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A Dbrief history of space exploration
Why go to space?
ESA’s science programme

The lifecycle of a scientific space mission
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The first documented usage of rockets dates
back to the 13™ century (Chinese army fighting
the Mongols).

Later, rockets were used by the Mongols
(conquest of Bagdad in 1258), the Arabs
(against French crusaders), the French against
the English (1429).

As weapons, rockets were less efficient than
cannons, but made their comeback in the 16%
century with the Austrian Conrad Haas (1509 —
1576) who built multi-stage rockets and at the
end of the 18™ century (US independence war).

An application for space travel was not ;
considered at these epochs. 3
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Many of the pioneers of space exploration
were inspired by Jules Verne’s (1828 — 1905)
novels De la Terre a la Lune and Autour de
la Lune.
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Konstantin Tsiolkovsky (1857 — 1935)
summarized the basic principles of
space flight and rocket propulsion in his
publication The exploration of Cosmic
Space by Means of Reaction Devices.

Tsiolkovsky proposed to build multi-
stage rockets using liquid H, and O.,.
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Robert Goddard (1882 — 1945) developed the first liguid-fueled
rocket (1926). He worked on the in-flight stabilization of rockets and
was the first to use a nozzle to improve the efficiency of his rocket.
His book A method of reaching extreme altitudes became the basis of
von Braun’s work during World War II.
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In Germany, Fritz von Opel (1899 — 1971) built racing cars and
planes driven by powder rockets (1928). The main goal was public
relations.
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Hermann Oberth (1894 — 1989) published
Die Rakete zu den Planetenrdumen (1922) |
and developed his own liquid-fueled rockets | |
(1929). His collaborator Wernher von Braun f e
(1912 — 1977) became the chief designer of [£' =&
the V2 rocket during World War 11. ;=
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After the war, the USSR and the USA were competing for the
conguest of space. The main actors were Sergey Korolyov (1907 —
1966) in the USSR and Wernher von Braun in the USA.
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Chapter I: Introduction
12 April 1961: Yuri Gagarin (USSR), first man in space
5 May 1961: Alan Shepard, first US suborbital flight
20 February 1962: John Glenn, first US astronaut in space
20 July 1969: Apollo 11 on the Moon
12 April 1981: first flight of the Space Shuttle Columbia
15 October 2003: Yan Li Wei (China), first taikonaut
8 July 2011: last flight of the Space Shuttle Atlantis




Chapter I: Introduction

22 May 2012: first launch of the Dragon capsule to the ISS by the
Falcon 9 launcher. Dragon and Falcon 9 are designed and operated by
the private company Space X.

Space X and Blue Origin have developed a technology for landing and

re-using the first stages of their launchers.
i o AU

— e WD o
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New Space: private companies become leading actors in space
activities (not just as subcontractors). Beginning of a new era??

i
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Viking 1 & 2 (1976): in-situ mineralogy
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Pioneer 10 & 11: first flybys of Jupiter (12/1973 & 12/1974) and Saturn
(9/1979)

Voyager 1 & 2: grand tour of the giant planets

VOYAGER 1 VOYAGER 2
Launch Launch VOYAGER 2

S5 Sept 77 20 Aug 77

Neptune
25 Aug 89

Jupiter
9 July 79

12 Nov 80

25 Aug 81




View of Solar System from- above
2007 APR.D4. = s
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Galileo: 15t orbiter of Jupiter (12/1995 — 9/2003)

Engineering
Fiedds and Particles

LOWLGAIN i
ANTERHL Remote Sensing

__ EMERGETKC
—— PARTKCLES DETECTOR
___PLASMA SCENCE

RETROPROPULSION MODULE

SCAN PLATFORM, CONTAINING :
= ULTRAY|

IOLET SPEC TROMETER
= S0 D-STATE IMAGING CAMERA
= NEAR-NFRARED MAPFING SPECTRONMETER
» PHOTOPOLAR WETER RAD IOMETER

RADIOSOTOPE

THERMOELECTRIC

GENERATORS [RTG)
[2 places)
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Cassini-Huygens: orbiter around Saturn (7/2004 — 9/2017) + landing on
Titan (Huygens 14/1/2005)







Chapter I: Introduction

Why do science from space?

Get out of the Earth’s atmosphere: access to wavelengths that
cannot be observed from the ground due to absorption by the
atmosphere.
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oA

Multi-wavelength observations
of the Universe
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Get out of the
Earth’s atmosphere:
get rid of the
turbulence to
Improve the angular
resolution

Light in the atmosphere Light hitting the

Parallel light ground-based
rays from star tElES{ﬂFE mirror

Air pockets
acting like
lensas

Ground-based telescope ""'

4 The uneven heating and cooling 2 The light rays bent by

of the atmosphere creates the atmosphere hit the
moving bundles, or pockets, of mirror at different

air. These air pockets act like angles. The reflected
little lenses. The parallel light rays cross at many
rays hit the bundles and bend shifting points, instead
in unpredictable ways. of at one focal point.

ight in space ght hitting the

Parallel light space telescope mirror

rays from star

Space telescope ‘ E -

4 Incoming light rays remain 2 The parallel light

parallel because they do not rays reach the mirror
pass through the atmosphere. and bounce back to

cross at a single
focal point.

Resulting
image

3 The result
is a blurry,
shifting
image of
the star.

3 The result is
a clearer
image.
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Chapter I: Introduction

Why do science from space?

e  Observations in orbit around
a planet: detailed cartography
(3D) of the planet, measure
the magnetic field.

. Rendez-vous with comets,
asteroids and minor
planets...

Mars Express

© ESADLR/FU Berlin (G, NMM)-MOC(WAWWM)_ g
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Why do science from space?

« In-situ measurements on the surface of a planet, either with a
static lander or a rover

prit & '
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Why do science from space?

«  Observations of the Earth (production of pollutants, e.g. NO,
released by combustion of fossil combustibles).
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Why go to space?

The scientific space programmes often trigger technical
developments, but the latter should not be used as excuses for
fundamental research!

The bulk of the space activities do not concern scientific
research, but rather deal with commercial or political aspects.

The most obvious examples are telecommunications,
microgravity, Earth observation and manned spaceflight.

Some activities failed to meet the expectations: microgravity,
transatlantic telecommunications by satellite, research aboard
the ISS...

Others are success stories: GPS, Earth observation (military

and civil)..., that have opened important markets.
32
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Economic impact of space activities (nearly impossible to get accurate
and exhaustive figures):
« Global budget in 2015 = 323 billion $ US,

« %, of the Investment related to commercial applications,

« ~ 40,000 jobs in European space industry.

EXHIBIT 1. Global Space Activity, 2015

@ Commerdial Infrastructure
and Support Industries

® Commercial Space Products
and Services

$120.09B @ U.S. Government Space
(37%) Budgets

+ Non-U.S. Government
Space Budgets

$126.33 B
(39%)

Total: $322.94 Billion ‘ T 33
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Economic impact of space activities goes well beyond building rockets
and satellites:

The 2018 Global - HVI:E

Space Economy .......s.s <IN

NOAA (space only) $2.2B

Global Space
Economy

Note: Satellite manufacturing revenue includes total estimated
manufacturing revenue for satellites launched in 2018.

Sources: Bryce internal estimates, Satellite Industry Association, European
GNSS Agency. Organisation for Economic Co-operation and Development,
government budget documents, and other published materials.
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WORLD GOVERNMENT EXPENDITURES FOR
SPACE PROGRAMS (2018)* TOTAL $70.8 BILLION

40,996

United States**

100 30

HMexico

83©

Nicaragua

Venezuela
122 (

Brazi

goia 110Q0

Budgets indicated for European countries include
their contributions to ESA and Eumelsat;

* Only countries with a budget of at least $10
mion appear on the map.

" The United Statesis undersized (80%)

Argentina

2,115
European

125.127‘

Sw den
Flnland

.NemnzmlB‘ g

Poland

SA &

03, A E%netsal

22
Greece

Turke

Moroc& Nge

ngeria £
420

Angola

142

wp’Saudl NSO, l""@

Oataf UAE

South Africa

Euroc®nsult |

28©
Belarus

280
Ukraine

4170
Russia

1
e
Bangla: desh

300 alaysia Vietnam
Thatlam!" 200

Singapore
208() 272

0o 450
indonesia  Australia

PROFILES OF GOVERNMENT SPACE PROGRAMS
© Eurcconsult 2018 - Authorized for release
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Science is (by far) NOT the biggest chunk in the space expenditures.

>> space budgets Government Space Markets

As % of GDP, selected countries, 2015 and 2010 ) :
Top Regions Investing in Space

0.00 0.05 0.10 0.15 L ] . $1 1 $8'7
RUSSIA & CIS
NORTH AMERICA EUROPE
e 522
billion
i ASIA

_— $66.5 B

LATIN AMERICA in 2014

Luxembourg =-
Trends in Government Space Funding

Germany N -
Israel = - DEFENSE DEFENSE
$23 N\ s31 N

CIVIL

italy W | billion illion IVIL
- D A

Korea i@ - . billion b
billion
Switzerland 3 -

NorwayEE-I
Spain Z-I 3, Worldwide Spending for Top 5 Applications in 2014

Sweden 2= Earth 3 :
- Obsgrrvation Spaceflight Exploration

United Kingdom Sf= . . o
B S > ﬂ e h
Canada ¥l .I (Q) [ K\‘?./ .“\\ a%?
/

Manned Launchers Satcom Space

Mexico l'l' —
. . | : | $10.9 $10.8 $7.4 $5.9 $5.9

0.00

billion billion billion billion billion

Data for China and |srael are estimates. 2016 data for India are based on preliminary budget estimates for the fiscal year 2015-16. » OECD
Source: OECD (2016), Space and Innovation
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Space, a big business!

In 2015, the total annual budget of space activities were 35 and
11 billion $ US in the USA and Europe, respectively. In the
USA, about half of this budget was used for military
applications.

Belgium spends 0.085% of its GNP for space projects. This is
the 2" highest fraction in Europe, behind France (0.18%).
Every € invested into space activities in Belgium, results in a
return of 1.4 € for Belgian industry.
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Space Launches by Country

The landscape of space
exploration 1s changing...

First Space Age 5 Second Space Age

Space Launches

1957 1961 1965 1969 1973 1977 1981 1985 1989 1993 18897 2001 2005 2009 2013

m United States  m Soviet Union/Russia  m China European Union mIndia m Japan Others

Number of Spacecraft Launched, 1957-2017

Number of Spacecraft
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JAMES WEBB SPACE TELESCOPE
- MASA Yearly Budgets LAUNCH DELAYS
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The European Space Agency (ESA) has currently 22 member states.

41




Chapter I: Introduction

The highest level of decision of ESA is the ministerial council (one
country = one voice). ESA applies the policy of « fair return ».

BUDGET 2020

ESA Activities and Programmes

CH: 3.4%, 167.0 M€ =~

SE:1.7%,832ME M~

ES:5.1%, 249.5 M€ W

RO:0.7%,343ME W~ 7 g

PT: 0.4%, 21.0 M€ ©——
PL: 0.8%, 38.4 M€ W——
NO: 1.8%, 86.3 M€ ™

NL: 2.1%, 100.3 M€ B _
LU: 0.6%, 20.9 M€ B
IT: 13.7%, 665.8 M€
IE: 0.5%, 24.8 M€ .
HU: 0.2%, 11.7 M€ ®
GR: 0.4%, 20.6 M€
FR: 26.9%, 1311.7 M€

BUDGET 2020 BY FUNDING SOURCE

TOTAL: 6.68 B€

TOTAL: 4.87 B€

Cesa

B UK: 9.5%, 464.3 M€
B CA: 0.6%, 28.0 M€
W SI:0.1%, 3.2 M€

~———__W Other: 3.7%, 181.3 M€

—m AT: 1.0%, 51.2 M€
— M BE: 4.3%, 210.0 M€
—Mm CZ:0.9%, 44.7 M€
—M DK: 0.7%, 33.8 M€
—M EE: 0.1%, 3.7 M€

_ @ FIl:0.6%, 27.4 M€
~—M DE: 20.1%, 981.7 M€

Income from EU
23%

Income from Eumetsat
3%

S Other income

4%
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The ESA science programme (only mandatory domain). ESA science
budget = 8,1% of total budget.

ESA BUDGET BY DOMAIN FOR 2020: 6.68 B€’ esa

*includes activities implemented for other institutional partners

NAVIGATION PRODEX
1103.9 M€, 16.5% \ 61.6 M€, 0.9%

_——— SCIENTIFIC PROGRAMME
538.0 M€, 8.1%

| 255.4 M€, 3.8%

ASSOCIATED WITH GENERAL BUDGET
234.0 M€, 3.5%

1536.1 M€, 23.0% b D T

HUMAN AND ROBOTIC EXPLORATION
645.2 M€, 9.7%

TELECOMMUNICATIONS AND IAP

0,
EARTH OBSERVATION 465.6 M€, 7.0%

1536.8 M€, 23.0%

EUROPEAN COOPERATING P TECHNOLOGY SUPRORI
STATES AGREEMENT SPACE SAFETY 214,0 M€, 3.2%
4.5 M€, 0.1% 81.0 M€, 1.2%
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ESA concept of fair industrial return (ex. Ariane 6)
Ariane 6 Pavload Fairing

Main elements of RUAG EX BH AL
industrial £
organisation LEASL == AsL

CASA =

TVASs

1 seca

— [ vinci |
e I - ' (]

RUAG ==  Avioll I Techspace N

— — cryogenic tanks B BALAT= Magna
| il AL-AT
= T

ESR gimbal attachments ESR Upper Part . MT-A BN AsL
T Engine Thrust Frames

[ DS Elec. — CRI
SRM front skirt ring  Jd Airbus DS NL 1 ADS Elec. = CRISA
m MT-A - i Vulcain Aft bay cylinder On-Board Safeguard Other Electronic

bdo 18 P120C Solid Rocket Motor . vr-a B
U2 m Europrc 11 11 : Distancing Rockets

Equipped Solid Rocket
AL B -
o LA 3

TBD

Solid Rocket Motor

ESR attachments ESR Rear Skirt m ch Vehicle Ad
Launch Vehicle Adaptor

Turbo Pump Hydrogen

Thrust Vector Actuation System
ASL I l ASL Manufacturing, Assembly Integration & Tests
Lower Liquid propulsive Module

Mechanical Ground Support Equipment
APP 25 Avioll  GKN EE Techspace [
Upper Liquid Propulsive Module
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IMPLEMENTATION

ESA missions:

[2026] PLATO
[2022] Euclid

[2021] IWST

L1 mission
L2 mission
L3 mission
M1 mission
M2 mission
M3 mission
M# mission

S1 mission

Collaborative mission with China

Missions in the Cosmic Vision 2015-2025 Programme

JUICE
Athena

LISA

Solar Orbiter
Euclid

PLATO

ARIEL

CHEOPS

SMILE

[2020] Solar
Orbiter

[2009] PROBAZ
[1995] SOHO

[1990] Ulysses

OPERATIONS / POST-OPERATIONS

[2018] BepiColombo

[2016] ExoMars TGO
2 Schiaparelli

[2004] Rosetta
[2003] Mars Express
[2003] Double Star

[2000] Cluster

LEGACY

[2005] “enus Express
[2003] SMART-1

[1997] Cassini-

Huygens

[1985] Giotto

CHEQPS

Gaia
INTEGRAL
XMM-Mewton
Hubble

Planck [2015] LISA
Herschal Pathfinder
[510]
Hipparcos
EXOSAT
IUE

Cos-B
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Call for ideas: identify the most important science themes and
prepare the necessary technological developments.

