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Alcatel Espacio is "your best partner in the Telecommunication
Space field" for the design, development, and manufacturing
of enboard equipment for multimedia, mobile communication,
observation, broadcasting, and others applications.

Ku-band input Multiplexer

C-band Filters

The company is participating in programs, such as: Aces,
Arabsat, Globalstar, Hot Bird, Sesat, Skybridge, Worldstar,
Spot 5, Helios 2, Ariane V, Meteosat 2nd Generation, XMM,
Integral, Envisat.
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Professional Annual International
Development Symposium
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- Solar Cell Damage.

CEASE detailed radiation data is used to pinpoint Amptek has a long and distinguished
causes of spacecraft anomalies, and to forecast track record in the manufacture of space
hazardous conditions before they affect the mission. ~ instrumentation. Mission examples include:

The spacecraft, in turn, can re-prioritize its operations, DMSF, TIROS, CRRES, NEAR and APEX.
lnh.lb!t any anomaly sen'5|.t|ye tasks such as attltlgde Current off-the-shelf Amptek sensors measure
control adjustments, or initiate other prudent actions spacecraft charging, thermal and suprathermal
as indicated by the CEASE warning flags. Device and high energy particles. "
degradation mechanisms and radiation tolerance of In addition, Amptek
components can also be monitored. Bﬁ‘:&;}"‘: L’:]et::ﬁ’ars
The US Department 'of _Defer!se ha.s selected PATHFINDER Mission.
CEASE for several missions, including:

- TSX-5 High reliability components from Amptek have
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- SBIRS LADS including: GALILEO, CASSINI, GIOTTO, AXAF,

SUISEI, CLUSTER, SOLAR, GEQTAIL, SOHO,

and the DSP operational spacecraft. INTEGRAL, WIND and AMPTE.
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The Ariane-5 Evolution Programme:
Three Years after Toulouse

D. Coulon
Directorate for Launchers, ESA, Paris

Introduction

The primary objective in embarking on the
development of Ariane-5 Evolution back in
1995 was to increase the vehicle’s payload
performance from 5970 to 7400 kg in
Geostationary Transfer Orbit (GTO), and to
maintain Europe’s already solid industrial base
in the launcher field, especially in propulsion
technology.

To consolidate its success, Europe’s Ariane launch vehicle must be
continually adapted to meet the demands of the commercial markets
that it serves. In the case of Ariane-5, a first increment to the basic
launcher’s capabilities was sanctioned by the ESA Council, meeting at
Ministerial Level, in Granada in 1992. Preliminary studies were
conducted to establish a basis for the so-called ‘Ariane-5 Evolution
Programme’, followed by an appropriate Preparatory Programme. The
Ariane-5 Evolution Programme was subsequently formally accepted at
the Council Meeting at Ministerial Level in Toulouse in October 1995.

In April 1998, the decision was taken to accelerate the Ariane-5
Evolution Programme whilst still maintaining schedule compatibility
with the development of the cryogenic upper stage, in response to the
pressing needs of the satellite launch market. The first flight of this
new, more performant member of the Ariane launcher family is
scheduled for May 2002.

Since the uprated vehicle was to be a close
derivative of the original Ariane-5, the changes
envisaged were the following:

— On the cryogenic stage, the common
bulkhead between the oxygen and hydrogen
tanks is being lowered by about 65 cm,
enabling the mass of oxygen carried to be
increased by 16 tonnes to cope with the
increased mixing ratio of the Mark-2 version
of the Vulcain engine.

— A Vulcain Mark-2 engine is being derived
from the current Vulcain, with the thrust
increased from 1145 to 1350 kN by
increasing the oxygen flow rate. The mixing
ratio is raised from 5.3 to 6.2. The oxygen
turbopump is the subsystem undergoing the
most significant changes. The combustion
chamber is being adapted to accommodate

the new flow rates. Finally, the expansion
ratio of the divergent is being increased by
30% with the turbine exhaust gases
reintroduced.

- The Ariane-5E solid boosters are being
enhanced by the introduction of welded
joints between the cylindrical sections that
make up the booster segments, replacing
the original seals. This modification
produces a significant mass saving, an
increase in reliability and lower production
costs.

— A new dual-launch system, known as Sylda-
5, is proposed for Ariane-5E. This structure
lies entirely within the fairing and can
accommodate a satellite with a diameter of
4 m in the lower position. Sylda-5 provides a
mass saving of 350 kg compared with the
current Speltra.

The programme approach

The programme content began with the
launch-system activities, including a set of
general studies leading to an updating of
system specifications and preliminary definition
of electrical-system adaptations presented at
the System Design Review.

For the cryogenic main stage, this activity
consisted of layout studies and mechanical and
functional studies, including the updating of the
relevant  specifications. The Integrated
Equipped Tanks preliminary design effort is
proceeding, with tank-pressure optimisation
being performed to balance propulsion needs
against tank panel welding-technology
limitations. The Preliminary Design Review took
place in November 1998.

The Vulcain-2 studies have covered the engine
system, the oxygen and hydrogen
turbopumps, the combustion chamber, the
divergent and other equipment items.
Preliminary Design Reviews were held
throughout 1997 as the various activities were
completed.
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Figure 1. The Vulcain-2 engine mock-up

Figure 2. The hydrogen turbopump at the PF52 test
facility

Figure 3. The oxygen turbopump at the P5 test facility

Figure 4. Oxygen turbopump components



@esa bulletin 97 — march 1999

The 20% thrust increase sought from the
Vulcain-2 engine implies a 25% increase in the
power of the hydrogen turbine, which
corresponds in turn to a 9% rise in hydrogen
flow through the combustion chamber. This
higher flow rate is achieved via a 16% hydrogen
inlet pressure increase, driving the pump at a
rotation speed of 35 680 rpm. The 16% higher
hydrogen turbine inlet pressure is generated
with a 22% higher hot-gas flow from the gas
generator, satisfying at the same time the
30% rise needed from the oxygen turbine.
These new gas-generator performance
characteristics are the result of using 72
injectors instead of 60, doing away with the
high-frequency absorber to make room for the
12 extra injectors.

The test campaign for the hydrogen turbopump
and the gas generator began with the ‘Bilan
Technique’ (BT) held on 8 September 1997,
and ended with the ‘Commission de Revue
d’Essais’ on 20 February 1998. These tests
demonstrated good turbine and pump
behaviour at the extreme limits of the operating
envelope. The latter was characterised by a
speed of 40 700 rpm, developing a power of

Table 1. Accelerated Ariane-5 Evolution planning

21 MW at a hydrogen flow rate of 52.8 kg/s,
compared with the nominal operating
parameters of 35 680 rpm, 14.29 MW and a
hydrogen flow of 44.9 kg/s. This not only
demonstrated the stable behaviour of the gas
generator system, but equally importantly also
confrmed a comfortable margin compared
with the specified needs.

On the oxygen-turbopump side, the turbine’s
elements have been tested under both cold
and hot conditions, the pump inducer has been
tested on a water test facility to verify the
pump’s characteristics with water instead of
liquid oxygen, and the pump itself is currently
undergoing cavitation testing. The first
complete turbopump was delivered at the end
of July 1998 for the liquid-oxygen test
campaign. The first oxygen turbopump for the
engine test campaign is planned to be
delivered by 15 December 1998.

Manufacture of the Vuicain-2 divergent is in
progress and the first unit will be delivered in
March 1999 for the engine test campaign.
Delivery of the thrust chamber is scheduled for
30 November 1998.

ID [Task Name 1995 [ 1996 | 1997 | 1998 | 1999 | 2000 | 2001 | 2002 | 2003 | 2004
1  |Ariane 5 Evolution

2_|sysem EESS e e
3 |[EPC

1 Stage development S R R R e
5 Vulcain2

6 design

7 1 st engine manufacturing

8 TPLH2 tests

9 TPLOX tests

10 Engine tests 1
11 |EAP

12 Welding

13 Feasability, preliminary design

14 Investments

15 Qualification test

16 $1 overloading ’
17 Development SR

18 ARTA test ' B !
19  [(First Flight ASE &
20 [SyldaS

21 Development _ %

22 First Flight V504
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Figure 6. Vulcain and Vulcain-2 nozzle extensions in the Integration Hall

9 Figure 7. The complete thrust chamber
‘ »
Figure 8. Sylda-5 and Speltra in the Integration Hall
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Figure 9. Welded joints of
cylindrical sections of

booster segment (full-scale

10

feasibility demonstration)

Work on the solid-booster welded barrel
sections has consisted of feasibility studies and
the testing of the welding processes. The
segments to be made up of welded sections
have been defined and the production tooling
changed accordingly. The feasibility of the
welding and the checking of critical mechanical
characteristics were demonstrated by testing
at reduced scale. The full-scale demonstration
testing was completed in time for the
Preliminary Design Review, scheduled for
October 1998. This will be followed by the
sanctioning of investment in the necessary
production tools. Based on the revised
development timetable, the first Ariane-5E
solid-rocket motor components will be
delivered in June 2001.

