionospheric oxygen

– contributions of different current systems to 
the ground-based determination of storms

– storm–substorm relationships
– physical mechanisms for the injection of

particles into the radiation belts
– forecasting of storms for space-weather

purposes.

Considering the present and planned satellite
missions worldwide, these problems will be
highly relevant in the time frame of F2/F3
missions.

Figure 1. A typical Coronal
Mass Ejection (CME) seen

at the Sun, which is the
cause of a magnetic storm
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Figure 2. Energetic Neutral
Atom (ENA) images of the
Earth’s magnetosphere
taken during the main phase
(left) and the recovery phase
(right) of a magnetic storm
(courtesy of D. Mitchell, APL)

altitude perigee, and the lines-of-apsides
separated by 120° ± 20° from each other. The
assessment study resulted in two options: the
original equatorial orbit or, alternatively, an orbit
with an inclination of 63°, but keeping the line-
of-apsides in the equatorial plane. Both of these
options have their merits and were found to be
feasible.

The strategy for the model payload is based on
demonstrated feasibility, good coverage of
essential observables, as well as simplicity that
favours the equipping of all three spacecraft
with identical instruments. It is essential to
cover charged particles from thermal energies
up to relativistic particles in the radiation belts.
Magnetic and electric fields have to be measured
as comprehensively as possible within the
weight constraints of small spacecraft. A wave
instrument is needed for studies of the particle
energisation and decay processes of ring
current and radiation belts. The only relatively
new component is the ENA instrument, which
will provide an unprecedented view of the inner
magnetosphere.

In summary, Storms will address the following
scientific questions:
– Growth and decay of the ring current.
– Effects of different current systems on ground

determinations of storms.
– Storm–substorm relationships.
– Particle injection and acceleration mechanisms.
– Radiation-belt dynamics.
– Plasma sheet and substorms.
– Forecasting of storms (space weather).

s

With Storms, ESA will not only achieve a leading
role in the scientific research into magneto-
spheric storms, but will also acquire an excellent
tool for practically real-time monitoring of storm
development and detailed observations of the
most hazardous particle populations.

The relevance of the Storms
mission to space weather will
also provide unique possibilities
for education and outreach. Its
results can be used to illustrate
the harshness of the space
environment and the
relationships between basic
space science and technology.
Moreover, its ability to image
Energetic Neutral Atoms (ENAs)
arising from the charge-
exchange processes between
the terrestrial exosphere and the
ring current will make space and
its dynamics visible in a much
more concrete way than ever
before. Up-to-date information
on space storms can be

transmitted, for example via the Internet, to
science centres, classrooms and news rooms.

The most important features of the Storms
mission are the three-satellite constellation and
the scientific instrumentation, both of which are
carefully designed to satisfy the scientific
objectives listed above. In particular, the three-
spacecraft approach will allow Storms to
investigate the spatial asymmetries of storm
development in an unprecedented way.

The original goal was to have the orbits of the
three spacecraft in the equatorial plane with an
apogee at 8 Earth radii (geocentric), a low-
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