The 4 major themes of the « Cosmic Vision 2015-2025 » plan:

1.

What are the conditions for planet formation and the
emergence of life?

How does the Solar System work?
What are the fundamental physical laws of the Universe?
How did the Universe originate and what is it made of?

46
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Scientific )
= o Constraints
Objectives

Mission _ Mission

Requirements Characteristics

Mission

Selection
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After the selection of a mission:

Definition phase: 2 parallel industrial studies + announcement of
opportunity for instruments of the payload (2 to 3 years)

Implementation phase: selection of a lead industrial partner,
finalisation of the design of the mission, critical technical
developments, tests of the various components, integration of the
Instruments into the spacecraft, ground calibration, launch and
commissioning (4 to 5 years)

Scientific exploitation: observations/measurements (limited in
time by on-board consumables, aging of the instruments,
available budget,...)

49



Chapter I1: Our Solar System and its ingredients

Reminder: the Solar System

The Roche potential and the Lagrangian points

50



Chapter I1: Our Solar System and its ingredients

The Sun: star of spectral type G2 V, 99.86% of the mass of the Solar

System.

Planets: orbit the Sun according to Kepler’s laws.

1.

The orbit of a planet around the Sun is an ellipse with the Sun
occupying one of the foci.

The areas swept out by the line joining the planet and the Sun is
proportional to the time needed to sweep it out.

a = [G(Mg, + m)]¥3 P23 (25)-213
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a = [G(M, + m)]¥3 P23 (27) 23
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Chapter II: Our Solar System and its ingredients

Heliosphere: region dominated by the solar wind (extends at least to
about 100 AU).

¢
.‘/

4¢=—=Bow Shock

- Heliosheath

«, Voyager 1

\\A .
/ +=—=Termination Shock

Voyager 2

\ Heliopause /

Heliosphere
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Chapter I1: Our Solar System and its ingredients

Gravitational sphere of influence: let’s consider a small test mass
under the influence of two masses m, and m, on circular orbit around
each other (e.g. the Sun and a planet) = Roche potential accounts for
centrifugal force:




Chapter I1: Our Solar System and its ingredients
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The Roche potential features 5 points of relative equilibrium, the
Lagrangian points solution of the equation

The L1, L2 and L3 points are solution of

58







Chapter II: Our Solar System and its ingredients

Lagrangian points of the Sun — Earth system:
file:///D:/Cours%20Master/OnOrbitL1.swf
file:///D:/Cours%20Master/OnOrbitL2.swf
file:///D:/Cours%20Master/OnOrbitL3.swf
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1.
2.

1.
2.

Chapter I11: How to travel in space?

Reminder: Newton’s law of universal gravity

The different types of orbits
Orbits around the Earth or a planet
Orbits around the Lagrangian points

The rocket equation

Interplanetary trajectories
The Hohmann transfer orbit
Gravity assisted manoeuvres
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Consider a mass m << M under the action
of gravity.

62
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Chapter I11: How to travel in space?

Different types of trajectories depending on the total energy:
1. Circular orbit

If E = minimum of U :

E=—(GM)*/(2h°)

64



Chapter I11: How to travel in space?

and

Velocity on a circular orbit of radius equal to the radius of the
Earth: V_=7.90 km/s

To place a satellite into orbit around the Earth, one has to provide it

with a velocity of at least V. = 7.90 km/s.
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Different kinds of trajectories depending on the total energy:
2. Elliptical orbit
Example: the planets of the Solar System

—-(CM)*/(2h®) < E < 0
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Different kinds of trajectories depending on the total energy:
3. First open trajectory

Velocity required to over-
come the Earth’s attraction:

To leave the Earth’s

attraction, the spacecraft
must reach a velocity V... =
11.18 km/s
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Different kinds of trajectories depending on the total energy:
4. Hyperbolic trajectories

V

r2
— 1 L'lih

=
o0 1}v1 i
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Different types of orbits around the Earth or another planet
depending on the inclination, eccentricity, orbital period...

The choice of an orbit depends on the mission of the satellite.

« Mission analysis » = study of the trajectory to ensure that the
spacecraft fulfils its mission under optimal conditions.

69






Chapter I11: How to travel in space?

Low Earth orbits (LEQOS):
Altitudes between 300 and 1000 km.

Little power required for communications with the ground,
satellite below the radiation belts.

Applications:

mapping the planet, follow changes of the climate requires
access to as large a part as possible of the planet = polar orbit
provides access to the entire surface.
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Chapter I1l: How to travel in space?

Low Earth orbits (LEQOS):

Astronomical observations in the high-energy domain
(detectors protected against charged particles). But orbital
periods are short and spacecraft crosses South Atlantic

Anomaly.

T . = % *”’F’% o e A e et e it 16 A
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Low Earth orbits (LEQOS):

Limitations of LEQOs: residual atmosphere, several satellites
needed for a continuous coverage, heavy batteries needed,
polar orbit difficult to reach.

Special application: heliosynchronous orbit.

The satellite passes always at the same local time over a
specific location. The plane of the orbit rotates once per year.

Precession of the orbit due to J2 term.

dS?
dt a

= Jo cos i < 4
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Mean Earth orbits (MEQS):

Altitudes around 10 000 km. Often used for navigation and
communication satellites.

High Earth orbits (HEQOSs):

Scientific (astrophysical) satellites outside the radiation belt:
long duration observations and formation flight (little
differential acceleration).
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High Earth orbits (HEQOS):

Scientific (astrophysical) satellites outside the radiation belt:

long duration observations and formation flight (little

differential acceleration).

40 000km altitude
obser ration limit

XMM

48 hour orhit

Perigee alt., 7 000 km
Apogee alt, 114 000 km
Inclination 40 degrees

75
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Molnivya:

Solution for telecommunications at high geographic latitudes:
highly eccentric orbits, inclined by 63.43° with an orbital period of
12h.

The satellite moves slower at apogee =
It remains longer above a region of the
Earth.

eMolniya
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Molniya:

3 satellites are needed to ensure a 24h/24 coverage.
Problem: the satellite crosses the van Allen belts twice per orbit.

Why this inclination of 63.43°?

The longitude of apogee remains constant!
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Constellations of satellites (LEOs and MEQSs):

The visibility of a ground station is limited to an elevation ¢
above the horizon.

Continuous visibility of one or several satellites requires a
constellation of satellites (e.g. GPS).

GPS: 24 satellites in 6 orbital
planes, 4 satellites per plane, altitude
20 200 km, 1 =55°







Chapter I11: How to travel in space?

Orbits about the Lagrangian points

L1 and L2 are unstable equilibrium points, but there exist halo
or Lissajous orbits (typical amplitude 100 000 km) about these
points that are semi-stable.

Objectives: observe the Sun continuously from L1, observe
outer space from L2 with a stable thermal and gravitational
environment.
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Chapter I11: How to travel in space?

Rocket in empty space.

m AU+ Am v, Vej = OB AT= -

T

ta 1 dm
— PE'] f_lif
Jtom dt
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Chapter I1l: How to travel in space?

For a given rocket, the mass of the payload decreases exponentially
with the velocity to be reached:

This fundamental relation, called Tsiolkovski’s (1857 — 1935)
equation was already established in 1873 by the Belgian officer
Casimir Erasme Coquilhat (1811 — 1890) in his article «Trajectoires
des fusées volantes dans le vide» published in the Mémoires de la
Societé Royale des Sciences de Liege.
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Chapter I1l: How to travel in space?

Single-stage rocket.

For chemical propulsion engines |
the ejection velocities of the
exhaust gases are typically of
order 3 to 4 km/s

Upper limit on AV of about 6 — 8 |
km/s due to the mass of the |
structure of the stage, the engine
and the tanks.

g —
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Chapter I1l: How to travel in space?

For a multi-stage rocket,
each stage follows the
rocket equation.

The AV produced by an
Individual stage depends
on the payload and the
mass of the upper stages.

The total AV is the sum
of the AV of the
Individual stages.




APOLLO/
SATURN
VEHICLE

Chapter I1l: How to travel in space?

Example: Saturn V launcher with
3 stages

15t stage: liquid oxygen + =
kerosene

2hd and 31 stage: liquid oxygen
and hydrogen

LIQUID HYDROGEN FUEL

40,000 GALLONS
(303,000 LITERS) OF
LIQUID OXYGEN

5 -2 ROCKET ENGINES.

Interstage
Adapter

s.1C
STAGE

518,000 GALLONS
(1204000 LITERS)
OF LIQUID OXYGEN

205400 CALLONS
(770,000 LITERS) OF
KEROSENE FUEL

FLIGHT PROFILE
LIFTOFF

e
“The first stage’s five F-1 rocket engines ignite and
produce 7.5 million pounds of thrust
FIRST STAGE SEPARATION
02 min. 42 sec. after launch

At an altitude of 42 miles (67 kilometers), the F-1
‘engines shut down. Explosive bolts fire, and the
severed first stage falls into the Atlantic Ocean

INTERSTAGE SEPARATION
03 min. 12 sec

‘The second stage’s -2 engines ignite. and the
interstage skirt drops away

ESCAPE TOWER JETTISON
03 min. 18 sec

-

Useful only up to about 19 milas altitude,the launch
tower is now dead weight and is discarded

SECOND STAGE SEPARATION
08 min. 09 sec

The third stage’s single J-2 engine Ignites about
ten seconds after the second stage is cut loose

THIRD STAGE SHUTDOWN

11 min. 39 sec. -

At engine cutoft, the Apollo spacecraft has reached
 speed of 17432 miles per hour (28,000 kph) and
s In orbit around Earth at an altitude of 1188
miles (191.2 km)

v ==

TRANS-LUNAR INJECTION
02 hr. 44 min. 16 sec. &=

The third stage’s -2 engine is fired again to break out
of Earth orbit and send the vehicle toward the moon

LUNAR MODULE EXTRACTION
04 hr. 17 min. 03 sec.
&

Now on course for the moon, Apollo separates, turns
180 degrees and pulis the lunar module from atop the
third stage. Its job finished, the Saturn stage coasts
‘away into space (some missions commanded the third
5tage to crash into the moon)




Chapter I11: How to travel in space?

. The AV to be reached limits the
mass that can be launched with a
given launcher.

~
=)
v
-
©
c
=
S

14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

C 3 [km?/s? * _transition between sub-orbital and direct
injection profile curves is simplified



Chapter I11: How to travel in space?

l Oxidizer Tank

Liquid fuel rockets produce
very hot exhaust gases via
reactions between a liquid fuel
(H,, CH,, C;,H,) and a iiquid
oxidizer (O,).

The combustion occurs in a
chamber at temperatures of
order 3000 K (cooling).

Nozzle with a large ratio
between the exit and throat
areas. This converts the heat
Into Kinetic energy.

o

-

I,
i

)

Fuel Tank

High pressure, low velocity

s
@
\\. igh velocity, low pressure
.

Pa
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Chapter I11: How to travel in space?

The nozzle reduces the gas
pressure and thrust becomes:

Thrust Is maximum when P, = i
P, and a nozzle has thus its
maximum efficiency at a
given altitude.

249 N\ (RT.N (, (P\OTV/
Uei ; P J.) ("‘» 1 ) 1 — ( >

il

/)

X
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Chapter I11: How to travel in space?

Solid fuel rockets use a mix (powder) of solid fuel and

oxidizer. Once ignited, the combustion cannot be stopped.

Different geometries are used for the cross-sections:
Cylindrical bloc, full cross-section: constant thrust.
Cylindrical channel: variable thrust regimes.
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Chapter I1l: How to travel in space?

ESA and Arianespace have increased the capabilities of the
Ariane launchers, up to Ariane V-

Ariane V ECA can launch 10 tons into GTO.
Ariane V ES can send more than 20 tons to the ISS.
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Chapter I1l: How to travel in space?

By August 2020, Ariane V had
been launched 108 times.

First launch of Soyuz-ST from
Kourou in October 2011 (23
launches in total). Soyuz iIs an
Intermediate launcher.

The first launch of the Vega
launcher took place in
February 2012 (15 launches so
far). Small launcher able to put
1.5 tons into a polar circular
orbit at an altitude of 700 km.




Chapter I1l: How to travel in space?

«  The future? Re-usability by recovering the first stages (Falcon 9,
Falcon Heavy, etc.)?

Requires about 1/3 of the propellant — impact on launch
capability!

CRS-5 FLIGHT " “i@.
&,‘Q Second stage ignites to boost
’ Dragon into orbit

: & *+., & Boostback burn adjusts
Firststage 7,  theimpact point of the
sepantes. § ¥ *. vehicle

. -
> Supersonic retro-
}, propulsion burn
Three separate engine burns <-4 and deceleration
put the detached first stage 4 fins slow the
on course to re-enter the %\ vehicle's speed
atmosphere and slow down &
from 2,900 mph (4,600 km/h)
to 4.5 mph (7.2 km/h) at the
time of touchdown

-8l

Single-engine
landing burn
LAUNCH FROM
g CAPE CANAVERAL
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Chapter I11: How to travel in space?

Alternative launch
techniques?

Launch from the
stratosphere via a plane
or a balloon (Stratolaunch
and Zero2Infinity)
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Chapter I1l: How to travel in space?

«  Alternative launch technigues?

«  Hybrid hydrogen-fuelled engines: breathing the air up to 28 km
altitude, conventional rocket engine beyond (SABRE on Skylon)
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Chapter I1l: How to travel in space?

«  Alternative launch technigues?

«  Mass drivers = electromagnetic catapults.

«  Long rails in vacuum needed.

«  Best done from the surface of an airless body (Moon)?