The complete development of the Sylda-5
structure for the Ariane-5E dual-launch system
formed part of the initial Preparatory
Programme, thereby avoiding the need to
divide the work into phases. This was feasible
both because of the short development time
needed and the fact that the changed system
could easily be put into production
independently of other changes to the Ariane-
5E launcher.

The Qualification Commission, meeting in
October 1998, accepted the first unit and
Sylda-5 will be used for the first time on flight
Ariane-504 at the beginning of 1999.

Conclusion

As we hope the above brief summary has
demonstrated, work on the Ariane-5 Evolution
Programme has been proceeding apace since

formal endorsement of the Programme at the
end of 1995. The decision early in 1998 to
speed up the Programme has meant the
introduction of a new development plan, with
major impacts on both development and
production activities. Nevertheless, with the
cooperation and support of our industrial
partners, production work on the critical
Vulcain-2 engine has been advanced by two
months, allowing the engine test campaign to
be completed by the end of 1999, to be
compatible with the proposed new target flight
date for the first Ariane-5E of May 2002. Part
of the time-saving on the Vulcain-2 engine
development programme is being achieved by
using two test facilities in parallel, helped by the
industrial contractors accepting to deliver
equipment about two months earlier than
originally foreseen. Qesa
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Possible Future European Launchers
- A Process of Convergence*

C. Dujarric
Directorate for Launchers, ESA, Paris

Introduction

Europe has so far responded to the changes in
the launcher market by applying an
evolutionary approach to its Ariane family of
expendable launchers. Successive launcher
versions have been developed which have
progressively integrated the best European
technologies available into a proven system
architecture. The most recent member of the
family, Ariane-5, is now entering commercial
service and will keep Europe competitive in the
short term. To this same end, improvements to
Ariane-5 are already being planned that wiill
make it even more powerful, more flexible, and
less costly (see the article on Ariane-5
Evolution, in this Bulletin).

The FESTIP system studies were drawing to a conclusion at the end of
1998 and the main findings are outlined in this article. The concept
recommendations issued to guide the definition of tasks for the Future
Launchers Technologies Programme (FLTP), which is expected to take
over European activity in this field from 1999 onwards, are also
discussed and put into context.

* Based on a presentation
made at the Third
European Symposium on
Aerothermodynamics for
Space Vehicles, ESTEC,
Noordwijk, Netherlands,
24-26 November 1998.

The same kind of approach is being followed in

the USA with the EELV, but they are also

striving towards a breakthrough with reusable
launchers. Their goal is to drastically cut launch
costs, and their hope is to make space access

a routine operation. It is therefore extremely

important that Europe establishes its approach

to reusable launchers as soon as possible and
prepares itself technologically to take up this
new challenge. It was for that purpose that the

Future FEuropean Space Transportation

Investigations Programme (FESTIP) was

established in 1994, with four primary goals:

- to determine which launcher system
concepts could become technically feasible
for Europe in the near future

— to check whether these launchers would be
commercially attractive, and to assess their
development costs

- to identify which technology developments
would be required to pave the way for these
launchers in Europe

— to already start technology development in
those areas in which the technical
requirements are common to most future
launcher concepts, such as structures,
materials, aerodynamics, propulsion, and
heat management.

FESTIP system requirements

The choice of concept will be very dependent
on the top-level requirements placed on the
future launchers. There may be particular
European requirements that cause our choice
to diverge from the American, Russian, or
Japanese preferences. The top priority for
Europe is to preserve its competitiveness on
the launchers market in the medium term, and
consequently the initial version of the Future
European Launcher must be designed for
commercial  missions.  Certain  design
constraints associated with governmental
missions (e.g. missions to the Space Station,
man on board) should not be imposed on the
Future European Launcher because that would
penalise its commercial competitiveness. In
addition, payload recovery from orbit back
down to Earth is not yet seen as a significant
commercial market demand.

The top-level system requirement is therefore to
obtain the lowest possible specific recurrent
launch cost, well below what can be achieved
through improvements to expendable
launchers. Reusability is seen as a means of
achieving this reduction, but not as a
requirement in itself. Semi-reusable compromises
are therefore possible.

It is difficult today to predict the launch market
prevaiing in 20 to 30 years’ time. As it is
planned to start development of the Future
European Launcher no earlier than 2007, it is
not realistic to start investigating a single
preferred configuration in detail at this stage.
Nevertheless, we still need to define accurately
now the critical technological requirements
that will enable these future launchers to be
realised.

1
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In the FESTIP system study, this apparent
contradiction was solved by defining
performance requirements for concept
comparison purposes only, which were
arbitrary but realistic. All concepts of interest
were designed according to these
requirements. Then families of concepts were
defined with common technological needs and
the most attractive families were chosen. The
tolerance to performance-requirement changes
of the concept feasibility and of the concept
families comparison was then verified.

The following performance requirements were
applied within FESTIP to the design of possible
launcher concepts:

— 2 tons of payload in polar Low Earth Orbit
(LEO)
— 7 tons of payload in equatorial LEO.

Two major additional system requirements
were that:

— the Future European Launcher will operate
from Kourou, to take advantage of the
exceptional position of the European
spaceport

— the launcher is required to have a full abort
capability in case of single engine failure,
allowing the launcher and its payload to be
safely recovered for maintenance and
re-launch.

Design standards were established to ensure
comparability between the concepts, based on
those technologies that we thought could be
developed and validated in Europe by 2005.
Standardised margins were defined at each
system or subsystem level according to the
technical uncertainties, assumptions were
made regarding element reusability, and an
operational scenario was established based on
a very conservative assumption of 24 missions
per year.

The programmatic assumptions are very
important for the concept selection. By the time
development of the new European launcher is
assumed to start in 2007, US competitors may
already be offering launch services with a
reusable vehicle. Europe’s technological
ambitions are therefore limited by the need to
have the main launcher technologies validated
by 2007, taking into account present European
know-how, and the expected near-term budget
for technology preparation. A reasonable goal
for Europe is therefore to have its future
launcher operational by 2017 - 2020, with
stepwise development strategies in place to
preserve the more ambitious, longer term
goals.

Generally speaking, the design and economic
assumptions made in the FESTIP system study
were much more conservative than is normally
the case elsewhere for reusable launchers, in
order to be sure that, even when taking such a
prudent view, it is still worthwhile for Europe to
be engaged in this new reusable-launcher
endeavour.

Concept pre-selection

All possible reusable launcher concept families

were considered equally at the beginning of the

system study. However, in order to limit the

scope of the study, those concepts that could

not satisfy the main requirements or

programmatic constraints presented above

were not subjected to a concept design study

within FESTIP. This was the case, for example,

for:

— Air-breathing SSTO concepts
These Single Stage to Orbit concepts were
eliminated on the grounds of technological
difficulty (as was the NASP concept in the
USA).

— Concepts using existing/ planned commercial
aircraft to carry an upper stage
These concepts are not tolerant to
performance requirement changes, because
the carrier aircraft introduces a performance
limitation and constrains launcher performance
growth potential (even with the largest existing
aircraft, the An-225, the expected payload is
only 5 to 7 ton in equatorial LEO).

— Concepts based on parachute recovery
(e.qg. Kistler-type concepts)
Parachute recovery was found to be
incompatible with the masses to be
recovered with the various concepts. In
addition, the hazards associated with
ground impacts after launch from Kourou
are incompatible with the reusability
objectives of FESTIP concepts, which are
mandatory to ensure commercial viability.

Initial convergence for air-breathing
propulsion

A large number of air-breathing engines are
possible candidates for the propulsion of the
first stage of a Two Stage to Orbit (TSTO)
launcher. Since it was impossible to perform
concept design studies for each engine type, a
pre-selection was required, based on technical
and programmatic considerations. In order to
compare the various propulsion systems
objectively, the views of European specialists in
the field on the relative merits and challenges of
each approach were solicited. The results of
this consultation with respect to technology
applicability, allowed the air-breathing
propulsion technologies to be ranked
according to the effort required and time to
availability (Fig. 1).
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Propulsion systems for which European
industry has no practical experience in
comparable or related systems (e.g. LACE and
air collection) have not been retained. If a
development decision is to be prepared for
2007, it does not seem reasonable to start now
exploring a brand new (for Europe) technological
field with unknown design difficulties and
uncertain system benefits.

All things considered, the most realistic air-
breathing engine for a near-term European
TSTO launcher was found to be an advanced
large turbojet for operation up to Mach 4.

Concept design studies

The FESTIP system work included the iteration
of the technical features of each launcher
concept until the system requirements and
design standards were met with the required
margins, and its design was self-consistent
{i.e. no discrepancies remained between the
design features assumed or calculated in each
speciality). Detailed studies were performed
for the following attributes: structural design,
propulsion, aerodynamics, flight mechanics,
design layout, mass and budgets,
performances, RAMS, subsystems. In addition,
the operations aspects were analysed for
each concept, and detailed development and
operational cost assessments were made.

Eight concepts were eventually chosen for
detailed design studies. They represent all of
the concept families that passed the pre-
selection process and are potentially compliant
with our requirements:

(i) Concept FSSC-1: SSTO rocket winged
body, vertical takeoff, horizontal landing in
several variants:

— staged combustion engines with 150 bar
chamber pressure

— staged combustion engines with 245 bar
chamber pressure

— tri-propellant engines.

(i) Concept FSSC-3: SSTO rocket vertical
takeoff, vertical landing

(i) Concept FSSC-4:  SSTO rocket winged
body, horizontal takeoff from sled, horizontal
landing

(iv) Concept FSSC-5: SSTO rocket lifting body,
vertical takeoff, horizontal landing; two
variants, with aerospike and staged
combustion engines

(v) Concept FSSC-9: TSTO fully reusable
rocket, vertical takeoff, horizontal landing

Technology Demand
A Air-Eiector- |
Ejector-Rocket Rocket
Scramjet - Rocket
with increasing Mach Number
LACE
SABRE
Ramjet (Intake)
Air-Turbo-  Precooling
Rocket
Time to Availability of Technology

(vij Concept FSSC-12: TSTO fully reusable Figure 1. Technology
with air-breathing first stage; two variants: ~ ranking for air-breathing
simple geometry and cross-feeding, engines
advanced aerodynamics geometry

(vii) Concept FSSC-15: suborbital single-stage
rocket; four variants: once-around, half
around, trans-Atlantic hopper with today’s
technology, and trans-Atlantic hopper with
advanced technology

(viiiy Concept FSSC-16: TSTO rocket concept
family: stepwise development from semi
reusable to fully reusable; semi-reusable
variants studied for several technology
levels, while the fully reusable concept
features a siamese geometry.

Findings for each concept

Detailed findings are available to European
industry in the FESTIP reports. The major
findings can be summarised as follows:

Figure 2. FSSC-1

13
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Figure 3. FSSC-3

FSSC-1 (Fig. 2)

The winged-body SSTO concept will certainly
become commercially attractive at some point.
For it to be technically feasible, however, a
more advanced technology than presently
available in Europe is required. The main
problem with SSTOs is their sensitivity to the
assumed technology level, making it very
difficult to predict exactly when the technology
level will be sufficient in Europe to design such
a vehicle.

Comparing the different variants of FSSC-1,we
found that:

Figure 4. FSSC-4

—~ The performance gains obtained with
higher-pressure engines do not pay off when
engine reusability constraints and operating
costs are considered.

- With the present study constraints, the tri-
propellant engines lead to a heavier, more
complex and less reusable concept, which is
found not to be cost-effective.

FSSC-3 (Fig. 3)

The correct internal layout and geometry is
difficult to determine for this concept, and needs
to be further consolidated by wind-tunnel
testing. The orbital performance of such
concepts is relatively high for their dry mass, but
their cross-range manoeuvring and guidance
during re-entry are also problematic. The landing
accuracy requires special attention, with
conseguences at system level. The complexity
of the propulsion systems leads to high
development costs (use of aerospike propulsion
could have advantages). Specific launch costs
are not significantly lower than for a winged-
body configuration. The overall impression when
comparing this vertical-landing concept with
other winged concepts was that the absence of
wings generates more design problems than it
has advantages (this, however, is a very
subjective judgement, validity of which could be
limited only to the FESTIP configurations).

FSSC-4 (Fig. 4)

The feature distinguishing this concept from
FSSC-1 is its horizontal takeoff from a sled.
This is actually very beneficial, because it
reduces the thrust required at takeoff, and
therefore engine mass and cost. In addition,
the classical centre-of-mass problems can be
more easily solved. The use of the sled at
takeoff to avoid needing heavy landing gear is
seen more as a psychological barrier than a
technical difficulty. This takeoff mode is very
innovative for a space launcher and other
innovative inherent technical features of the
concept are the aeroshell structure and rear
payload integration, which are beneficial in
terms of reducing recurrent operating costs.

FSSC-5 (Figs. 5, 6)

The design team was disappointed to discover
that this concept, inspired by the Venturestar
geometry, cannot be made both feasible and
economically viable with the technology
presently available or foreseeable in the near
term in Europe. The tanks are heavy and
complex and the thrust-to-weight ratio achiev-
able with the aerospike engine is a major
unknown. An attempt was therefore made to
replace the aerospike engine with conventional
high-pressure staged combustion engines, but
the result was not very promising from an
economic point of view.



Figure 5. FSSC-5 aerospike
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FSSC-9 (Fig. 7)

This concept was found to be technically within
reach, its design being rather conservative, but
it was not fully compliant with the abort
requirements. The development and operations
costs were high mainly because the concept
was not totally optimised. The lessons learned
from this concept were integrated into the
FSSC-16 design to try to obtain a more
attractive TSTO concept.

FSSC-12 (Figs. 8,9)

This TSTO concept was the only air-breathing
concept studied within FESTIP. The staging at
Mach 4 is an optimisation to limit the
technological challenge of the air-breathing
engine, but creates integration problems with
two stages of comparable dimensions. Robust
design solutions have been found, but
development costs (including the new engine)
are very high, and the operating costs not very
attractive. This concept has, however, the best
capabilities for launch abort.

FSSC-15 (Fig. 10)

This concept is a single-stage fully reusable
launcher, which does not reach orbital velocity.
lts ascent phase is immediately followed by
the ejection of a kick stage which boosts the

Figure 8. FSSC-12D

Figure 6. FSSC-5 rocket

payload to its final orbit, while the reusable

stage immediately re-enters. The amount of

propellant required on board the launcher is
therefore much lower than for an SSTO, and
the concept yields higher performances and is
more robust to technological assumption
uncertainties. Several variants of this sub-
orbital concept have been studied, with the
following results:

- The once-around or half-around variants are
nearly the same size and involve the same
technological challenge as the fully orbital
SSTO. Consequently, they can be
considered particular operating modes of a
full SSTO concept, offering increased
performance capabilities.

- The trans-Atlantic hopper seems very
attractive from a development and
operational cost point of view. This concept
is a specifically European option, as its
feasibility relies on the availability of potential
landing sites in ESA Member State territories
at the right geographical locations around
the world. Technical feasibility seems to
involve no fundamental difficulties, assuming
only very limited improvements to today's
European know-how. More advanced
technologies can be integrated later for
performance improvement.

Figure 9. FSSC-12T
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Figure 10. FSSC-15

Figure 11. FSSC-16ASR

FSSC-16 (Figs. 11,12)

The semi-reusable version of this concept
could become feasible in the near term.
However, the assumed use of an Ariane-5 core
stage imposes performance levels comparable
with Ariane-5. The double launch may not be
the optimal strategy for a reusable launcher,
and its very high level of performance may still
be inadequate for constellation replenishment
missions. Improved adaptability of the concept
to changing mission requirements calls for a
new expendable stage, and then the
development costs need to be reassessed. The
projected operational costs show a moderate
improvement with respect to present
expendable launchers. The fully reusable

version can be developed at a later stage,
using the first stage developed for the semi-
reusable version. More advanced technologies
will be required, however, to achieve a fully
reusable concept able to reach a stable orbit. It
is still unclear in how far the siamese concept
can be applied, since it puts an additional
constraint on the performance levels
achievable in the long term.