Chapter I11: How to travel in space?

«  Alternative launch techniques?

*  Nuclear propulsion? Either pulsed plasma

propulsion or nuclear thermal propulsion
(NERVA like).

. Not suited for take-off from Earth.

Pusgunt __ Expiomen
imacian Cramiber
inmernal Pulae
Liquid . e
hyd:ogen Figure 1: NPP Concepts
tank

Nozzle coolant pipe a
(carries entire
hydrogen flow)

Warm hydrogen drives
turbopump (bypass line
not shown)

Hydrogene

Reflector ! ||q uide

Réacteur nucléaire



Chapter I11: How to travel in space?

Hohmann transfer orbit for
Interplanetary journeys

Coplanar approximation: the
orbits of the planet of
destination and of the Earth
are assumed to be in the
same plane.

et us assume that the
spacecraft has reached the
2hd cosmic velocity of the
Earth.

One has to provide an

acceleration to put the probe
on an elliptical orbit around
the Sun with a = (R;+R,)/2.

. “_Planet of destinatiofi .-~
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Chapter I11: How to travel in space?

The spacecraft is launched
In the direction of the
Earth’s motion around the
Sun to take advantage of

the Earth’s orbital velocity
(29.8 km/s).

Velocity increment at
departure.

Velocity increment upon
arrival + capture by the
planet of destination.

AVtotal = AVdep t AVarr
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Chapter I11: How to travel in space?

The Earth, the Sun and the planet of destination need to be in a
specific configuration at launch.
—> concept of launch windows.
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Chapter I11: How to travel in space?

The Earth, the Sun and the planet of destination need to be in a
specific configuration at launch.
—> concept of launch windows.

1A given configuration repeats
- periodically (synodic period).






Chapter I11: How to travel in space?

Planet a(AU) | Orbital Synodic 1(°) e AV total
period period (km/s)
(years) (years)
Mercury | 0.387 0.241 0.32 7.0 0.205 8.70
\Venus 0.723 0.615 1.60 3.4 |0.007 0.62
Earth 1.000 1.000 = 0.0 |0.017 E
Mars 1.52 1.88 2.14 1.9 |0.094 1.07
Jupiter 5.20 11.9 1.09 1.3 |0.049 3.55
Saturn 9.58 29.4 1.04 2.5 | 0.057 4.24

The AVs (over escape) are given in the coplanar approximation.

They increase tremendously if there is a large change in
Inclination.

Chemical propulsion is not sufficient to reach certain destinaticl)(g’s.



Chapter I11: How to travel in space?

The encounter of a spacecraft with a planet can increase the
probe’s velocity in the heliocentric frame of reference.

Analogy: elastic collision between two bodies of masses m and
M>>m:

Absolute frame of
reference before.

Frame of reference of
the train before.

V+ U

V+U Frame of reference of

the train after.

vV + 2U Absolute frame of

reference after. 104
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Flanet's O rt:lf
around the Sun

Sun

Larry Bogan

Space Probe's Orhit
around the sun

Planet's Grawvitational

aphere of Influence




Chapter I11: How to travel in space?

«  With respect to the planet, the probe arrives at a relative
velocity V, on a hyperbolic trajectory.

- R, =radius of the planet, R, = distance of nearest approach.
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Chapter I11: How to travel in space?

The velocity vector rotates during the manoeuver.

2 arcsin | ——p =
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Chapter I11: How to travel in space?

For most planets, one can reach R, = 1.1 R, (exceptions :
Saturn and Jupiter).

Maximum gain up to 95% of V,
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Chapter I1l: How to travel in space?

Object V. Minimum flyby Mass | Radius | AV maximum
(km/s) altitude (km) (Earth) | (Earth) (km/s)

Mercury 3.1 200 0.055 0.383 2.9

\Venus 7.6 300 0.815 0.949 7.4

Gravitational assistance allows to gain substantial velocity

Increments, that are impossible to achieve with conventional

engines.
Jupiter 45 30 000 318 11.2 37
SE 27 80 000 95.2 | 9.45 17
Moon 1.7 200 0.012 | 0.273 1.6
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Chapter I11: How to travel in space?

This technique allows reaching almost any destination of the
Solar System.

Price to pay: duration of the journey and complexity of the
launch window increase!

Mise en orbite,
autour de Saturne

Example: the Cassini-
Huygens mission to :

Saturn: encounters with
\Venus (twice), the Earth
and Jupiter. Duration of

the journey: 7.5 years. R

+" Survol de Jupiter
30/12/2000
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Near Earth Asteroid Rendezvous - Journey to Eros

Fly by Earth at
335 miles altitude

& 28,497 mph i ' 5 :
3 1/23/98 3 = Deep Space

) Maneuver 1
Launch
2/17/96
NEAR
Trajectory

Deep Space
Maneuver 2
1/3/99

-

. \ 2,378 miles & 2,158 mph
Earth Orbit 12/23/98

Eros Arrival
2/14/00

(433) Eros Orbit







05 Dec 2025

05 Oct 2018 - Launch

Flybys

06 Apr 2020 — Earth
12 Oct 2020 - Venus
11 Aug 2021 - Venus
02 Oct 2021 - Mercury
23 Jun 2022 - Mercury
20 Jun 2023 - Mercury
05 Sep 2024 - Mercury
02 Dec 2024 — Mercury
09 Jan 2025 - Mercury

05 Dec 2025 — Arrival



Movies/642_BepiColombo_journey_to_Mercury_annotated_20181010_768p.mp4

Chapter I11: How to travel in space?

There exist some particular solutions allowing to travel to
certain destinations at reduced cost.

These solutions are usually based on the properties of the
Roche potential.

E.g. journey to the
Moon: the 4-body
problem (Sun, Earth,
Moon, spacecraft) is
approximated as the
combination of two
restricted 3-body
problems.




Chapter I11: How to travel in space?

The probe is sent v e Earth Tarocting Port
: aneuver ( a argeting Portion
towards the L2 point at Patch Point Using "Twisting"

of the Sun — Earth
system on an orbit
such that it will return
to the Earth.

The orbit Is adjusted
In such a way that the
probe enters the Earth
— Moon system
through the corridor
that leads to its L2
point.
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Chapter I11: How to travel in space?

Cost of this operation: duration of the journey: 3 months to go
to the Moon instead of 3 days...

Ballistic capture of a spacecraft by the Moon from 200 km Earth parking orbit _3
T T

in Sun—-Earth rotating frame

5 day 1|Gk marks -

¥ (AU, Sun—Earth rotating frame)

¥ {Earth-Moon distances, Earth-centered inertial frama)

1.005
x (AU, Sun—Earth rotating frame|

s2 Jfold..of ........... ——

x Earin- MoonsluammEagrftrkbeLtaeLyéapumv
Orbit




1.
2.
3.

Chapter IV: The environment of a space mission

The energetic particles environment
Interactions between the Solar wind and the Earth
The Van Allen radiation belts

Cosmic rays

The thermal environment
Micrometeorites and space junk

Microgravity and outgassing
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Chapter IV: The environment of a space mission

On the ground: building,
Integration, assembly and
tests of spacecraft are done
In clean rooms with
controlled temperature (near
20°C) and humidity (about
50%).




Chapter IV: The environment of a space mission

Clean rooms are classified according to the level of
requirement on the number of particles in the air.

US FED STD 209E standards: e.g. « class 100 » = less than
100 particles of size > 0.5um per cubic foot of air.

class >0.1um | >0.2pm | >0.3um | >0.5um | >5um

1 35 7 3 1

10 350 75 30 10

100 750 300 100

1000 1000 7

100 000 100 000 700 190




Chapter IV: The environment of a space mission

. New standards 1SO 14644-1

« «Class 100 » equivalent to « ISO 5 » = less than 100 000
particles of > 0.1um per cubic meter of air.

class >0.1pm | 20.2pum | >0.3pum | >0.5um | >lpm| >5um | FED STD 209E
1SO 1 10 2

1SO 2 100 24 10 4

1SO 3 1000 237 102 35 8 1
1SO 5 100000 | 23700 | 10200 3250 832 100
1SO 7 352000 | 83200 2930 10 000
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Chapter IV: The environment of a space mission

During transportation to the launch site and during
integration into the launcher’s fairing, the satellite undergoes
Important changes in temperature, pressure and humidity.

During the launch the satellite undergoes important
vibrations = need to test the structural stability of the
spacecraft on the ground, prior to launch.

In this chapter, we focus on the space environment: some of
these aspects can be simulated on the ground (thermal
environment, vacuum,...) by means of specific facilities
such as those of CSL.
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Chapter IV: The environment of a space mission

Ground-based test facilities at the Centre Spatial de Liege:
vacuum chambers, cryogenic tests, shakers...

Seviri Instrument (MSG) in Focal 5

Shaker 4522 LX




Chapter IV: The environment of a space mission

Interactions between highly energetic charged particles and
the satellite leads to
1. degradation of the performances of the solar panels,

2. damage of the electronics (uncontrolled on/off switches, SEUs, short
circuits,...)

3. degradation of the coating of the satellite...

Shielding of the electronics Is often not sufficient = need to
foresee redundant electronics and treat the components to
make them less sensitive to radiation damages.
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Chapter IV: The environment of a space mission

The charged particle environment essentially consists of
three components: the Solar wind, the VVan Allen radiation
belts and cosmic rays.

“Space weather” 1s the combination of the phenomena that

rule the number energetic charged particles in a given place
and at a given time. Space weather depends strongly on the
Solar activity.
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Chapter IV: The environment of a space mission

Solar wind: mainly p* and e, typical velocities in the plane
of the ecliptic 200 to 600 km/s.

Interactions with magnetic field of the Earth:
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Chapter IV: The environment of a space mission

Coronal mass ejection:
assoclated with Sunspots.

Increase of the X-ray emission A v e
and of the flux of particles. : :
Time delay between X-rays and P

particles allows to take
protective measures.

IntenSity of X-ray flux y|EIdS GOES Xray Flux (5 minute data)
the class of the eruption and
provides an indication of the ]
danger associated with the flux §

of particles. '

Jul 13 dul 15 =
Universal Time )
Updated 2000 Jul 14 19:04:03 NOA4/SEC Boulder, CO USA






http://www.spaceweather.com/

M Formulation
M Implementation
M Primary Ops

@*/ | % | B Extended Ops

SOHO-ESA / '

| Allen Probes (2)

?TWINS (2)

Voyager (2) l ,“

 Hinode-JAXA




Chapter IV: The environment of a space mission

Frequency of CME events modulated by the “11 years Solar

Position and area of sunspots
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Chapter IV: The environment of a space mission

The « Van Allen » MIRROR FOINT
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http://en.wikipedia.org/wiki/Image:Van_Allen_radiation_belt.svg
http://en.wikipedia.org/wiki/Image:Van_Allen_radiation_belt.svg

Chapter IV: The environment of a space mission

The dipolar geomagnetic field is shifted with respect to the
centre of the Earth (430 km towards the South-East of Asia).
This leads to a depression in the strength of the geomagnetic
field on the opposite side of the Earth: the so-called « South
Atlantic Anomaly » (SAA).

This region is a potential threat for the electronics of satellites in
LEO (especially regarding the frequency of SEU).
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Chapter IV: The environment of a space mission

Cosmic rays (energies up to 10%° eV) come from the deep space.
For energies up to 1014 eV, the particles are accelerated in
supernova remnants.

17h15m : 17h11m

The flux of cosmic rays Is anti-correlated with Solar activity.

Cosmic rays pose a threat to manned space flight outside the
zone protected by the Earth’s magnetosphere.
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Chapter IV: The environment of a space mission

In the thermosphere (altitude between 90 and 700 km),
temperature strongly increases, whilst density drops off rapidly.
The mean free path of the ions exceeds the size of the spacecraft.
— Convection and conduction are negligible in the thermal
balance of the satellite which Is rather set by radiation.

Altitude (km)
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Chapter IV: The environment of a space mission

The Solar spectrum can be approximated by a black body at
5800 K. Maximum of the spectral energy distribution near
5000A.

About 2% of the flux are emitted at wavelengths below 1300A.
This fraction varies with Solar activity.

_Solar Irradiance Spectrum

2000 10000 15000 20000 25000
Wavenumber (cm 1)
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Chapter IV: The environment of a space mission

Thermal balance: the Solar flux decreases as 1/r?. At 1AU, it
amounts to 1370 Wm?, at the position of Mercury, it amounts
to 9145 Wm-2, whereas at the orbit of Jupiter, 50 Wm-2 remain.

Temperature of equilibrium of a spherical black body:

Flux received:

Flux radiated: [P s2Np o

= 288 K @ 1AU, 465 K and 123 K near Mercury and Jupiter

For landers and atmospheric probes, convection becomes
Important and the equilibrium temperature is the ambient
atmospheric temperature.
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Chapter IV: The environment of a space mission

A passive thermal control (for
radiative exchanges) can be
achieved using an appropriate

coating.
The Sun-lid side of the satellite
accumulates positive charges

compared to the shaded side
(lonizing radiation). The coating
ought to be as conductive as
possible.

The 1onizing radiation can
degrade the performances of the
coating of the satellite.

Aluminized

Kapton

Blackened |
copper (hot) Black paint

IR emissivity o 1
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Chapter IV: The environment of a space mission

A fraction of the solar flux
IS reflected by the planets:
concept of albedo.

On average, for the Earth,

c, = 0.30; for Venus, c, = STRATUS
0.75; for the Moon, c, =
0.12.

ALTOSTRATUS

STRATUS
SAND
IICE

SAND 50"— 1 DESERT
wet

4 SAVANNA
MEADOWS

SOIL

$ WATER FOREST




Chapter IV: The environment of a space mission

Thermal emission of the
Earth or of the planet in the
IR domain:

Planck curves

I LIl 1 [ I
1

01 01502 03 05 152 = 5 10 15 20 30 50 100
wayelength in microns

Passive or active thermal
control of a spacecraft is
mandatory.
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Chapter IV: The environment of a space mission

Micrometeorites of natural origin are usually less dangerous
than artificial space debris (more compact and more massive
= less affected by aero-braking in LEO).

Only the largest debris (> 10cm) are well known (monitored
by radar).

Space Debris Objects = 1mm

GEO



Chapter IV: The environment of a space mission

Risk associated with a collision with a space debris depends
on the probability of such an event and its consequences:

Risk = PC x Consequence

Collision

Avoidance
Shieldingand

Inherent Design

asuanbasuo)

0.1mm 1mm
1mm lcm
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Chapter IV: The environment of a space mission

Collisions lead to new debris — runaway process if no
measures are taken (Kessler syndrome)!