Concept selection criteria;
comparison and preferred
families

The selection criteria for the concepts to be

studied further during the FLTP are:

— Concept technical feasibility in Europe,
assuming an affordable technology
preparation phase until the planned
development decision in 2007.

— Affordability of the concept development
(using Ariane-5 as a comparative reference).

— Recurrent-launch-cost projections compared
to competitors.

— Adaptability of the concept to the potential
evolution in market needs.

global
concept

Application of these criteria to the FESTIP
concepts leads to the following conclusions:

With respect to technical feasibility:

Some comments have already been given for
each individual concept, but the overall
conclusions are as follows. The technological
challenges are high for all SSTO concepts
compared to present European know-how, and
there is considerable uncertainty regarding the

Figure 12. FSSC-16FR
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final size feasible for such vehicles. It was
concluded that Europe could not prepare the
technologies required to start the development
of an SSTO by 2007 within a reasonable
budget.

A high-pressure (245 bar) staged combustion
engine meeting the 60-mission reusability
objective was also found to be an unreasonable
target for Europe within the time constraints.
Even a 150-bar chamber pressure engine was
considered challenging. The most conservative
approach is to adapt Vulcain engines for
reusability.

With respect to affordability and cost-reduction
perspectives:

A quality index proportional to the inverse of the
product of specific launch cost into equatorial
orbit and concept development cost, as shown
in Figure 13, gives an idea of the relative
economic attractiveness of the various
concepts: the higher the index, the more
attractive the concept from an economic point
of view.

As can be seen from Figure 13:

— The air-breathing TSTO concept, although
technically feasible, is not competitive.

— Semi-reusable concepts are of interest when
compared to the SSTO concepts, since their
higher operational cost is compensated by a
lower development cost.

— The suborbital-hopper concepts are
particularly interesting because they
combine a low development cost and a low
specific launch cost. They therefore achieve
a better rating than any of the SSTO
concepts.

- TSTO Concept 9 was insufficiently
optimised, which explains its very poor
rating. The lessons learned from that
concept did, however, allow better
optimisation of TSTO concept 16 FR, which
achieved a better rating, but still below those
of SSTOs.

— Concept 5 is an exception among the
SSTOs: its poor rating results from the
design problems described above.

Figure 14 shows a relative qualitative evaluation

of uncertainties in design, and hence in

concept costings, resulting from:

— the inherent sensitivity of each concept to
the design parameters

— the uncertainties due to the amount of
technological progress required

— the available design margins and backup
options at system level.

With respect to adaptability to new missions:
All concepts can, in principle, be scaled to
meet different performance requirements, with
the exception of the FSSC-18 family where, for
the reasons already discussed, the solution
would be a new expendable stage, with the
penalty of increased development costs.

Technology requirements for the FLTP

The FESTIP concepts comparison therefore
shows that two families are particularly
interesting, since they seem within reach
technically for Europe in the medium term: the
FSSC-16 semi-reusable and the FSSC-15
trans-Atlantic hopper concepts, both of which
include a partial-reusability feature.

FSSC-1
FSSC-3
FSSC-4
FSSC
FSSC
FSSC-12

FSSC-1 HPE
FSSC-15 SOH/TT
FSSC-15 SOH/FT

FSSC-15 OAE

FSSc-16SR/ALU | IM

Figure 13. Economic attractiveness of the various concepts
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Figure 14. Design confidence as a basis for costing
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Figure 15. EXTV Step 1

The FLTP concept design effort should focus
on confirmation of their economic interest and
improvement of their adaptability to missions of
potential interest. The FLTP technology effort
should focus on the technologies needed for
these two families. The detailed technological
requirements for the preferred concepts are
identified in a document called the ‘Technology
Development and Verification Plan’, which
proposes a development strategy, testing
requirements, achievable schedule, and
indicates anticipated technology-preparation
costs, as well as a listing of the facilities
required to support the development.

The requirements for new technologies in
Europe for the semi-reusable concept mainly
concern the transformation of the Vulcain
motor into a reusable engine, the
manufacturing of composite tanks, health
monitoring, and experience in rocket-vehicle
reusability.

For the suborbital hopper, the main
requirements are the transformation of the
Vulcain into a reusable engine, large composite
primary structures, re-entry technologies
(aerothermodynamics and thermal-protection
systems), health monitoring, and experience in
rocket-vehicle reusability. There is therefore a
common core of technology requirements on
which new work should be started immediately
within the FLTP, while an activity is maintained
over the envelope of the requirements until a
definitive choice of the future launcher concept
for Europe can be made.

In-flight testing requirements
In-flight experimentation, validation and
demonstration will be required to gain enough

confidence in the new technologies’ maturity
and their integration into a functional system.
Before committing to the Future Launcher’s
development, it will be necessary to confirm via
relevant practical flight experience that the
anticipated launch-cost reductions are not
unrealistic. The key objectives for the in-flight
experimentation are thence:

1. To provide visible and indisputable evidence
of European industry’s ability to design and
manufacture a test vehicle with technical
features similar to those of possible Future
European Launchers.

2. To provide hands-on experience in the
recurrent operation of a test vehicle using
the key technologies required for possible
Future European Launchers, and to provide
operational data supporting a better
assessment of the anticipated operational
cost savings.

3.To place those newly developed
technologies that cannot be fully validated
by ground testing in a realistic working
environment for their validation.

4. To motivate the European engineering teams
through the near-term realisation of
hardware and to offer the technology teams
a challenge that is rewarded by visible in
flight success.

The major constraints affecting
experimentation are:

in-flight

— to consoclidate conclusions in time for the
possible go-ahead to develop an operational
launcher, a decision presently targetted for
2007

- to maintain affordability vis-a-vis the budget
available for the technology development.

To comply with these constraints, a stepwise
implementation is proposed:

The first step in in-flight experimentation should
address those requirements that are
independent of the final concept selected,
which thereby constitute a common core for in-
flight testing needs. The proposed European
Experimental Test Vehicle (EXTV) Step 1 shown
in Figure 15 can meet those requirements.

The FESTIP EXTV is a relatively small rocket-
propelled vehicle (4.2 tons dry mass, 10 tons
gross take-off mass), designed for frequent
flights at speeds up to Mach 4. It takes off
horizontally using its own propulsion, and lands
horizontally. Its main purpose is to acquire
experience in the recurrent use of high-speed
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reusable rocket vehicles. This know-how is
urgently needed because it has implications not
only for the design of future launchers, but also
for our judgement as to whether their
development is worthwhile. Meeting these core
in-flight test needs must therefore be one of the
priorities of the FLTP.

Should the suborbital-hopper finally be chosen
as the preferred concept for the operational
launcher, a second in-flight-experimentation
step will be needed to address high-speed
technologies. For this, a modified EXTV fitted
with additional solid boosters and thermal-
protection systems, as shown in Figure 16, can
be used.

Finally, if later on for other than economic
reasons the Future Launcher is required to have
a full orbital capability, additional in-flight testing
will be required in a third step to demonstrate a
complete re-entry and a safe landing. A vehicle
with a similar shape and approximately the
same dimensions as the EXTV (but without
main propulsion) could be placed on top of a
Soyuz launcher to meet these additional needs.

Conclusion

The FESTIP system study has allowed us to
identify which families of concepts are most likely
to enable Europe to retain its commercial
competitiveness on the World launch market.
We have concluded that the concept families
that could be technically within Europe’s reach
include partial reusability features, and that these
families have the potential to yield commercially
competitive launchers. Two options will be
analysed further during the FLTP: the semi-
reusable TSTO and the suborbital hopper.

The technology requirements for these
concepts have been identified and the
development needs are rather modest and
therefore consistent with the expected funding
until the final decision on the Future Launcher’s
operational development, by 2007. In-flight
experimentation for reusable rocket operation
in a relevant flight domain is mandatory before
this decision can be made. These activities
together form the nucleus of the Future
Launchers Technologies Programme (FLTP) to
be started in 1999. Cesa

Figure 16. EXTV Step 2
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GOMOS: Envisat’s Contribution to
Measuring Long-Term Trends in Ozone
and Other Trace Gases

G. Ratier, G. Levrini, A. Popescu & T. Paulsen
ESA Directorate for Application Programmes, ESTEC, Noordwijk, The Netherlands

C. Readings & J. Langen

ESA Directorate for Scientific Programmes, ESTEC, Noordwijk, The Netherlands

GOMOS on Envisat

General background

GOMOS (Global Ozone Monitoring by
Occultation of Stars) is an atmospheric-
chemistry instrument that forms part of the
payload of Envisat. It operates in the ultraviolet
and visible and exploits a stellar occultation
concept (Fig. 1) to observe ozone and other
trace species, plus temperature and water
vapour. The main role of GOMOS will be the
observation of ozone in the stratosphere and
the monitoring of trends.

Atmospheric chemistry is one of the key mission targets for the
Envisat satellite, being prepared for launch in 2000. With the recent
delivery of the GOMOS instrument (manufactured by Matra Marconi
Space in Toulouse) to the Prime Contractor for integration into the
satellite flight model, a major programme milestone has been
achieved. Given the outstanding performance of the instrument that
has been demonstrated in testing, GOMOS can be expected to deliver
high-quality observations of ozone and other trace gases from space.

20

Atmospheric ozone is the main absorber of
ultraviolet radiation from the Sun. Without
ozone, life as we know it would not exist. Any
substantial reduction in ozone would lead to
damage to crops and human health. The
radiation absorbed by ozone is responsible for
skin-cancer in humans. Furthermore, the
absorption of sunlight by ozone in the
stratosphere is a source of heat, so that any
reduction in levels would impact on our climate.

The level of ozone in the stratosphere
represents a balance between o0zone
production and destruction. In the mid-upper
stratosphere, ozone is formed by the
dissociation of molecular oxygen by ultraviolet
sunlight, followed by a reaction between the
atomic oxygen and molecular oxygen. It is
removed by a variety of catalytic cycles
involving the oxides of hydrogen, nitrogen,
bromine and chlorine.

Most of the cycles involving the oxides of
hydrogen and nitrogen arise naturally, though
there is some concern about aircraft emissions.
This may be contrasted with the situation for
stratospheric chlorine and bromine, where only
small amounts arise from natural sources; in
this case most is of anthropogenic origin, e.g.
refrigerators, fire-extinguishers and agricultural
fumigants.

Over the Antarctic, ozone depletion occurs in
the lower stratosphere where the catalytic
cycles — referred to above — cannot operate
because there is too little atomic oxygen
present. The situation is similar in the Arctic,
although there reductions in ozone are masked
to a certain extent by atmospheric motions.
Reductions in ozone levels are also observed at
mid-latitudes, but the mechanisms responsible
are not clear.

In addition to the ‘gas-phase chemistry’
(above), it is now known that ‘heterogeneous
chemistry’, involving aerosols and cloud
particles, plays a key role in stratospheric
ozone depletion. This type of reaction occurs in
polar regions on polar stratospheric clouds
(PSCs) and throughout the lower stratosphere
on sulphate aerosols. Also important is
transport since, because of the finite lifetime of
ozone in the stratosphere, its distribution is
determined by a combination of transport and
chemistry.

Scientific issues

In many of the areas listed above, there are
important guestions that still need to be
answered. GOMOS should bring significant
contributions in many of these areas.

Stratospheric  ozone content has been
declining worldwide since the 1970s. Apart
from the spectacular Antarctic ozone hole,
there has been a very worrying decline at
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northern mid-latitudes, above Europe and
other heavily populated areas. Here total ozone
is currently declining by between 4 and 8% per
decade. Although measurements suggest that
most of this decline ozone occurs in the lower
stratosphere, in agreement with current
hypotheses, the observations of trends in
ozone profiles lack sufficient accuracy to make
definitive statements. Worse, current models of
stratospheric chemistry do not predict the
magnitude of the observed decline in levels of
ozone.

It is now clear that conditions favourable to
ozone loss are also found most years within
the Arctic vortex but, unlike its southern
counterpart, this vortex is highly variable and
very mobile. Further study of the Arctic is
necessary to investigate whether this is a
consequence of natural variability, or whether it
is indicative of a trend towards colder winters,
in which case Arctic ozone depletion will
become more severe. It is also essential to
clarify the mechanisms underlying the
decreases in ozone in the Arctic and at mid-
latitudes. The role of heterogeneous chemistry
is not clear, nor is that of ozone chemistry in the
mesosphere.

Stratospheric circulation is characterised by
ascent in equatorial regions, poleward
transport and descent at high latitudes. Extra-
tropical pumping, as well as planetary waves,
imposes upward equatorial motion and the

<.. e e ey
Pointing

___Polar Orbit
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global injection of tropospheric air into the
stratosphere. The main mechanism involved is
deep convection with cumulo-nimbus clouds
extending to the tropopause. However, the
minimum in the water-vapour mixing-ratio
profile (hygropause) is not encountered at the
tropopause, but a few kilometres above it. The
reason for this difference is not fully
understood.

Another important mechanism is the meridianal
transport of air, depleted in ozone, from high
latitudes in the form of polar flaments formed at
the edge of the polar vortex. The contribution of
this mechanism to observed trends in ozone at
middle latitudes is not clear. Neither is the role of
turbulent layers associated with the breaking of
gravity waves. These waves are generated in
the troposphere above mountains, above
convective clouds and in the jet stream. They are
the main controller of mesospheric circulation
and may also play a role in stratospheric
circulation, but our knowledge is poor.

Water-vapour concentrations in the lower
stratosphere appear to have increased between
1981 and 1994, but the level of increase is
larger than expected. This must be resolved as
water vapour is a potent greenhouse gas and
so the amount present affects the Earth’s
radiation balance. A high-resolution global
climatology of humidity in the upper atmosphere
is required to clarify the impact of these changes
in water vapour on climate.

Figure 1. GOMOS
measurement principle
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Also of some concern are polar mesospheric or
noctilucent clouds, which are cirrus-like clouds
of small particles, confined to the altitude range
of 82 to 85 km, where the atmospheric
temperature is at a minimum (i.e. the mesopause).
It is argued that the appearance of these clouds
is strong evidence for global change, but again
our knowledge of them is quite limited.

The scientific requirements

One of the key requirements associated with
GOMOS’s monitoring role is the long-term
accuracy of its measurements over the four
years of the Envisat mission. Another major
requirement is good vertical resolution, which
should be as small as 2 km. Finally, good daily
geographical coverage at all latitudes is needed
to allow a proper understanding of the
dynamics of the processes.

GOMOS must be able to detect the spectral
signatures of all the target molecules (Table 1).
For ozone, a broad spectral range (250 — 675
nm) is reguired, but it is also necessary to
measure the temperature locally as it has an
impact on the ozone absorption. This particular
problem is addressed by observing the A-band
of oxygen (at 760 nm).

Al of the other target species lie within the
range 250 — 800 nm, with the exception of
water vapour, for which it is necessary to
extend the spectral range. Hence, it has been
decided that GOMOS should cover the
spectral range 250 — 952 nm. Gaps in
coverage within this overall range have been
limited to regions devoid of relevant spectral
information. Furthermore, to ensure that ozone
spectra are not corrupted by the spectra of
other species, a spectral resolution of better
than 1 nm is required. For oxygen and water
vapour, the spectral signature varies on a scale
smaller than 1 nm, calling for a resolution of

better than 0.2 nm, but only over a limited part
of the spectrum.

Finally, it is necessary to consider the signal-to-
noise ratio. This has to be specified for a given
integration time linked to vertical resolution.
Simulations have shown that, in order to
retrieve ozone densities to an accuracy of
better than 1% over the relevant altitude range,
a signal-to-noise value of 100 is required for
each 0.3 nm spectral pixel in the ultraviolet/
visible. In addition, account has to be taken of
small-scale structures (or scintillation) in the
temperature/density profile, which induce rapid
variations in the intensity of signals observed
by GOMOS.

The GOMOS instrument

The concept

The original GOMOS concept was proposed in
the late 1980s by a team of European
scientists led by Service d’Aéronomie (CNRS)
and the Finnish Meteorological Institute. The
instrument exploits star occultation (Fig. 1),
which is inherently self-calibrating and well-
suited to meeting the main scientific
requirements.