Monthly Number of Objects in Earth Orbit by Object Type

——=Total Objects

—Fragmentation Debris

—Spacecraft

—Mission-related Debris

—Rocket Bodies

Number of Objects




Chapter IV: The environment of a space mission

Collisions with space junk: 1996 Cerise + debris of Ariane
launcher, 2009 Iridium 33 + Kosmos 2251

Solution: prevent collisions and mitigate the risks. Avoid
explosions by emptying the tanks of spent rocket stages;
favour atmospheric re-entry for satellites in LEO; graveyard
orbit beyond the GEOQ,...

Lagrangian points: heliocentric graveyard orbit beyond the
terrestrial orbit (e.g. Herschel)

Certain military operations (China) deliberately create debris
to test anti-satellite weapons!
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2000 km TRAFFIC JAM

Low Earth orbit (out to 2,000 km) is crowded with satellites
and space debris, travelling fast with little control. Only the
largest objects (3.6%) are tracked. Yet even tiny shards
could prove fatal or end missions.
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¥ Not tracked, 410,180 total (small, >1 cm)
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Chapter IV: The environment of a space mission

Active debris removal concepts:

Collector spacecraft (robotic arm, net,...).

Lasers to sublimate small debris.

lon beams directed on debris to produce thrust.
Conductive tethers (several km) to lower debris altitude.
Solar salils.

Micro-satellites to dock on debris

Exploitation of “natural” perturbations (Moon, J2, etc.) to
Increase orbital eccentricity.

Foam to increase drag.
Etc.
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Chapter IV: The environment of a space mission

It’s each nation’s responsibility to prevent the multiplication
of space debris!

Catalogued debris & satellites: nationalities

Europe has contributed to ~ 5 % of the debris while has ~ 20 % of the active satellites

150
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Chapter IV: The environment of a space mission

ESA and NASA use models to evaluate the risks of
collisions with micrometeorites and/or debris. These models
are calibrated with old solar panels of the HST.




Chapter IV: The environment of a space mission

ESA and NASA use models to evaluate the risks of
collisions with micrometeorites and/or debris. These models
are calibrated with old solar panels of the HST.
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Chapter IV: The environment of a space mission

Outgassing: when the external pressure drops below the
vapour pressure of the material.

Risk of molecular contamination of cold surfaces (mirrors
looking permanently towards the deep space, cooled
detectors,...).

Solutions: avoid materials that are prone to outgassing, heat
contaminated parts,...

Microgravity: capillarity becomes important = difficulties
to empty reservoirs (e.g. for the propulsion).
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Chapter V: The basic components of a spacecraft

Restrictions related to space activities

Electrical power supply

1. Solar arrays
2. RTGs

Attitude and orbit control
1. Gyroscopes
2. lonic propulsion
3. Solar sails

Telecommunication and the ground segment
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Chapter V: The basic components of a spacecraft

Constraints on the design of a space mission:
Mass budget (rocket equation).
Size of the satellite: available space in the shroud.

Power budget limited by the size of the solar arrays and/or the
output of the generator (mass).

4. Telemetry limited by on-board processing capabilities, size of
the antenna and coverage of the ground stations.

Budget... limitations on manpower and number of spacecraft.

Launcher | Diameter Mass HEO Mass Mass Mass Muss

GTOE LEU3 L1/1.2! Escape’

A5 ECA 4570 7000 to 9000 kg = 10 . | 6600 kg 4300 kg
de Pndm on Dl‘blt i I < ﬂ- nf=3.9 me’aj

GO INDE =

Vega No information yet 500 kg, ( 500 Kg)

available

Rockot-KM | 2100/ 2380 N/A 1350 kg 1 000 kg (500 Kg)
(63°) 800 km

Freg '1’[ ZB de F*I]ljl]] on Dl‘blt i _I { Em 0)




Chapter V: The basic components of a spacecraft

Example: available volume in the shroud of Ariane V ECA
3 different heights: 12.7, 13.8 and 17m.
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Chapter V: The basic components of a spacecraft

A technology considered for a space mission must be “space-
qualified” through a number of tests. The degree of maturity 1s
quantified through the Technology Readiness Level (TRL):

Level Descri tion

xstenﬂqubsm stem model or pmtnh pe demonqttatmn in a telea ant environment
ground or smce}

':"5. tual system completed and "flight qualltled thmugh test and demonstration
rnund or s :r:u::e}
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Chapter V: The basic components of a spacecraft

Every scientific spacecraft
features a service module
and a payload (the
Instruments).

The service module

provides the mechanical
stability of the spacecraft,

contains the electrical
power generators,

ensures communications
with the ground,

hosts the attitude control
system.

battery bus structures  giar trackers

thermal blanket

transmitter/

receiver /O processor

high gain omnl antennas

antennas  image sensor digital camera

flight somputer

@ Communications

&) Thermal Control

) Command & Data {_) Pointing Control

@ Power Supply

@ Mission Payload
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Chapter V: The basic components of a spacecraft

Every scientific spacecraft
features a service module
and a payload (the
Instruments).

The service module

provides the mechanical
stability of the spacecraft,

contains the electrical
power generators,

ensures communications
with the ground,

hosts the attitude control
system.

High-Giain

159



Chapter V: The basic components of a spacecraft

The optimal solution for the production of electricity depends on
the required power and the time over which it must be available.

For atmospheric probes, one frequently uses primary batteries

(non-rechargeable). Fuel cells are only used for manned
spacecraft.

Primary Batteries
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Chapter V: The basic components of a spacecraft

For satellites orbiting the Earth, the production of electrical
power mostly relies on solar arrays (photovoltaic). Their
efficiency Is currently < 29%.

Total power radiated by the Sun = 3.9 102 W. At 1AU, flux
received = 1370 W m~ = maximum production of 350 W per
m? of solar arrays (at best!!).

Solar flux decreases as r? = difficulty to use solar arrays in
the outer Solar System (beyond the asteroid belt).
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Chapter V: The basic components of a spacecraft

Rosetta: 64m? of
solar panels =

allow to operate out
to 5.25 AU.

ISS: 4500m? of
solar arrays provide
110 kW




Chapter V: The basic components of a spacecraft

HST: 2 X 2.6m X 7.1m
(36.9m?) provide 2.8 kW of
electrical power.

LEO of 97 min. = eclipses
of 36 min. per orbit.

Batteries able to store the
energy needed for 7.5 hours
of nominal operations.

Solar arrays replaced during
service mission SM3B
(Columbia, March 2002).
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Chapter V: The basic components of a spacecraft

« Inthe outer Solar System, one has to use radio-isotope
thermoelectric generators (RTG). Working principle:
radioactive decay of radio-isotope releases heat.

e  Plutonium 238 decays into uranium 234 + an alpha particle
releasing energy (half-life time of 87.7 years).
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http://upload.wikimedia.org/wikipedia/commons/7/79/Alpha_Decay.svg
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Chapter V: The basic components of a spacecraft

The heat is converted into electricity using thermocouples
(Seebeck effect)

(Sa(T) — SA(T)) d

Problems: half-life time must be short enough to release
enough energy and long enough to produce energy over the
entire lifetime of the mission.

Low efficiency (< 10%) of the thermocouples.
Shielding of the electronics.
Ecological problems (launch...)
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Chapter V: The basic components of a spacecraft

Attitude and orbit control:
Three-axes stabilized satellites
Spin-stabilized satellites.




Chapter V: The basic components of a spacecraft

Attitude control without consumption of fuel using gyroscopic
reaction wheels (based on the conservation of angular
momentum).

Gyroscope Spin axis

Gimbal
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Chapter V: The basic components of a spacecraft

Classical chemical propulsion is limited. Ideal interplanetary
trip: fast and carrying a lot of mass!

But: limitations due to the rocket equation:

M final

= exp (

Minit

Possible solution: increase v,; (limited to 3 - 4 km/s for
chemical propulsion)?

Possibilities: 1onic propulsion (ions ejected at very high
velocity).
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Chapter V: The basic components of a spacecraft

«  Working principle: use electric or magnetic power to eject ions
at 15 -100 km/s.

Gas 1onised in a chamber via
electrical discharges, confined
by a magnetic field,
accelerated and focalised by
an electrical field (electrodes)
and ejected at high velocities.
Outside the engines, gas
neutralizes at the level of the
nozzle via recombination with
free electrons.
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Chapter V: The basic components of a spacecraft

«  The thrust of these engines is very low (~ 0.07 N).

However, they can operate over a very long time (5000 hours
In the case of SMART-1).

«  Compared to conventional engines, the integrated thrust per
kg of fuel is about 5 times higher.

Monopropellant thruster  Fregat Main Engine SMART 1 Thruster
Propellant Hydrazine Nitrogen tetroxide, Xenon
dimethyl hydrazine
Specific impulse v/ go (S) 200 320 1640

Thrust |i,ﬂ—’| vej (N) 1.96 = 104 6.80 % 102
Thrust time (h) 46 5000
Propellant mass (kg) 535( 30
Total impulse (Ns) 1.1 = 10° 1.72 % 107 1.2 % 10°
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Chapter V: The basic components of a spacecraft

Problems of the ionic propulsion: electrical power required (14
KW/N of thrust for plasma engines)

—> Solar arrays can provide this power only in the inner Solar
System. Beyond the asteroid belt, other generators are required
(RTG, fuel cells...)

o
Example SMART-1 (ESA) Y
has used 80 kg of Xenon gas e L '
to travel to the Moon in 13~~~ &~ Mo
months. e ﬂ .



Chapter V: The basic components of a spacecraft

Solar sails: sail with 100% reflectivity, powered by radiation
pressure from the Sun. No fuel required!

However, to produce a thrust of 1N, one needs a solar sail of
220 000 m?!

Ex.: Cosmos 1 (600 m?) in 2005 (launch failed).
IKAROS (173 m?) in 2010, successful flyby of Venus

o Yo REk (GEEM) -
/" Full success (halfayear) -

ISR LY IR ER (BEM)
Minimum success (several weeks)
A

5 Y—5—t A LIk H B8 H
Navigation using solar sail

8 ) —5—tA Ik HMEREE
| . Acceleration using solar sail
DAY /7 /7(5 pm
Sp ng-up (5rpm ) Zt > 797 (20rpm*)  Membrane deployment
Sun-pointing Radio t leme tyON Solar power generation 172
Separation from H-TIA Spinning-up (20rpm*)




Chapter V: The basic components of a spacecraft

How does a solar sail allow travelling towards the outer Solar
system?

™. trajectory with radiation

. [pressure
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Chapter V: The basic components of a spacecraft

How does a solar sail allow travelling towards the inner Solar
system?

- .- - i .
trajectory with radiation -, )
pressure '

Original trajectory
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Chapter V: The basic components of a spacecraft

Telemetry and communications with the ground:
Determine the spacecraft’s velocity (Doppler effect)

Determine its distance (time required for communications at
the speed of light)

Determine the angular position (triangulation with two ground
stations that receive the signal from the satellite
simultaneously).

Telecommunications use certain wavebands in the micro-
waves.
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Chapter V: The basic components of a spacecraft

«  Satellites feature two antennas: a high-gain directional antenna
and a low-gain omnidirectional antenna.

Telemetry Commands 176




Chapter V: The basic components of a spacecraft

«  Ground segment: antennas allowing communication with the
spacecraft (e.g. Deep Space Network, DSN):




Chapter V: The basic components of a spacecraft

«  Science Operation Centre and Mission Operation Centre:
engineers and scientists who take care of the operation of the
mission.
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Chapter VI. Atmospheric probes and landers

Atmospheric entry

Descent to the surface and landing
Celestial body with an atmosphere
Celestial body without an atmosphere

Balloons

In-situ measurements:
Fixed platforms
Rovers

Planetary protection
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Chapter VI. Atmospheric probes and landers

Upon entering a planetary atmosphere, the probe encounters a
medium with an exponentially increasing density.

e

P = pPo exXp ?

dt




Chapter VI. Atmospheric probes and landers

The maximum deceleration must be limited (< 10 g for
manned spaceflight). Deceleration is maximum during a
ballistic entry (without aerodynamic lift).

log(1/7m)

1 0‘ 1 1
(—dv/dt)(H/v)




Chapter VI. Atmospheric probes and landers

During the atmospheric entry, the kinetic energy Is dissipated
as heat in the gas surrounding the probe/vehicle.

The heating is proportional to the 3" power of the relative
velocity. One tries to reduce this velocity by entering along the
terminator on the “right” side of the planet.

182
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Chapter VI. Atmospheric probes and landers

The larger the volume of the heated gas, the lower the
temperature increase — advantage to have a large C (blunt

N

shape) .

Spherical section Sphere—cone

The lift over drag ratio (L/D) plays an important role:

Ballistic entries (e.g. Mercury capsule) have zero lift and
undergo the highest peak decelerations.

The larger L/D, the lower the peak deceleration, but also the
longer the duration of the entry (and thus the longer the
duration of the heating).

183



Chapter VI. Atmospheric probes and landers

Most manned missions use some lift to reduce the peak
deceleration (e.g. Soyuz capsule max. deceleration ~ 3.8Q)

Modules .

separatlon
¥

Atmosphere

Controlled descent
banking maneuvers

Communication black-out portion

Parachute
OM/SM \ Activation
destruction \ Ballistic

\‘ descent
\




Chapter VI. Atmospheric probes and landers

«  The Apollo capsule had a low L/D whilst the Space Shuttle
had L/D = 1.

«  Peak deceleration of the Apollo capsule was about 7.2 g,
whilst it was below 2 g for the Shuttle.
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Chapter VI. Atmospheric probes and landers

A successful entry requires a — SESrREEes

specific angle y. If the angle is ' Undershoot trajectory
too large, the deceleration and
the heating are too strong and
the probe/vehicle disintegrates.
If the angle Is too small, the
vehicle emerges again from the
atmosphere.
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Chapter VI. Atmospheric probes and landers

Use an ablative heat shield
(honeycomb structure) to
dissipate the heat.

The centre of gravity must
be placed correctly with
respect to the centre of
curvature of the heat shield
to avoid rotation of the
probe during entry and
prevent the unprotected
parts of the probe from
being exposed to the hot air.

CRUISE STAGE

HEATSHIELD
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Chapter VI. Atmospheric probes and landers

Alternative to ablation: radiative heat shield that radiates most of
the heat before it reaches the structure.

The tiles of the Space Shuttle had a high emissivity and a very
high insulation power.

¥ 188
|



Chapter VI. Atmospheric probes and landers

On a planet with an i SCppvi=myg
atmosphere, the final stages "
of the descent are usually
done with parachutes
allowing to reduce the
terminal velocity.