From its polar orbit, GOMOS observes stars
whose lines-of-sight are tangential to the
Earth’s limb. For each individual star, the
spectrum measured outside the atmosphere is
compared to the spectrum seen through the
atmosphere as the star sinks below the
horizon. The difference reveals the presence of
ozone and other trace gases. Occultation has
already been demonstrated in space using the
Sun as light source, but geographic coverage
was limited. The specific advantage of
GOMOS, related to the large number of
observable stars, is that it combines the
advantages of high radiometric accuracy with
good Earth coverage.

Table 1. Main GOMOS products and potential applications

Product

Oz, NO2, NOg, H20, Oz, air
(horizontal column densities)

Aerosol extinction coefficients
Os, NO2, NOs, H20, Oz, air
(vertical density profiles)

Temperature and density profiles
Turbulence product: High-resolution T and density

Potential Application

Higher order GOMOS products
Monitoring of trends

Aerosol research
Atmospheric-chemistry research

Atmospheric-chemistry research
Monitoring of trends

Atmospheric research and GOMOS
Atmospheric-dynamics research
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Figure 2. GOMOS functional block diagram

The design

A functionality of GOMOS is shown in Figure 2.
The instrument is based on a 20 cm x 30 cm
Cassegrain telescope, which simultaneously
feeds, through an optical beam dispatcher
placed at its focal plane, an ultraviolet/visible
medium-resolution spectrometer (for signal
measurements in the Huggins and Chappuis
bands: 250 — 675 nm), a near-infrared high-
resolution spectrometer (for Oz and H:20,
around 760 and 930 nm, respectively). These
are complemented by two fast photometers,
operating in the 470 — 520 nm and 650 — 750
nm spectral bands, with a 1 kHz sampling rate,
for observing scintillation.

By using a large steerable flat mirror (30 cm x
40 cm) in front of the telescope (Fig. 3),
GOMOS is able to acquire and track stars
down to magnitude 5 over a very large angular
range (100 deg in azimuth). A complex star-
tracking system — using two redundant star
trackers — allows the star to be tracked within
20 prad during the 50 sec of a typical scan.
The star trackers are able to operate under
both day and night conditions, i.e. over both
the bright and the dark limb.

GOMOS will provide data at a constant rate of
222 kbit/s during nominal operation. The
instrument weighs 163 kg and its power
consumption is 146 W. Its main performance
characteristics are summarised in Table 2.

Figure 3. Cut-away drawing of GOMOS

Table 2. GOMOS instrument performances and major technical challenges

Requirements Typical GOMOS Performance Design Driver for
Number of occultations per orbit (45 on average) ~820 000 occultations during 4 year mission Lifetime of pointing mechanism
Wide angular coverage -10 to +90 deg. w.r.t flight direction Large field of view of pointing mechanism
Altitude resolution/accuracy 1.7 km / 30 m pointing stability better High angular pointing accuracy
than 20E-6 rad (pointing servo electronics)
Spectral range of UVIS spectrometer 250 - 675 nm High-transmission optics, high

detector sensitivity in the UV

Spectral resolution accuracy 0.89 nm in UVIS; 0.12 nm in IR1/IR2 Detector size, grating and pointing

Photometer frame rate 1 kHz in the spectral range: Fast, high-sensitivity detectors
470 — 520 nm / 650 — 700 nm
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To realise such a performant instrument,
specific technical developments have been
necessary. State-of-the-art technology has
been achieved in particular for the CCD
manufacture (EEV) and for the design of the
steering mechanism by Matra Marconi Space
in Bristol (Fig. 4). The entire instrument has
been developed by a consortium led by Matra
Marconi Space in Toulouse, under Dornier’s
supervision. The flight model was delivered to
the Envisat mission prime in October 1998, for
integration into the flight-model satellite at
Matra Marconi Space in Bristol.

The operation of GOMOS

The main mode of operation is the ‘occultation’
mode. Following a sequence of star
observations uplinked to the satellite by the
Envisat flight-operations control  centre,
GOMOS will acquire and track stars as they set
through the atmosphere. The sensors are
operated in such a way that the star and the
surrounding background light are recorded
simultaneously. The detector is fully program-
mable in order to ensure optimum alignment
over the instruments lifetime and the best
possible signal-to-noise ratios.

In addition to this occultation mode, the
GOMOS instrument’s design also supports
three other observing modes for in-orbit
monitoring of performance and the re-
calibration of the instrument’s performance
parameters.

GOMOS mission planning
GOMOS mission planning has been optimised
to maximise the instrument’s scientific return.

The mission objectives can be grouped under

two general headings (Table 3):

— ‘Long-Term Objectives’, which are specific
to the atmospheric-chemistry objectives of
GOMOS.

- ‘Campaign Objectives’, which are needed to
validate GOMOS products and to compare
them with the other two chemistry
instruments on Envisat.

Depending on the specific mission objectives,
with attached priority factors, the stars to be
observed are selected from the star catalogue.
The sequencing of observations is done
according to the instrument’s time-line
capabilities. The observing schedule will be
encoded as a macro-command for uploading
to the satellite.

Various simulations have been performed to
determine the merit functions of the different
observing strategies. Figure 5 gives an example
of a set of stars selected to observe
stratospheric ozone over a period of 3 days
near the spring equinox.

The mission-planning software is designed to
include scenarios for long-term observations
(over days or weeks) as well as for ‘targeted’
short-duration observations such as those
related to a volcanic eruption.

GOMOS payload data segment
All data received on the ground are

systematically processed and the following
products are routinely generated within the
ESA Payload Data Segment (PDS): Level-0,
Level-1b (transmittance), and Level-2 (profiles

Figure 4. GOMOS telescope
assembly during integration
at Matra Marconi Space, in

Toulouse (F)
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Table 3. GOMOS science objectives

Long-Term Objectives

Stratospheric ozone monitoring

Stratospheric chemistry: upper stratosphere 35 — 50 km
Stratospheric chemistry: lower and middle stratosphere 15 — 35 km
Large-scale dynamics at mid and high latitudes: polar vortex,

planetary waves

Dynamics of the equatorial lower stratosphere: dehydration
Small-scale dynamics: gravity waves, turbulence
Mesospheric ozone monitoring

Noctilucent clouds

Campaign Objectives

Tangent occultation

Validation of GOMOS products
MIPAS and SCIAMACHY validation

Arctic campaign

Special events: solar proton event
Special events: volcanic eruption
Antarctic winter troposphere

Stellar spectra

of ozone and other species). These products
are generated in near real time (i.e. within 3 h of
sensing) and then regenerated off-line using
updated auxiliary data (precise orbits instead of
predicted orbits, meteorological analysis fields
instead of meteorological predictions, etc.).

With the exception of the quality of the auxiliary
data, the algorithms used in the ‘near real time’
and ‘off-line’ processing are identical. All ESA
processing centres (the Kiruna and ESRIN
stations} for the near-real-time products and
the German processing and archiving centre
(supported by the Finnish Meteorological
Institute) for the off-line products, will use the
same processing algorithm, so that the user will
get consistent products irrespective of the
processing centre.

The ESA Level-1b and Level-2 algorithms have
been defined following the Envisat Expert
Support Laboratory (ESL) approach, whereby a
scientific team provides support to an industrial
contractor (ACRI, Sophia Antipolis, F). This
scientific team includes members of the
Service d'Aéronomie (Paris, F), the Finnish
Meteorological Institute (Helsinki, SF) and the
Institut d’Aéronomie Spatiale (Brussels, B).
These algorithms have been prototyped by the
ESL and then implemented, within the Payload
Data Segment consortium led by Alcatel
Space, by SSF Finland.

Data analysis and scientific products
Approach

The role of the GOMOS ground-segment
algerithms is to convert the readings of the
instrument into scientific products. Complex
simulation and analysis codes have been

generated for the purpose:

— A system simulator deriving the digital
output of the instrument from the spectral
intensity of stellar light received by GOMOS's
telescope.

- A data-processing chain that performs a
stepwise conversion of the ADC counts to
vertical profiles of atmospheric constituents.
This processor forms the central element of
the GOMOS ground segment, as it will
process the acquired data and generate the
scientific products.

Figure 5. Locations of ozone
measurements in the
Northern Hemisphere after
three consecutive days
(around 21 March) with a
specific star selection
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— A calibration facility using in-flight data to
update the calibration database of the data
processor.

With these tools, ESA will support the data
analysis up to the level of geophysical products
related to a single occultation, thus covering
the part that requires intimate knowledge of the
instrument and of remote-sensing inversion
technigues.

Scientific products and algorithms

The generation of scientific products, after low-
level data handling, is sub-divided into two
basic processes, namely the calibration into
physical quantities (Level-1b) and the
transformation into atmospheric composition
parameters (Level-2).

Level-1b

The objective of the Level-1B processing is to

estimate the set of horizontal transmissions

using the spectra measured by the instrument
during the occultation. The main processing
steps will be:

— Geo-location providing the location of the
tangent point above  which  the
measurements are performed.

- Wavelength resampling to a common
wavelength grid with correction for
instrumental or platform pointing instabilities.

— Correction of instrumental effects.

— Calculation of the transmission spectrum.
After estimation and subtraction of the
atmospheric  background signal, the
atmospheric transmission will be calculated
as the ratio of the occulted stellar spectrum
to an average of several stellar spectra
observed above the atmosphere (‘reference
spectra’).

The main Level-1b scientific data handed over
to Level-2 processing will therefore be the
transmission spectrum, the photometer data
and the geo-location for every atmospheric
acquisition. The background spectra will also
be made available, providing supplementary
atmospheric information under bright-limb
conditions.

Level-2

in the Level-2 processing, the transmission

spectra will be converted into parameters

representative of the state of the atmosphere.

This implies taking into account three different

processes:

1. Absorption by gaseous atmospheric
constituents, most prominently by ozone
(Os), but also by nitrogen dioxide (NO2),
nitrogen trioxide (NOs), oxygen (Oz),
water vapour (H20), chlorine dioxide
(OCIO) and others.

2. Extinction of the stellar light by scattering
from molecules (Rayleigh scattering) and
from aerosol and high cloud (Mie scattering).
Rayleigh scattering is well understood,
but aerosol represents a considerable
complication for GOMOS data analysis since
its characteristic spectrum depends on
droplet size distribution and chemical
composition, both of which are a priori
unknowns.

3. Refraction, i.e. bending of the light ray due to
the vertical gradient in air density, and
scintillation in the signal.

The analysis of the transmission spectra starts
with correcting for the refractive and scintillation
effects. In the next step, a ‘spectral inversion’ is
performed whereby each of the transmission
spectra is converted to a set of horizontal
column densities of atmospheric constituents,
i.e. the concentrations integrated along the
ray's path. Finally, these horizontal column
densities are converted to atmospheric
concentration profiles in the ‘vertical inversion’,
which can be visualised as ‘onion peeling":
once the contributions to the horizontal column
of all atmospheric layers above the current one
are known, they can be subtracted, and the
remaining part divided by the path length
through the current layer.

The time delay between the two photometer
signals (red and blue) allows one to retrieve the
refractivity, air density and temperature of the
atmosphere. According to current simulations,
these parameters could be provided with a
vertical resolution of 200 m, representing a
unique capability in terms of spaceborne
remote-sensing experiments.

The main Level-2 data products are the
horizontal column densities and concentrations
of ozone, nitrogen dioxide, nitrogen trioxide, air,
oxygen and water vapour, as well as the vertical
profile of aerosol extinction and the high-
resolution temperature profile.

GOMOS data are believed to be useful above
15 — 20 km altitude. An important feature is
the high variability in precision caused by
differences in the brightnesses and temper-
atures of the large ensemble of targeted stars.
This is illustrated in Figure 6: in the lower
stratosphere, the accuracy of ozone
concentration is determined by the visual
magnitude of the star, whilst at higher altitudes
the star’s temperature is more important as hot
stars produce significant emission in the UV
part of the spectrum.

Validation
Consistency checks on the algorithms and the
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precision estimates for the data products have
been performed using the simulation tools
mentioned above. During the Envisat
commissioning phase, a geophysical validation
campaign will be carried out. This will allow the
Level-2 data from GOMOS and its companion
instruments MIPAS and SCIAMACHY to be
correlated with a large portfolio of independent
observations by remote-sensing and in-situ
experiments operating on other satellites, on
aircraft, on balloon gondolas and on the
ground. The air volumes and observation times
of these validation instruments are unlikely to
coincide precisely with those of the Envisat
instruments; atmospheric models will be used
to bridge the gap between the different
measurements.

Conclusion

The decision to fly GOMOS on Envisat provides
the opportunity not only to further our
understanding of the chemistry of the Earth's
atmosphere, but also to demonstrate the
potential of the stellar occultation technique for
ozone monitoring. In the latter context, it should
provide very accurate global observations, well-
distributed geographically, correcting what
today is a serious observational deficiency.
Current instruments either provide very
accurate observations but with limited
geographical coverage, or good geographical
coverage but with limited accuracy. GOMOS
should strike an excellent compromise
between these two extremes.

On Envisat, GOMOS will serve a very useful role
by providing observations that complement
those from the other two chemistry instruments
—a point well illustrated by the recent response
to the Envisat Announcement of Opportunity,
which revealed that many scientists were
planning to exploit the synergy of these three
instruments. Obviously, GOMOS will serve an
additional role by providing a reference
standard for monitoring the performance of the
other two chemistry instruments.

Finally, looking to the longer term, it is
anticipated that the star occultation technigue
will be capable of routinely monitoring ozone
properly on a global basis. An operational
concept derived from GOMOS is currently
being evaluated. Cesa

Figure 6. Expected accuracy
of the ozone profile as a
function of altitude for
several star visual
magnitudes and
temperatures
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‘Sea & Space’ - A European Educational

Exercise

J. Lichtenegger

Remote-Sensing Exploitation Division, ESA Directorate for Applications Programmes,

ESRIN, Frascati, Italy

S. Ansari

Informatics Department, ESA Directorate of Administration, ESRIN, Frascati, Italy

As part of the 1998 European Week for Scientific and Technological
Culture organised by the European Commission, several
organisations - ESA, the European Southern Observatory (ESO), the
European Association for Astronomical Education, with the support of
Eumetsat, the German National Research Centre for Information
Technology and the Norwegian Space Centre - took the initiative of
bringing space-oriented topics to the classroom in European schools.
The project was appropriately called ‘Sea & Space’.

Introduction

The ‘Sea & Space’ educational support
initiative, directed primarily towards Europe’s
secondary-school teachers and students, was
kicked off in January 1998. Run on the Internet
with the help of innovative and interactive tools,
it focuses on two globally significant topics:
‘navigation” and ‘remote sensing'. A range of
activities have been offered to anyone who

Figure 1. Winning posters from European school childen
exhibited at Expo’98 in Lisbon, Portugal
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sea & space

wishes to participate, including:

— A national contest that was open to two
categories of participants: one for children
aged 10 to 13, who were invited to present
a poster, and one for children aged 14 to 19,
who were invited to produce a newspaper. In
both cases the themes were to include
navigation and Earth observation from space
seen with artistic, experimental or scientific
eyes.

- A web site has been created which carries
information on navigation, the oceans and
Earth observation from satellites. The web
site also includes a tutorial, on-line
exer cises, and teaching material for down-
loading. It has encouraged visitors to the site
to submit project proposals for which ESA
has subsequently provided satellite remote-
sensing data and expert advice.

The contest

Schools throughout Europe took up the
challenge, issued via the Internet on 9 March
1998, with small teams of children being
encouraged to draw and to paint posters, and
to gather material for their newspapers. In late
spring, national juries were nominated to make
their choices of the best works, with respect to
originality and creativity, scientific accuracy,
clarity, organisation and presentation of ideas,
and ability to discuss the subject matter from a
multidisciplinary point-of-view,

The young artists responsible for the winning
posters (Fig.1) — from Austria, Belgium, Bulgaria,
France, Finland, ltaly, Luxembourg, Portugal,
Spain and the United Kingdom — each received
a set of ESA/ESO videos, as well as T-shirts.
The winning teams in the newspaper contest
won a six-day trip to Expo’98 in Lisbon, where
they would participate in a ‘Super Contest’, in
which the first prize was a trip to South
America, to visit Europe’s launch base/
spaceport in Kourou, French Guiana, and
ESO’s Very Large Telescope at Paranal in Chile.