For a typical parachute,
Cp~0.5.

For planets other than the

Earth, the parachutes must be

made of non-outgassing,

sterilized material and must \
allow radio communications %
with an orbiter.



Chapter VI: Atmospheric probes and landers

One tries to reduce the final descent velocity below 10 m s, This
often requires firing retrorockets, but these must be used with
caution If in-situ measurements are foreseen. The residual energy
can be absorbed by airbags (inflated with gas generators) or
damped structures in the legs of the lander.
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Chapter VI: Atmospheric probes and landers

E.g.: Phoenix (Animation)

National Aeronautics and Space Administration

Phoenix Scout Mission
Entry, Descent, and Landing

Presented by Peter Smith on October 20, 2006
Lunar and Planetary Laboratory

Animation by Maas Digital LLC

© 2006 Eric M, De Jong, Dan Maas, Peter Smith
Solar System Visualization Project - CL#06-3287
California Institute of Technology, Jet Propulsion Laboratory
University of Arizona, Lockheed Martin Space Systems
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Movies/phoenix_edl_high.mp4

Chapter VI. Atmospheric probes and landers

E.g.: Phoenix

X-band DTE
UHF-band to Orbiter

X-band DTE Open-Loop

UHF-band to Orbiter
Landing at
-3.5t0 -5.0 km .
elevation above o * Constant Velocity Achieved: E+465s, L-5s, 0.012 km, 1.6 m/s

MOLA el

* Touchdown: E+470s, L-0s, 0 km, 1.6 m/s

* Dust Settling: L+0 to L+15 min X-band DTE
*Fire Pyros for Deployments: L+7sec UHF-band

. Solar Array Deploy: L+25min to Orbiter ;

z=., * Begin Gyro-Compassing: L+100min

* Altitude referenced to equatorial radius




Chapter VI. Atmospheric probes and landers

Airless bodies are often (but not always) minor bodies with a
complex geometry (asteroids, comets). Navigating in their

(weak and highly non-spherical) gravity field is very complex
(e.g. NEAR).

OCM-5 oCM4

22-APR-2000. —...11-APR-2000

NEAR Shoemaker Final Descent
from 35-km Orbit

-APR-2000

-100

D 01-0074-1
x (km) L2



Chapter VI: Atmospheric probes and landers

Landing and remaining on the ground of minor bodies requires
anchoring systems (harpoons, foot screws,...) to avoid rebound
or ejection by reaction (e.g. when drilling) or via outgassing of a
comet. E.g.: Philae, Rosetta’s lander.




8:35am Rosetta manoeuvred itself closer to
comet 67P, so that it was about 14 miles (22 km)
above the landing site. The Philae lander was
ushed out of a hatch, and slowly began its free
all down to the comet, which will take seven hours.

Philae Comet 67P and landing site circled

Thruster 2 3:30pm Given radio signals to reach

Pushes Philae o Earth, final confirmation of touchdown

towards the . will onl haﬁren at about 4pm GMT.

surface R Philae should hit a pre-chosen spot

(Currently not A% dubbed Agilkia. But if the separation is

working) " N\ off by justa few millimeters, Philae
could quite easily miss the comet

entirely.

Harpoons
Shoot in to the ground

orking on P
ush the spacecraft onto the comet.
wo harpoon guns will fire out and
also secure the lander in Elace.
There are also screws in the lander’s

Footscrews  — b X
Attempt to drill Y —
surface upon impact

© MailOnline

feet that will attempt to bore into
the surface of the comet,
for further security.




Chapter VI: Atmospheric probes and landers

Not everything worked as expected for Philae:

196



PHILAE’'S BOUNCY LANDING

When mechanisms intended to secure
Philae to the surface of comet 67P failed,
the lander bounced back into space twice
before settling to rest in partial darkness at

317 million miles (510
A Klasiataral the foot of an icy cliff.

Earth and 14 miles (22.5
e Philae travels
ki) from the comes; % about 0.6 miles

Rosetta releases lander > _ (1km) up and an

equal distance
across the comet
Philae lander falls
toward comet for
7 hours

Philae hits at 3.3 feet p
(1 meter per second), ha
and rocket fail to fire

M Due to the comet’s low
gravity, Philae weighs
only one gram (about the
weight of a paper clip).

W On its first rebound,
Philae ascended with a
speed of 15 inches (38
LSO COMET 67P CHURYUMOV-GERASIMENKO
Escape velocity from the
comet is 19.7 inches (50
cm) per second.







Chapter VI. Atmospheric probes and landers

Balloons floating through the buoyancy force:

Pgas Hgas Tair
Phjr Hair Tg;a‘;

M probe — Pair Vhalloon (1 -

can be inflated by an atmospheric probe in the air.

- E: 2. Drogue parachute deployment

-\%3 Backshell release and main parachute deployment
4 Descent

5. Balloon deploymmt Q

i ; 7. Parachute release

6. Balloon inflation




Chapter VI: Atmospheric probes and landers

Balloons are e o e
Interesting to InCrease e e & ...
the lifetime of a e 7S G\
mission (especially on §
Venus) and allowto &= B . .
explore a wider area | i MI B e

; 'Imu,él 1o
Comel Haltey

Of a. planet. : .. : v \ " He::li:g::dms ! M(:llt')ll;‘u;gﬂ‘:;gs
. s ||| 5 : o S

To date, thisconcept [l & 2 & g~ \ oo
has only been . i \ g
Implemented for the

towards Venus In
1985.




Chapter VI: Atmospheric probes and Ianders ‘
Wm\&' ef: SR

In-situ measurements with a fixed
platform: collect samples with a
robotic arm featuring a scoop (e.g.
Phoenix or Viking) to analyse them
with the on-board instruments.



Chapter VI: Atmospheric probes and landers

In-situ measurements with
rovers: 15t implementation
Lunokhod 1 & 2 on the Moon.

Innovating concepts:

8 wheels each wheel having its
proper motor, brake and
Independent suspension.

Solar panels (beneath the lid)
used during lunar daytime and
heating of the electronics via
RTGs during the night.

Remote-controlled from the
ground In near-real time,
thanks to a set of cameras.




Chapter VI. Atmospheric probes and landers

|

Mars Pathfinder with its
rover Sojourner inspired by
the design of the Lunokhod.

Antenne
Panneau solaire

Expérience de dépdt

Spectromeétre alpha proton des poussiéres

rayons X (APXS)

Caméras et
lasers de
3, havigation

Suspension de type Boitier électronique chauffé
rocker-bogie



Chapter VI: Atmospheric probes and landers

. 40 years after the Lunokhod CHANG’E-3 PROBE
and the ApOIIO rovers, China _ SOFT-LANDED ON THE MOON’S BAY OF RAINBOW
sent Chang’e 3 and its rover E‘l
Y utu to the Moon.

@Ma]or deceleration)

3km away from the surface of the Moon

@Altitude adjustment)

- 2. 4km away from the surface of the Moon

@Approaching descent area>

100m away from the surface of the Moon

:§ Hovering)

@Obstacle avoldanc}

o - 30m away from the surface of the Moon




China’s landing on the far side of the moon

Sources: NASA/Arizona State University (moon imagery); CASC/CNSA (lander/rover renderings) Insider Inc.




Chapter VI: Atmospheric probes and landers

Planetary protection:

Prevent extra-terrestrial organisms from entering the Earth’s
biosphere.

Avoid contamination of other planets by living terrestrial
organisms.

Amazing problem: how to guarantee sterilization of a probe
knowing that bacteria can survive as highly resistive spores as
shown by the case of Surveyor 3?




Chapter VI. Atmospheric probes and landers

Protocol used for the Viking landers:
Purify the hydrazine of the retrorockets.

Bake the assembled lander inside its heat shield at 121°C for 7
days.

Place the ensemble in a sealed bio-shield that is only ejected once
the probe has left its parking orbit around the Earth.
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Chapter VI. Atmospheric probes and landers

Temporal sequence of the Viking missions:

Cantaur Burn - Space Flight bars Qrbit
Parking Orbit, Bioshield Cop 305 — 360 days Ingartian

2nd Burn }e’ Jettisan # I
] Lander
=
Wy 0efioction e

I
4 Stage 2

Eeparation \t
Qrbiter v
Shroud
Jettison J / Deorbit

IEI.aue 1 o
/ Separation Orbiter to Earth twosway radio link: j
& Orbiver science data t
Lander relay data

Enginesring talameatry

Doppler and ra:rmefﬂdgnul:

Solid Rocket Commands Parachute
Moter Separation g Deployment

[ ] ' Y 20,000 f1
& Aeroshell
Landar to Crbiter onewway relay radio link: st Jettison
& Lander science data .
Lander to Earth two-way radio link: & Engintering tebpmaetry Terminal
# Lander science data I'-I'J :_: e EIH:I:I'I;
& Enginesring telematry = L b!:; \ TRy 4000 ft
# Doppler and range signgls = . 24
& Cormmands /" 1 Lander A
Launch Entry to Landing ~75 St
5—10 minutes DTl N
Titan 1) /Centaur ; .




Chapter VII: Space-borne astrophysics

«  Space-borne astrophysics opens new windows on the universe
that cannot be accessed from the ground.

« Instrumentation depends on the scientific objectives, the
wavelength domains to explore...

«  Several examples are addressed in this chapter:
1. Astrometry
2. X-ray astrophysics
3. UV astrophysics
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Chapter Vlla: Astrometry

«  Astrometry, basic principles

«  The Hipparcos satellite
1.  Working principles
2. Results

The Gaia mission
1.  Working principles
2. Expected performances

210



Chapter Vlla: Astrometry

Astrometry = definition of an “absolute” frame of reference
and determination of 5 parameters: angular position (2
parameters), annual parallax, proper motion.

Very ancient discipline:

Catalogue of Hipparchus (around 130 BC) provides the
angular position of 1000 stars with an accuracy of 1°

Improvements due to Ptolemy.

Tycho Brahe (16™ century), 1000 stars with a precision of
order 1’ (no optical instrumentation).

Accuracy from the ground in the mid 20" century: up to 0.1’
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Chapter Vlla: Astrometry

Distant stars

Annual parallax of nearby
stars: due to the Earth’s
orbital motion around the Sun

d = 1/n (d expressed In
parsec = 3.0857 108 cm, & in
arcseconds)

Parallax of the nearest stars:
Proxima Centauri 0.772’

Near star
parallax
motion
Parallax

Near star

Earth's motion around Sun
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Chapter Vlla: Astrometry

Proper motion (along 2
directions, declination and
right ascension):

MZ = %5+ pe, COS0
Stars with largest proper

Galactic

motion = nearby stars. Center

E.g.: Barnard’s stars, p=
10.3”/year; 1 =0.549” (d=6
light years) o

I985 ®


http://upload.wikimedia.org/wikipedia/commons/6/6c/Barnard2005.gif
http://upload.wikimedia.org/wikipedia/commons/6/6c/Barnard2005.gif

Chapter Vlla: Astrometry

«  Astrometry from the ground: meridian circles
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Chapter Vlla: Astrometry

The Hipparcos satellite: first space-borne astrometric mission
(launched in 1989, Ariane 4).

Intended orbit = GEOQO, but problem with apogee booster =
satellite remained on its highly eccentric transfer orbit.

Operations until 1993.
Catalogue published in 1997 /,‘

IZ«
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Hipparcos: Schmidt telescope
combining images from two fields of
view separated by 58° inside a single
focal plane.

Star light modulated by grid of
parallel slits + detector working at
1200 Hz.

Satellite spinning about its axis +
slow precession of the spin axis =
scan the entire sky.

Each part of the sky is observed on
average 100 times.

Data and spacecraft attitude sent to
the ground.




Hipparchus Tycho Brahe Modern astrometry Hipparcos
129 BC 1600 1997

b

: A
LN
ML | @ .
4000 km

0,00003°




30,000 10,000 6,000 3,000
<— Ncreasing surface temperature (Kelvin)  decreasing_,

temperature temperature




Chapter Vlla: Astrometry

Observational H-R
diagram obtained with
Hipparcos: distances up
to 100 pc determined
with an accuracy of 10%

B -V [mag]
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Chapter Vlla: Astrometry

Observational H-R
diagram obtained with
Hipparcos: distances up
to 100 pc determined
with an accuracy of 10%

Incidence of variability.

1.0 1.5
V -1 [mag]

Spectral Clas
0O B A F G K 10
T T T T T T T -
20000K. 10000k FRO0K. E000K. SO00K. 4000k, 3000K. (Temperature)
100 000
10 000 | 5
1000
Luminosity | Absolute
[(Sun=1] | tagnitude
100+ -0
104
14 -5
0.1
001+ —+10
0.001 4
0.00071+ - 15
0.000 01+

10
Colour (B-V)



Chapter Vlla: Astrometry

Determination of the distance of several Galactic cepheids.
Pulsating stars that display periodic variations of their brightness.

Period-luminosity relation: M,, =—2.81 x log P —1.43 £0.1

Allows to evaluate the distances of extragalactic cepheids
(distance ladder).
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Chapter Vlla: Astrometry

Disk of the Galaxy is not flat (amplified by a factor 10 in the
figure): gravitational pull of the Magellanic Clouds or of dark
matter halo surrounding our Galaxy.

Sagittarius

Axis of warp

Direction of Magellanic Clouds 223



Chapter Vlla: Astrometry

Proper motion of stars in Galactic open clusters: allows to
study the dynamics of clusters and prove the membership of
specific stars.
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Chapter Vlla: Astrometry

Astrometric orbits of binary systems allow to determine the
masses of the stars that make up these systems (nearby binaries
with orbital periods of several years up to several decades).
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Chapter Vlla: Astrometry

« As for Hipparcos, Gaia spins about its axis which slowly
precesses, allowing to observe the whole sky.

«  Spin: 60°/s (6 hours), precession rate: 0.24°°/s (63 days)
«  Each position in the sky Is observed 70 times on average

Gaia field transits (ICRS) for 5 years

S
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Chapter Vlla: Astrometry

«  (Gaia operations (Animation)
NSL field transits in ICRS after: 0 years 000 days 00 hr 10 min

90



Movies/Gaia_scanLaw_movie.mov

Chapter Vlla: Astrometry

« Payload = two telescopes observing two fields of view
separated by 106.5°.

. Si1C mirrors




Chapter Vlla: Astrometry

S, Xp, Xa

«  As for Hipparcos, combination RS
of the images of the two fields [_—=
of view in a single focal plane. |
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Movies/1306_020_AR_EN.mp4

Chapter Vlla: Astrometry

«  Focal plane: 106 CCDs, read-out in TDI mode.

« Assingle instrument, but combining 3 functionalities:
astrometry, spectro-photometry (3200 — 10000 A) and
spectroscopy (8470 — 8740 A, R = 11500)




Chapter Vlla: Astrometry

Sky Mapper Astrometric Field

* Il x| x|x
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Detection
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Movies/1310_023_AR_EN.mp4

Astrometry

Chapter Vlla
Sunshield with solar panels deployed in space
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Chapter Vlla: Astrometry

Spectral type V' (mag) o(Il) (parcsec)

-  Gaia: expected performances: BIV <10
10% precision on the distance for ., 20 < 300
220 million stars. | s - 24

20 = 300
< 10 < 7
arcsec 15 - 192
1000 e Hipparchus - 1000 stars 20 -
e [Ihelandgrave of Hessen - 1000 -_—

100 a - 1000

10 ., + Radial velocities,

1 o, chemical compositions,
oa b Ko 1500 effective temperatures

Bessel - 1 staro ., UCAC?2 - 58 million

0.01 Jenkins - 606'0'~.,,"'0 <ITycho - 1 million Data proceSS| ng
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USNO - 100

0.0001 Errors of
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Chapter Vlla: Astrometry

«  Data reduction: DPAC (Data
Processing and Analysis
Consortium).

Upstream Downstream

CU5 Cu4
Photometric Complex object
processing processing

Cambridge \ / 2%

cu3 (—rcT—
Initial Data Treatment Astrometric core MDB
First Look processing ESAC
ESAC ESAC/Torino

Ccu7
<€—> | Variability analysis
Geneva/ISDC

CUl CU?
Syﬁ!tem:lT cu6 Intermediate Data Update Ccus
Zcechne Spectroscopic Barcelona Astrophysical
processing characterization

CNES CNES
C

Simulations
Barcelona/CNES

Ccu9
Archive and
Catalogue access
ESAC
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Chapter Vlla: Astrometry

Gaia: tests of general relativity
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Chapter Vl1lb: X-ray astrophysics

X-rays: another view of the universe
The beginning: the Uhuru satellite
X-ray telescopes

The XMM satellite

Examples of scientific questions: accretion
X-ray binaries
AGN

The future: Athena
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Chapter Vllb: X-ray astrophysics

Observation of X-rays (between about 1 and 100 A): only from
space!

Violent phenomena (generating plasma at high temperatures)

I
Gamma-ray X-ray Visible ] ; Exdio

i i gt gy JiHEM piny e l"'l""I
ﬁl“l—l=l_!"‘— " :
Energy -or-Temperature Scale
10E ik 108 Dk 10! qpt Hah Frequsncy Low Frequency
Short Wevelength Long Yeewelength

Wavelength | & ]
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Chapter Vl1lb: X-ray astrophysics

« 1stcosmic X-ray source detected outside the Solar System: Sco X-
1 (June 1962, Aerobee rocket) = brightest X-ray source apart from
the Sun

e  Optical counterpart identified in 1967: 13" magnitude star!
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Chapter Vllb: X-ray astrophysics

o 15t X-ray satellite: Uhuru launched in 1970
«  LEO with inclination of 3°
«  Main objective: map the full sky in X-rays (2 to 20 keV)
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Chapter Vl1lb: X-ray astrophysics

Uhuru did not feature an X-ray telescope, but two proportional
counters with X-ray collimators yielding fields of view of 0.52° x

5.2°and 5.2° x 5.2°
Satellite spinning to scan the entire sky.

STAR ¢ Sl__]['_ul -
SENSORS SENSORS
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PACKAGE

SOLAR
POWER

PROPORTIONAL
COUNTER BANKS

y
Lr——‘/ﬂ/ TELEMETRY

AND g
SPIN CONTROL 1S
246




Chapter Vl1lb: X-ray astrophysics
«  Collecting area of Uhuru: about 700 cm?
«  Sensitivity: about 1.5 x 101 erg cm= st
No Iimages!

CENTAURUS X-3

Mechanical
coilimator

Proportional
- counter '
CIRCINUS X-I Anticoincidence /
seint!]lation
detactor / A%

Figure 7.3 The layoae of a simple X-ray telescoue ol the Lypz fown on the UHURU
und Avicl-V satellites.

i
T SiNstes
L uNTIE ool OOLLINAIEH
I . : v WIAE PN

COUNTS/SECOND

4u 1145=-6l
.ﬂ. 1343=-60
4'.1 1344-60

L.::=" 4U 1258-6!

" Lﬂ.\.rﬁ.wwu.m thdaalhpwwmh

15 20
DEGREES (arbitrary zero)

SUNTER 30087 ” :

TEECTRY oy
VNG SAs




Chapter Vllb: X-ray astrophysics
«  Final Uhuru catalogue: 339 X-ray sources with their positions
(not very accurate), flux, light curve, spectra (8 bins)
« Sources highly concentrated in the plane of the Galaxy.
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Chapter Vllb: X-ray astrophysics

«  Reflection of X-rays: grazing incidence.
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Chapter Vl1lb: X-ray astrophysics

«  Wolter | assembly: Paraboloid

o Hyperboloid
Surfaces YE H

combination of paraboloid — _Surfaces

) ————

and hyperboloid surfaces to
reduce focal length. Focal Point

4 Nested Paraboloids
4 Nested Hyperboloids 3

+

Doubly

Reflected /
X-rays *
Field of View
+.5 Deg

Fal_'ahula Mirrors
Mirrors ~

i P

___-____,..-ni-":__:__‘____

Mirror elements are 0.8 m long and from 0.6 m to 1.2 m diameter
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Chapter Vl1lb: X-ray astrophysics

T T

Problem with Wolter |
type mirrors: not only
X-ray photons are
reflected under
grazing incidence...

ﬁ‘q—

Intensity [cte/s]
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Chapter Vl1lb: X-ray astrophysics
« XMM-Newton: ESA’s X-ray telescope

;
40 000km altitude
observation limit

“ XXMM
48 hour orhit
Perigee alt. 7 000 km

Apogee alt, 114 000 km
Inclination 40 degrees

« 48, highly eccentric (e = 0.79) orbit.
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Chapter Vl1lb: X-ray astrophysic

T g ,"

XMM-Newton: 3
modules of 58 nested
Wolter | mirrors = the
largest collecting area
to date ~ 4000 cm?
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Chapter Vl1lb: X-ray astrophysics

XMM-Newton: 3
modules of 58 nested
Wolter | mirrors = the
largest collecting area
to date ~ 4000 cm?
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Chapter Vl1lb: X-ray astrophysics
3 EPIC cameras, 2 RGS spectrographs and an Optical Monitor

Mirrors =
Secondary & Primary De}ector Filter wheel

Baffle

7 /f/

!
Detector power supply
L

NV, S Telescope Crting Stace
: Digital electronics power 3 ree oy
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Chapter Vllb: X-ray astrophysics

« 3 EPIC cameras: imaging + medium-resolution spectroscopy and
light curves between 0.2 and 12 keV.




Chapter Vl1lb: X-ray astrophysics
RGS: high resolution (R < 800) spectroscopy from 5 — 38 A.

Count=/bin

] “(‘“

___,w 1- ‘.rrr“r"“r-r--'-'-“-w*rn-—wr*—ru sl ol pain do v

1 1 I L 1 1
5 10 15 20 25 30 35

Wavelength [Angstrom]




Chapter Vllb: X-ray astrophysics

Some numbers:
1.  Uhuru found 339 sources over the full sky down to 1.5 x 101 erg cm2 st
2. ROSAT AIll Sky Survey: 125 000 point-like sources

3. 3XMM catalogue: 370 000 sources over 794 square degrees with a median
flux of 2.4 x 1014 ergcm2 s1

ROSAT ALL-SKY SURVEY Sources

Aitoff Projection
Galaclic Il Coordinate System

". & ‘.'ﬂ'
. T L .
i R N e
Vi . "‘ o ':."‘ e .;‘-’_.:_{‘".A i
R e T ek e b
nl-_,u..wr L e :

whoges O-Mar-56
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Energy range: 0.1 - 2.4 keV






Chapter Vllb: X-ray astrophysics

Accretion: nuclel of active galaxies (AGN):
supermassive black hole accreting material

from its host galaxy. E |
¥
v 4 » . 4
v e o ~
T et
R &% : .':..

Energy [keV]
m of the X-ray background, showing

a relativistic iron line




Chapter VIIb: X-ray astrophysics

e  The future? The XEUS project...
«  Formation flight about L2, collecting area of 5 m?
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Chapter Vl1lb: X-ray astrophysics

«  Formation flight: separation of 35 m with an accuracy of 1 mm?

Mirror
module

Formation flight given up and replaced
by single spacecraft.

Detector
module.




Chapter Vl1lb: X-ray astrophysics

New technologies for ultra-light weight mirrors:

ribbed plates

My~ < s
"




Chapter Vl1lb: X-ray astrophysics

Because of the complexity of XEUS, ESA decided to collaborate
with NASA and JAXA on the IXO (International X-ray
Observatory) project: a single spacecraft.

Following hesitations by NASA, ESA gave up IXO and focused
on Athena, a reduced version of 1XO to be built by Europe only.

However, in spring 2012, Athena was not selected as ESA’s first
L-class mission.

Uncertain future for X-ray astrophysics in Europe following this
decision.

In the spring 2013: ESA call for 2" and 3 L-class mission:
Athena+ was proposed...and selected as second L-class mission
of Cosmic Vision.
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12m Fixed

Orbit around L2 or L1, 5 years nominal lifetime
(launch 2030)

 Instruments : Wide Field
Imager (WFI), X-ray
Integral Field Unit (X-
IFU) microcalorimeter.

Collecting area: 2m? @ 1
keV. Sensitivity ~ 30 times
higher than XMM, angular
resolution 5” (3”)
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Chapter Vllc: UV astrophysics

Fundamental concepts
IUE: a spectroscopic mission
GALEX: an imaging and spectroscopic mission

Examples of scientific questions addressed:
1. Massive stars and their stellar winds
2.  Star formation activity
3. Aurorae in the Solar System
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Chapter Vllc: UV astrophysics

The UV domain: rich in resonance lines (between the
fundamental level and an excited level) = important
diagnostics of the physical conditions.

A <3000 A absorbed by the Earth’s atmosphere = need to go
to space

EUV radiation shortwards of the Lyman limit (A <912 A)
strongly absorbed by interstellar hydrogen.

Wavelength (A)
Near-UV 3000 — 4000
Middle-UV 2000 — 3000

Far-UV 1000 — 2000
Extreme-UV 100 — 1000
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Chapter Vllc: UV astrophysics

« Near UV into far UV: Ritchey-Chreétien design (hyperbolic
primary and secondary mirrors) with special coatings (Au or
SiC).

«  EUV: grazing incidence.

MCP detectors:

photocathode + CCD

UV photon

Ritchey-Chretién-Cassegrain-Teleskop

phosphor
iy - CCD 270



http://upload.wikimedia.org/wikipedia/commons/3/36/Ritchey-Chretien-Cassegrain-Teleskop.svg
http://upload.wikimedia.org/wikipedia/commons/3/36/Ritchey-Chretien-Cassegrain-Teleskop.svg

Chapter Vllc: UV astrophysics

International Ultraviolet
Explorer
(NASA+ESA+PPARC)

Geosynchronous orbit
(24h), slightly eccentric
(e = 0.24) and inclined
by 28.6°.

Launched in 1978,
stopped in 1996.

Spectroscopy mission (R
<18 000).
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Chapter Vllc: UV astrophysics

Ritchey — Chrétien
telescope
Echelle spectroscopy over

two domains: 1150 — 1980
and 1800 — 3200 A

104 000 observations of
about 10 000 different
objects.

| |

17040 WAVELENGTH 1760




Chapter Vllc: UV astrophysics

GALEX (Galaxy Evolution Explorer, April 2003 — June
2013)
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Chapter Vllc: UV astrophysics

GALEX: imaging and spectroscopy in the far and mid-UV.
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Chapter Vllc: UV astrophysics

Payload ~.

+ GALEX: launch into LEO B h > 'L
(inclination of 29°) by S : "'
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Chapter Vllc: UV astrophysics

GALEX: survey of the
full sky to investigate
the evolution of the
star formation activity
with redshift.
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Chapter Vllc: UV astrophysics

UV astronomy: ideal for

the study of hot objects.
OB or Wolf-Rayet stars

Minie > 15 Mg

Ter ~ 30000 — 90000K

LiLg 3 %10 —3 x 108

Typical lifetime: 10’
years.
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Chapter Vllc: UV astrophysics

Stellar winds of massive stars
discovered through P Cygni
profiles seen in the UV domain:

M~107% 1074 Mg ],rr_l

v, =~ 1000 — 5000kms?
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The S1iIV doublet in HD a4760
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Chapter Vllc: UV astrophysics

IUE: spectroscopic studies of massive stars (OB and Wolf-Rayet)

Variability: in some cases monitored on timescales of several hours

The SiIV doublet in HD 64760
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Andromeda Galaxy Andromeda Galaxy

GALEX Visible light image (John Gleason)




Chapter Vllc: UV astrophysics

«  Spiral galaxies: the most active ones in terms of star formation.
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Chapter VIII: The exploration of the Solar System

Space exploration has deeply changed the study of the bodies
of the Solar System.

« In situ » measurements; observations from orbiters; landing
on bodies of the Solar System; robotic missions, sample
return; manned missions...

Examples addressed in this Chapter:

1. Observations of the Sun and measurements of plasma
properties

2. Missions to Mars
3. The study of Saturn and its satellites
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Chapter VIlla: Solar observations and plasma
measurements

The basic principles of measuring plasma properties in space.

Multi-wavelength observations of the Sun and
helioseismology

The present: SOHO and Cluster 11

The future: Solar Orbiter
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Chapter VIlla: Solar observations and plasma
measurements

In-situ measurements of the properties of the plasma of the solar
wind or created via interaction with the magnetosphere

Measure magnetic and electrical fields, chemical compositions,
velocities, temperatures,. ..

Magnetometers are placed on deployable booms to reduce the
perturbations by the spacecraft.
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Chapter VIlla: Solar observations and plasma
measurements

“Fluxgate” magnetometers on rotating spacecraft (e.g. Cluster)
“Electron drift” magnetometers
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Chapter VIlla: Solar observations and plasma
measurements

Electric fields are measured using pairs of spheres attached to
very long (60 — 100 m) deployable booms. Rotation of the
satellite creates a variable tension.