In September, fifteen teams, each consisting of
an average of three students and a teacher
from each participating country, travelled to
Lisbon, where they presented their projects at
a special event during the European Week for
Scientific and Technological Culture. The
presentations, in the Planetarium of the Marine
Museum, ranged from the very professional,
including one multimedia show, to simply
drawn viewgraphs. In all cases, however, the
content had been carefully studied and well
prepared. Many of the presentations included
individual experiments and their results,
including an error-budget study for global
positioning! It was very difficult indeed for the
Jury to pick a winning team out of so many

original ideas, but the eventual winner was
Ireland — which as luck would have it was the
entry that the participants themselves had
chosen in their own secret ballot!

There were two other events at the Expo '98:
the official hanging of the 32 winning posters
of pupils by the students of the respective
countries, and a video conference with the
virtual-reality studio at GMD in Germany, and
with Kourou in South America, moderated by
ESO’s Richard West and ESA's Wubbo Ockels,
who answered the many questions from the
students and engaged them in stimulating
discussions. This novel conference could be
followed on a gigantic screen in ‘Sony Square’
at Expo’98.

The Sea & Space Web pages
(http://seaspace.esa.int:8000/)

As another element of the Sea & Space
initiative, the following contents were offered to
European schools on the World Wide Web
(WWW) via the Internet:

- A chapter on ‘Navigation’ presenting the

historical

navigation on the sea, as well as the very
latest navigational tools such as GPS, and
encouraging children to conduct simple
experiments  for
estimating the latitude and longitude of their

schools.
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Figure 2. A Sea & Space
web page on ‘Navigation’.
The page explains the
global coordinate system
and the significance of zero
degrees longitude. The
exercise is designed to
encourage children to use
maps and other means in
their search for knowledge
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Figure 3. A Sea & Space web page on remote-sensing applications
using satellite images. It introduces the use of radar satellite data for
oil-slick monitoring in the Mediterranean Sea. It is a real case in which
an oil slick was sighted long before it hit the coast. The exercise
provides the interactive tools to make all of the necessary
measurements (see Fig. 4) and more: the students have to
compute/analyse their findings to achieve the final result. By signing
up to the virtual classroom of Sea & Space, teachers can receive
reports on their students’ progress electronically

— A chapter on ‘Water’ in all its forms, from
its presence in the oceans and in the air we
breath, to its recent discovery in deep
space.

-~ A chapter on ‘Remote Sensing’ (Fig.3),
contributed totally by ESA, via which
children and their teachers are introduced to
the satellite images delivered by the
Agency’'s ERS mission. It also includes a
tutorial andexercises in how to exploit ERS
imagery (fully interactive thanks to the use of
Java Applet technology), and a series of
viewgraphs that teachers can use to
introduce the subject of remote sensing in

e the classroom.
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Acquisition and reproduction of remotely sensed images
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Word of the new web site’s existence gradually
spread and within two months of its creation,
from May onwards, the number of visits to the
site began to grow markedly. The associated
mailbox began to fill with proposals, some
rather fantastic, but others carefully conceived
and already well-defined. After many
exchanges by e-mail, five projects were
accepted and the corresponding satellite data
were ordered for the five lucky schools and
their projects:

- Geo Milev English Language School, in
Burgas, Bulgaria, for: ‘Pollution Monitoring
of the Black Sea’

— Gymnasium der Dominikanerinnen, in
Hietzing, Vienna, Austria, for: ‘Glacier
Retreat in the Austrian Alps'

— Gymnasium Groeberzell, in Germany, for:
‘The Ammersee and Its Wetlands’

— Samskola, in Saltsjébadens, Sweden, for: ‘A
Town in the Sea Re-discovered from Space’

— Amtsgymnasiet, in Senderborg, Denmark,
for: ‘The Island of Als from Space (Coast-
Archaeology/History)’

All of them have received the data that they
requested and are now hard at work with their
teachers. By the end of the school year, or end-
spring 1999 at the latest, the five teams wiil
deliver their reports in the form of a web page,
which ESA will host or link to its Sea & Space
home page.

Transmission to
ground-station

AN

Direction of motion os Satellite

How much?

Sensitivity
Conclusion
This novel educational event has truly

demonstrated the potential and enthusiasm
that exists today for using modern tools in
Europe's classrooms. It has brought specialists
from space-related organisations and children
and their teachers in Europe's schools a lot
closer together. It has given those children the
chance to participate in a major European
Union event that exploited technical know-how
to communicate with a future generation that
will take many of today’s novelties for granted
as being part of everyday life. The practical
uses of the Internet are already making it a
communications tool that no one wants to be
without. Ten years from now the Global
Positioning System (GPS) will be as common
as laptop computers are today, and images of
the Earth from space will be very much more
accessible to a wider public as online services
improve.

The initial phase of the Sea & Space initiative
was planned to last until the end of June 1998,
but the large amount of interest that it has
generated has encouraged us to keep it open,
providing as it does an ideal communications
platform for education that combines four key
elements: an Earth-observation image data-
base, simple image-processing tools, a viable
and inexpensive means of communication, and
access to the advice of experts. Gesa

- \'\ \\.
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L

Scene

Resolution
cell

Figure 5. One of a series of

viewgraphs for introducing
and teaching remote
sensing in secondary
schools. The material can
be used as it is for display
during a lesson, or can be
downloaded for further
editing
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Figure 2. Artist’s impression of the descent of
Huygens through Titan’s atmosphere

Figure 1. Mating of Huygens onto Cassini




huygens operations

S. Dodsworth, C. Sollazzo, M. Denis & R. Coda
Mission Operations Department, ESA Directorate for Technical and Operational

Support, ESOC, Darmstadt, Germany

The Huygens mission

The Huygens Probe is ESA's contribution to the
joint ESA-NASA Cassini/Huygens interplanetary
mission. The ESA Huygens Probe is being
carried on NASA's Cassini spacecraft (Fig. 1) to
Saturn, where it will be released for entry in the
atmosphere of Titan, Saturn’s largest moon.

The Cassini/Huygens spacecraft was launched
by a Titan-IV/Centaur rocket from Cape
Canaveral on 15 October 1997, for a seven-
year flight to Saturn and a four-year orbital tour
of the planet, its rings, its moons, and its
magnetosphere. Huygens will be released
before Cassini makes its first Titan flyby, will
then coast for 22 days, and will enter the Titan
atmosphere on 27 November 2004. During the
controlled descent phase (Fig. 2), on-board

experiments will execute a complex sequence ,

of measurements to study the chemical and
physical properties of this atmosphere. The
data collected will be transmitted to Cassini,
stored on solid-state recorders and later
transmitted back to Earth. In the meantime,
Huygens will be activated every six months to
thoroughly test all of the on-board systems and
experiment equipment.

The European Space Operations Centre,
ESOC, in Darmstadt, Germany is responsible
for the Huygens Probe mission control.

A role in operations for the Huygens
Engineering Model

During the post-launch phases, the operations
team has to be in a position to create and test
the sequence of operations to be executed
during a reactivation (or ‘check-out’, as it is
called), and to react to failures of on-board
systems. The team must also be able to
analyse the behaviour of the system during the
main mission phase, especially if anomalies
occur. This requires suitable test and analysis
tools and the relevant expertise to be available
to the operations team. The limited access to
Huygens, and the ‘one-shot’ nature of the
mission make it imperative that any changes

are completely validated before being
implemented on the flying spacecraft.
The Huygens Engineering Model (HEM),

refurbished by the inclusion of flight-spare units
and hardware upgrades to make it
representative of the Flight Model spacecraft,
was selected as the most realistic and effective
tool to support the operational and test
activities and to rehearse in advance on the
ground all of the operations critical to mission
success. In addition, by using the Engineering
Model, the operations team will be able to
continuously refresh and enhance their
knowledge of the Huygens systems and their
operational behaviour, a key factor in
maintaining expertise over the whole mission
lifetime.

The HEM (Fig. 3), together with two sets of
Electrical Ground Support Equipment (EGSE),
was delivered to ESOC in early 1998, shortly
before the second Huygens Probe reactivation.
One set of EGSE and the HEM were installed in
a room close to the Huygens Dedicated Control
Room (DCR), and the operations team were
trained in its use. The second set of EGSE was
retained as spares. After validation of the set-
up, the EGSE was modified to replace obsolete
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