Measure the energy per unit electric charge: deflection of the ions
under the influence of an electric field + time of flight between
two positions = determination of the energy, charge, mass, bulk
velocity and temperature of the ions.
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Chapter VIlla: Solar observations and plasma
measurements

«  Multi-wavelength observations allow to study phenomena that
cannot be observed in the optical domain.

~ visible radio

=AY/ X-ray







Chapter VIlla: Solar observations and plasma
measurements

High-precision studies of the “5 minutes” oscillations of the Sun
(helioseismology) to investigate the Sun’s internal structure.

Pressure (p) and gravity (g) modes

Spherical Harmonic Degree (!)
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Chapter VIlla: Solar observations and plasma
measurements

SOHO (Solar and
Heliospheric Observatory):
cornerstone mission of ESA’s
Horizon 2000 programme,
collaboration between ESA
and NASA

Operations approved until end
of 2020.

292



Chapter VIlla: Solar observations and plasma
measurements

«  Launched in 1995 from Cape Canaveral towards L1.

. Halo orbit around L1=> continuous access to the Sun + radio
communications not disturbed by the Sun.
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Chapter VIlla: Solar observations and plasma
measurements

CELIAS (Charge Element and Isotope Analysis System): study
of the composition of the Solar wind and of the energetic particles
through deflection in an electric field (E,/q) + time of flight (t)
and residual energy (E,).

SOHO/CELIAS/CTOF raw counts - PHA, DAY 96 150-199 L e T W [ e W B Ve B e e Bl
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Chapter VIlla: Solar observations and plasma
measurements

CELIAS (Charge Element and Isotope Analysis System): study
of the composition of the Solar wind and of the energetic particles

through deflection in an electric field (E,/q) + time of flight (t)
and residual energy (E,).

Solar Wind Elements/Isotopes Observed by CELIAS MTOF

elem ents: C N ONe NaMgAISi PS ClAr KCa Ti Cr MnFe Ni
isotopes: Ne Mg Si S ©Elkr €a
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Chapter VIlla: Solar observations and plasma
measurements

VIRGO (Variability of Solar LOT Detector flight configuration
Irradiance and Gravity i
Oscillations) instrument: precise BN ‘

determination of the solar flux
with a detector adapted to the
size of the Sun as seen from L1.
One of the objectives: detect g
mode pulsations.




Chapter VIlla: Solar observations and plasma
measurements

VIRGO instrument: variations of the solar flux with the 11-year
solar cycle. No reliable detection of g modes to date.

VIRGO Total Solar Irradiance
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Chapter VIlla: Solar observations and plasma
measurements

SOHO-EIT

Other important results of
the SOHO mission: coronal
mass ejections and eruptions
studied with LASCO, EIT,
COSTEP,...

2 4.3 MeVin < E< 7.8 MeVin
J -.'11‘.‘
L P,
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Chapter VIlla: Solar observations and plasma
measurements

Other important results of
the SOHO mission:
discovery and observation
of new comets with LASCC
(e.g. Machholz)

-
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Chapter VIlla: Solar observations and plasma
measurements

Other important
results of the SOHO
mission: discovery of

“Sun quakes” with
MDI.




Chapter VIlla: Solar observations and plasma
measurements

Cluster: first attempt failed (explosion of Ariane V launcher in
1996).

Cluster Il launched from Baikonour in 2000 (Soyuz launchers).




Chapter VIlla: Solar observations and plasma
measurements

i
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Chapter VIlla: Solar observations and plasma
measurements

« 4 identical spin-stabilized satellites at the summits of a
tetrahedron = allows distinguish temporal variations of the
plasma properties from variations due to the orbit.
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Chapter VIlla: Solar observations and plasma
measurements

The future: Solar Orbiter (ESA). Approach the Sun to 0.28 AU
and observe it from latitudes above 30°. Orbital motion at
perihelion in near resonance with solar rotation.

How to get out of the plane of the ecliptic? Gravity assist
encounters with Venus.

SOLAR ORBITER JOURNEY AROUND THE SUN

@esa

eeeeeeeeeeeeeeeeeeeee
iter

Maximum time for a radio signal

rrrrrrrrrrrrrrr

uuuuuuuuuuuu

nnnnnnnnnnnnnnnnnn
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Chapter VIlla: Solar observations and plasma
measurements

Solar Orbiter launched on 10 February 2020.

First images released in July 2020. Regular observations start in
2022.
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Chapter VIIIb: Missions to Mars

Some general considerations.
The NASA rovers Spirit, Opportunity and Curiosity.
The ESA mission Mars Express

2030+: humans on Mars??
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Chapter VIlIb: Missions to Mars

Planetary missions: observations from an orbit, landers,...

Each orbiter is equipped with an imaging camera: old missions
(Mariner, Viking) used vidicon cameras, recent missions use
CCD cameras.

e  Stereo cameras (such as
the HRSC aboard Mars
Express) allow to build
‘ 3-D images.
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Chapter VIIIb: Missions to Mars

Landers: choice of the landing site?
Scientific considerations: old lakes (exo-biology), volcanic
sediments (geology), polar caps (climatology)...

Technical considerations: near the equator (thermal environment,
solar irradiation on solar panels), landing sites not at high altitude
(parachutes), flat and smooth landing sites.

Uncertainty ellipse on the impact point (uncertainty on descent
velocity and trajectory of the probe, uncertainties on the
atmospheric density, wind direction,...).
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Chapter VIIIb: Missions to Mars

Landers: choice of the landing site?

180 210 240 270 300 330 0 30 60 90 120 150 180

o

)

o Opport‘un.it‘y'

v T . i
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Chapter VIIIb: Missions to Mars

381m/125Nn

Mars Exploration Rover
mission: 2 identical rovers
(Spirit and Opportunity).

Launch in June and July 3| ek -
2003 by Delta Il and Delta 2uamien —
1 Heavy launchers. SRS —
Spirit: last contact in | e By —
March 2010 | i i =
Opportunity: contact lost n damets Il ien Someier —
in Summer 2018 somsimon || || || | copeciy 707"
(officially terminated in 1| ia—
February 2019). —

Delta Il 7925 Delta Il 7925-H




Chapter VIIIb: Missions to Mars

Entry into the Martian
atmosphere and landing:
parachutes and airbags.

Parachute

Deceleration
Backshell Interface
Syt F 1) ~ Plate (BIP)

Heat Shield

Radar Absorber

Rocket Assisted

Deceleration Backshell
(RAD) Motors l
(1013) s Separation
VF, 3/8" Sep Nuts e~

(10f6)




*  Rover protected by landing
module.
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ISsions to Mars
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Chapter VIIIb






Movies/mars-exploration-rover-2003.mp4

Chapter VIlIb: Missions to Mars
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Chapter VIlIb: Missions to Mars

Bonneville
Crater







Chapter VIIIb: Missions to Mars

Mars Science Laboratory (MSL) launched in November 2011 by
an Atlas Centaur V launcher.




Chapter VIlIb: Missions to Mars

«  Spacecraft composed of cruise stage, backshell, descent module,
Curiosity rover and the heat shield.




Chapter VIIIb: Missions to Mars

recedented landing sequence

6 August 2012: un

Emfy Altitude: ~125 km

Velocity: ~5,800 mis
Interface Time: Entry + 0s
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Aero- &
maneuverings
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¢ o
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Separation :/\)\
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Movies/Curiosity_landing.mov
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Movies/msl20120810_CoM-480.mov

Chapter VIIIb: Missions to Mars

. Cur|05|ty blggest JOE sent to Mars hitherto.
‘ ERE ‘JlL“ 7

«  Wheels allow to climb Mount Aeolis (Mount Sharp) 326


Movies/Curiosity_wheels.mov

Chapter VIlIb: Missions to Mars

Curiosity = laboratory equipped with 10 different experiments to
search for conditions for the emergence of life.

cremcam MSL Science Payload
=

(CheMin, SAM
inside the rover)

Mastcam

e

By
. L4 \
s A N

Drill / Sieves
Scoop




Chapter VIIIb: Missions to Mars

Example: ChemCam

Instrument: [ Remete N romt.nd Erectromics ]
«  Evaporate sample with a i ] e
laser beam. == Schs Y LBS Target s
»  Collect the light emitted f B
by the resulting plasma. ; ,
«  Analyse this light by
means of 3 different — e
spectrographs. E ity [ e

MJM

w Wavolonmh (nm) -



Chapter VIIIb: Missions to Mars

Other instrument: APXS (a particle X-ray spectrometer), already
present on Sojourner, Spirit and Opportunity.

2]
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e
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—
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o
-
-y
o
o
2

Na20 MgO AI203 Si02* P205 SO3 CI K20 CaO TiO2 Cr203 MnO FeO* Ni* Zn* Br*
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Chapter VIIIb: Missions to Mars

Mars Express launched in June 2003 by a Soyuz Fregat launcher.
Orbiter and lander (Beagle 2)




Chapter VIIIb: Missions to Mars
« HRSC: stereo images (3-D) of the Martian surface.

E
=
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o
°
2
©

time in min

€ < !

+~|HRSC 13.8m |
SRC 32m

It 4.9 min| 1

L 344 km| |

| HRSC 18.1m| |
HRSC 112m SRe 42zm
SRG 26m t 76 min| .
t 24min| | I Astkm) |
h 280 km ‘

40 50
true anomaly in deg

ESADURIFU Bytiin (GNeukum)

resolution in m

 HRSC: images taken when the
spacecraft is at pericentre.




Chapter VIIIb: Missions to Mars

« MARSIS: radar that explores the sub-surface layers down to
several km.

180°E 240°E 120°E
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Chapter VIIIb: Missions to Mars

. Film « Water on Mars »



Movies/water_on_mars_131006.mp4

Images of Mars, Phobos & Deimos: ESA/DLR/FU Berlin (G. Neukum)

2 MARS EXPRESS MISSION HIGHLIGHTS
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Chapter VIIIb: Missions to Mars

*  Phoenix (5 - 11/2008) uncovered water ice by grinding the
surface around its landing site (+68.2° N, 125.7° W).

*  However, the amount of residual water (ice) remains uncertain
(estimates based on Omega — Mars Express data and Phoenix data
disagree).
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Chapter VIIIb: Missions to Mars

Mars is the destination of projects of future manned missions.
 As well as Dutch reality TV shows...

Apollo missions 1969 —72 Aurora 2030+7?
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Chapter VIIIb: Missions to Mars

However,

To date, no manned mission left the Earth’s sphere of influence
and moved to a distance of more than 385 000 km from the Earth.

No manned space mission of more than 10 days duration has been
done outside the Earth’s magnetosphere.

With current technologies, a round trip to Mars lasts about 3 years.

Problems for the human organism (absence of gravity, radiations)
and psychological load = shorten the duration of the trip.

Need to achieve a nearly 100% autonomy of the spacecraft
(recycling of waste, medical equipment,...) = needs a lot of mass.

— Need to develop new propulsion systems!
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Chapter VIIIb: Missions to Mars

Example: development of techniques to recycle the cabin air and

water.
Shuttle Fuel Cell <. Cabin Air
2H,+0,- 2H,0 +Electricity

Moisture Carbon Dioxide
Removal Removal Assembly

Oxygen Generator System Sabatier Reaction
2H,0+Electricity—=>2H.+0, 4H,+C0,~ 2H,0+CH,

Water Recovery System
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Chapter VIllb: Missions to Mars

Example: shielding against
cosmic rays: Space Radiation
Superconducting Shield
(SR2S) project.
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Chapter VIlIb: Missions to Mars

When will the first humans land on Mars?

Roadmap of the ISECG (updated in 2018) does not provide any
binding schedule, but identifies several steps to be accomplished
and stresses the role of preparatory robotic exploration.

ISECG Mission Scenario

re——— © Mars 2020
Ol 8

MARS ORBIT ~ EMM Hope g Il D

Mission-2

1) Mars Moons
eXploration

j ’ Deep Space Gateway Mars Transport Capabilities M
ﬁf Buildup over series of flights Checkout at Gateway

LUNAR ORBIT

O
Chandrayaan-2 : Luna &

»

LUNAR SURFACE - @
Chandrayaan-2 : Polar Sample Return  Prospector
@ @ @ ) @ ] @ ® ©
Chang'E-4 Chang’E-5 © Luna25 SLIM Luna27 Resource  ISRUDemo
- Prospecting Mission

Lunar Polar Missions

., Commercial . Russian Crew

l Transportation | Transportation

'ii Systems [‘ System

International Space Station
China Space Station
Future Platforms

NASASLS |
& Orion m

.' +  Small Cargo Missions

Human Lander a
Staged at Gateway /"

e 0. 0 0 0
Q o A ElA DA DE % . Additional Crew &
's Resource

- : Planetary Rovers
. ] +*  Mobility & Habitation

™0 Robotic

| Demonstrator

" for Human Lander
Sample Return Mission
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Saturn's Satellites and Ring Structure

Prometheus Janus
Atlas . ¢

Telesto

Calypso * « Helene

. ¢ ¢
¢ ‘

Pandora Epimetheus

Mimas
Enceladus

Pan

Atlas
Prometheus
Pandora

Cassini
division Encke
division

Tethys

Saturn

Janus

Epimetheus Ring Plane Crossings

Pioneer 11 outbound
Voyager 2
Pioneer 11 inbound

Phoebe

lapetus

Titan
Hyperion
lapetus
Phoebe

Voyager 1 outbound
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Chapter Vlllc: The Cassini-Huygens mission

Launch in October 1997 with a Titan I1\VV-B/Centaur rocket.

Total mass of the spacecraft: 5650 kg, impossible to launch via
Hohmann orbits = gravity assist (VVVEJ) = 7 years journey with

unusual thermal constraints.
I

CASSINI
INTERPLANETARY TRAJECTORY

\
SATURN ARRIVAL
1 JUL 2004 \

VENUS SWINGBY
26 APR 1908

VENUS SWINGBY
24 JUN 1999

ORBIT OF
EARTH

EARTH SWINGBY
18 AUG 1599 8 JUPITER SWINGBY
30 DEC 2000

PERIHELIA

s I ;
| o & 27 MAR 1998 0.67 AU
' 29 JUN 1999 0.72 AU



Chapter VIlic: The Cassini-Huygens mission
« Arrival near Saturn in July 2004, crossing the rings at an altitude
of 20 000 km.

«  Gravity assist of Titan used to regularly modify the trajectory and
visit different objects of Saturn’s system.

CASSINI - SATURN ORBITAL SAMPLE TOUR

Péle Nord Saturn North Pole View
de Saturne

Allumage
du moteur

Occultation
de la Terre

Yers le Soleil
/ etlaTerre 30 minutes entre chaque trait

NOTE: Roughiy haif of 3 orbits ae shown







Chapter VIlic: The Cassini-Huygens mission

CASSINI SPACECRAFT

*  Instruments aboard Cassini: s n-can , N

1. Remote optical sensing: infrared g \ﬁ
spectrograph, imaging systems s N '\‘—::j’ ” s
(CCD cameras), narrow spectral WMWM/ St
band imager... i \p

2. Synthetic aperture radar and Rm"’e“'i?"s"g /‘ -
radio system... / // - (Q ¥ canamr o

3. In-situ measurements of fields, / anemmaan

waves, and particles.

Mission ended on 15/09/2017 (plunge
into Saturn’s atmosphere).
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Chapter Vlllc: The Cassini-

The Huygens probe:

17/12/2004: Cassini-Huygens
put on collision course with
Titan.

25/12/2004: Huygens separates

from Cassini at a velocity of
0.35 m/s.

28/12/2004: Cassini’s trajectory e

IS corrected to ensure a flyby of
Titan at altitude of 60 000 km.

14/1/2005: Huygens enters
Titan’s atmosphere and lands.

luygens mission
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Chapter Vlllc: The Cassini-Huygens mission

Entry of the Huygens probe in
the atmosphere of Titan.

Entry

aave!‘ surface

Pilot-chute  Front-shield
deployment separation

Main-patachute jettison
’ Mfo 150 km ?gs ‘75 “m sta!?ﬂger-p?racgute
- e| men
o 4 ?34"’1 72 km Jipis
Mach 3 0
366 250 km gy ‘ . ﬁd’v fa0
- s l<mm
Peak > - Stabiliser-
deceleration ‘ arachute
Hea't‘-ﬂux 160 - 180 km o nflated
pea Tp=Tptls -~
- }88 !"1139 km

Ba'ck-cover - Ts = Tq+1s

release

Main-parachute ~ Instrument g $-6mis

configuration Tg lrwnw
depioyment for degscent = 2
- e
#* Surface Impact
; Surface mission

ase
duration >3 min

/
,;"5;'( 2 _ F "
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Chapter VIlic: The Cassini-Huygens mission

« Instruments aboard Huygens:
1. Instrument to collect aerosols and analyse them via pyrolysis.

Photometers, imaging cameras looking aside and towards the
ground.

3.  Wind velocity determination through the Doppler effect.
4. In-situ measurements of the properties of the atmosphere.
5. Analysis of the surface properties at the landing site.
Movie: Huygens/huygens.exe

349


Huygens/huygens.exe

Chapter Vlllc: The Cassini-Huygens mission

Images of Titan’s
surface:
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Chapter Vlllc: The Cassini-Huygen

Images of Saturn
and its rings: the
“spokes”

"M
| 4
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!
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Chapter Vlllc: The Cassini-Huygens mission

Images of the
“shepherd” satellites
of Saturn:

g i
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ENERGETIC IONS IMPACTING TITAN’S ATMOSPHERE

15:01-15:09 UTC 30 October 2004
Hydrogen 20-50 keV

NORTH (SATURN

FLUX (cm? sr s keV)™

Titan is immersed in a flow of plasma moving at approximately 200 km/s. The plasma flows
MIMI/INCA Team left to right in the image. The energetic ions of the plasma flow have gyro radii larger than
JOHNS HOPKINS Titan itself, which leads to the counter-intuitive intensification of ENA emissions on the trailing

SNV R BDT X side of Titan. The strongest ENA emissions are located at about 2500 km altitude.
Applied Physics Laboratory
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Chapter Vlllc: The Cassini-Huygens mission

Map of Saturn’s Moon Titan - April 2011

. :
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RS-
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Chapter Vlllc: The Cassini-Huygens mission

Chemical processes in the
atmosphere of Titan
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Chapter 1X: From exploration to exploitation?

The Moon and the legacy of the Apollo missions
50 years later: return to the Moon?

The Moon: a giant fuel reservoir??

The new Eldorado?

Do we have the right...?
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Chapter IX: From exploration to exploitation?

«  Between July 1969 and December 1972, twelve astronauts
walked on the Moon in the context of the Apollo programme.

«  Important technological developments!
«  Politically motivated programme (Cold War)...




Chapter IX: From exploration to exploitation?

Scientific impact of the
Apollo programme, quite
modest...

382 kg of lunar rocks.

The Moon formed

following the collision
between the Earth and
another celestial body.
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Chapter IX: From exploration to exploitation?

First tentative of a remake: 40 years later, speech of G.W.
Bush in January 2004...

But making a human survive on the Moon costs about 1
million USD each minute!
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tation?

Constellation programme: replacement of the Space Shuttle

(decided following the
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and develop vehicles to go to the Moon (stopped by the

Obama administration).
Development of new launchers: Ares | and Ares V

Chapter 1X: From exploration
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Chapter IX: From exploration to exploitation?

Daily Life-Support Requirements for One Person

A mocn base must support (s crow, oither with supplies liunched froe Larth

or by mineng the rescurces of the moon itwil

ON EARTH IN SPACE

Oxygen: Oxygen:
185 s (0.84 kg) ' , 1.85 s (0.84 bg)

Drinking water: Y Drinking waler:
264 gallom A : 0.43 gollens
(0 SRS (16

Dried feod: = Dried food:
391bs (177 kg) / 391bs {177 hg)

Water bee foed: ' Wanter fer foad:
1.06 gollens 0.21 gollens
(4 liters) (0.8 fiters)

AN outpost on the Earth’s moon has been a staple of Liv"‘g 0" the Land

science fiction since the 20th century. One of the .
earliest practical proposals was the US. Army's 1959 - The Basic necessities for human Bfe - air and
design for a nuclear powered fonress, bt to estab- wirler < could be derived frem the lunas soll
lish a military presence on the moon before the
Soviet Union could do the same

Buiiding materials, rocket fuel and ather neces
sities could also be marwfactured. These mate
rals could be used by the astronaets on the
. . mooe o shol inlo space shectromagnetically
A 1961 U.S. Alr Force plan calied for a 21-man under Sas S ) by & “mass driver”
ground base, to be built by 1963, 2 ¥
ABOVE: LS ARMY PROECT HORZON OXYGEN

Current arguments lor establishing a lunar colony MOGH BASE CONCEPT 1959 SILICA GLASS
imct h ntial uses:

clude these potential uses _ FIBERGLASS

LUNAR SOIL €=
W Resource mining (oxygen, W Energy (solar power, W Astronomical W Tourism CERAMICS

rocket fuel, construction helium 3 mining for observations HELIUM-3
materials) nuclear fusion) from the CONCRETE
moon's far side METALS

NSET:GEOLOGIST MARRSON SCHMITY
SAMPLES THE NOON O APOLLOD T
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Chapter IX: From exploration to exploitation?

Following the withdrawal of the Constellation programme:
NASA continues developing the Orion capsule (first
unmanned test in December 2014).
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Chapter 1X: From exploration to exploitation?

Following the withdrawal of the Constellation programme:
NASA continues developing the Orion capsule and a new
launcher SLS (that replaces the Ares launchers)

Medium/Intermediate




{SLS) to launch astronauts and heavy payloads
into Earth orbit and beyond.

| NASA plans to use the Space Launch System

.
CREW MODULE (above)
Is larger than the Apolio
Command Module
developed in the 1960s
2 -
-

CORE STAGE -
has the same
diameter as the space
shuttie’s external fuel
tank. Its five
RS-25D/E engines -
modified versions of
the shuttie’s main
engines — are fueled
by liquid hydrogen
and liquid oxygen

ANANA

At liftoff, g
SLS fires its 1
five liquid-
fueled main
engines and
two solid-
fueled
boosters

STRAP-ON —

—

BOOSTERS “—__
are similar to the
shuttie's boosters,

but are longer
because they have
additional solid
fuel aboard

INITIAL
CONFIGURATION

SPACE LAUNCH SYSTEM
United States

Country United States

Years of operation  first launch to be

planned for 2017 determined
Destinations Earth orbit, Earth orbit, deep space,
deep space astercids, moon, Mars

sold fuel,
LH2/LOX

solid fued,
LH2/L0X

Hesght 20 X (97.5 m) 400 & (122 m)

Lift capability 70-77 metric tons  up to 130 metrc tors

Thrust 8.4 milion s
(3.8 million kg)

LH2 = bt rycrogen Reed

LOX » hguid axypen cwdkper

Sobd el « alamnum pesthioeate compomste mture

SOURCES: NASA, LOCKHEED MARTIN

9,2 millon Ibs
(4.2 mition kg)

SATURN V

United States
1967-1973

Earth orbt, moon

JEIR(110m)
130 metric tons

7.5 milion s
(3.4 milion kg)

SPACE SHUTTLE

United States

1981-2011
Earth orbit

kerosine,

LH2A.0X

LH2/L0X
184 &t (56.1 m)
24,4 metri tons

7.8 milkon Ibs
(3.54 milion kg)
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Chapter IX: From exploration to exploitation?

«  New attempt due to Trump administration: SLS will be used to
build Deep Space Gateway, a platform for Moon exploration,
but also to outer space + human landing by 20247
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Chapter IX: From exploration to exploitation?

«  But US Space Policy not
clear and SLS
development behind
schedule.

«  Funding sufficient???

ca: Budget of the Unifed States Government, Fiscal Year 2016, White House Office of Management and Budget, Historical Table 4.1
Current dollars converted to constant 2015 dollars using US Bureau of Labar CPl Inflation Calculator

322 ft. 364 ft. 327 ft. 365 ft.
Donald J. Trump &

rump

For all of the money we are spending, NASA should NOT be
talking about going to the Moon - We did that 50 years ago.

Launch Abort System They should be focused on the much bigger things we are
. Universal o < doing, including Mars (of which the Moon is a part), Defense and
Orion Stage Adapter Cargo Fairing Cargo Fairing q_,ip‘;'ﬂpr g { cl part),
wLlelNue:
Interim Cryogenic Exploration Exploration
Propulsion Stage — S Upper Stage Upper Stage
Launch Vehicle — Interstage Interstage
Stage Adapter S
Core Stage Core Stage Core Stage
E i é i1
H ! Solid l I Solid I l
B ! Rocket 3 . Rocket ] il l;dvar:ced
B = Boosters i i Boosters i é oosters
= — = —

1
|1l,||4
B
»
I

!

RS-25 Engines

= |

SLS Block SLS Block 1B Crew SLS Block 1B Cargo SLS Block 2 Cargo
70t 105t 105t 130t
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Chapter 1X: From exploration to exploitation?

What are the motivations to return to the Moon?
Helium-3?

Helium-3 could make nuclear fusion more accessible and open
up new avenues for generation of electric energy in the future:

15 to 20 tons are enough to secure the yearly production of
electricity in the USA.

Problem: helium-3 is only marginally present on Earth.
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Chapter IX: From exploration to exploitation?

But helium-3 is much more abundant on the Moon (about 1
million tons) due to the direct impact of the Solar wind on the
lunar surface.

Farside

7"-
) )

>80




Chapter 1X: From exploration to exploitation?

Extraction of lunar helium-3 would imply to transform the
Moon into a giant mining site: one needs to process millions of
tons of regolith to extract a single ton of helium-3!

Economic interest very uncertain!

What about other lunar resources?
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Chapter IX: From exploration to exploitation?

«  Water can be extracted via sublimation and can be
decomposed into liquid H, and O, (propellant for deep-space

exp I O rat i O n) ! Concentrated
«  Fully robotic extraction? \ |

\

! tent with

o reflective inner
ary optics, surface

73 ley regolith
TR cy regoli
Not to scale : |
Optional conducting rods or heating elements



Chapter 1X: From exploration to exploitation?

Economic interest depends upon (highly uncertain) water

abundance and upon (even more uncertain) demand for lunar
fuel.

Dominated by regolith heating

Dominated by ice sublimation

I—"—\

water produced per year
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Chapter 1X: From exploration to exploitation?

Private companies are interested in the exploitation of
asteroids, with promises such as “Harnessing valuable
minerals from a practically infinite source will provide
stability on Earth, increase humanity’s prosperity, and help
establish and maintain human presence 1n space.”

(http://WWW.planetarvresources.com/ http://deepspaceindustries.com/).

The objective is to develop robotic probes at low cost (nano-
satellites), allowing to explore thousands of nearby asteroids
and then to develop the technologies to exploit their resources
(water, hydrocarbons and rare metals) and sell them to clients
either Iin the orbit or on the ground.
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http://www.planetaryresources.com/
http://deepspaceindustries.com/

‘The phrase “If you can Dream it, you can Be it" is our starting point. At
Deep Space it is our mission to think Big and do Big things. But we
also know that big dreams are only achievable by taking small steps,
with careful planning, hard work and persistence.
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in ways that will help us save our precious home
'morld, while increasing the wealth of civilization.

Along with water, air and propellant, there are aster-

J “human race used in its entire history.
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%~ . oids with more gold and platinum in them than the
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Chapter 1X: From exploration to exploitation?

The UN outer-space treaty sets the rules for space activities
and prohibits the nations who signed the treaty (including all
leading actors in space exploration) from claiming sovereignty
over any celestial body.

USA, Luxembourg, Japan and UAE have adopted national
legislations to circumvent the restrictions of the outer-space
treaty.

But what about private companies? Will the Moon and the
asteroids become the Wild West of the 215t century?

The US policy (Artemis Accords, “safety zones”, Space Force)
violates the Outer Space Treaty

Will private companies observe the same security standards
especially regarding space debris?

But most of all: do we have the moral right to exploit other
celestial bodies to solve man-made terrestrial problems? -



Chapter X: Exercises

Exercise 1: multi-stage rocket
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Chapter X: Exercises

Exercise 1: multi-stage rocket
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Chapter X: Exercises

Exercise 2: Ariane V

Upper composite

adaptor

Vehicule
Equipment Bay
(VEB)

Storable propellant
stage (EPS)
Aestus engine

o—— Solid rocket
booster (EAP)

— Cryogenic
main core stage
(EPC)

Lower composite

Vulcain engine

o w
= o
'

Load factor
n
om

05 1

Main cryogenic stage
engine shutdown (H2)

and separation oy
wh ’
?) Upper
égy - stage
A ignition

Main cryogenic stage engine ignition (HO)
SRB ignition and lift-off

........................................................

...................................................................................

.........................

A D

Upper
stage
shutdown
(H3)

0,0

Time (s)




Chapter X: Exercises

Exercise 4: orbital manoeuvres
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Chapter X: Exercises

Exercise 4: orbital manoeuvres
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Chapter X: Exercises

Exercise 6: remote-sensing mission to Mars
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