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Galaxy IC 5332 with MIRI on JWSTGalaxy IC 5332 with HST

29 million light-years from Earth

3

MIRI on JWST : installation in the science payload module on 29 April 2013 at 

the NASA Goddard Space Flight Center.

4

MIRI on JWST

Mid-InfraRed Instrument 

Coronagraphy and integral 
field spectroscopy over the 5-
28 micron wavelength range

Intricate optical system

Optically two channels   
(1) imager channel
(2) spectrometer channel

(a) long- and 
(b) short-wavelength

Operating temperature of 
down to -266°C

Developed in 
partnership between 
Europe and the USA

European Consortium 
institutes built the MIRI 
imager, spectrographs and 
coronagraph to ESA’s 
standards, 

Detectors and dedicated 

cooler systems are 
provided by JPL and GSFC
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NIRSpec on JWST

NIRSpec was built by 
European industry to ESA's 
specifications and managed 
by the ESA

2 Zerodur and 12 Silicon 
Carbide state-of-the-art mirrors

3 three-mirror-anastigmat 
optics assemblies

100 astronomical objects 
simultaneously 

7 interchangeable dispersive 

elements and eight 
interchangeable filters

The NIRSpec detector and MSA 
subsystems are provided by 
NASA's Goddard Space Flight 
Center (GSFC).
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JWST photographed by GAIA on 18 Feb 2022

1 2

3 4

5 6

Proc. of SPIE Vol. 12777  127777Q-2



2

7

150 000 asteroids
at 12:00 CEST 
on 13 June 2022 

3rd data release 25 April 2018

GAIA
The Billion Star Surveyor

Launched 2013, operating 
at L2
Accuracy of up to 24 micro-
arceseconds – a coin on the 
moon!

8

1.8 billion stars measured by Gaia

2nd data release 25 April 2018

3rd data release 13 June 2022

93rd data release 13 June 2022

1.8 billion stars 
measured 
by Gaia

30 million 
stars with proper motion

Radial velocity Interstellar dust

Radial velocity and proper motion Chemical map (redder = metal-rich)

10

GAIA discovers 12 rare Einstein Crosses

Copyright: R. Hurt (IPAC/Caltech)/The GraL Collaboration

Copyright: The GraL Collaboration

11

11

Gaia: 2 telescopes and one focal plane

12

12

Gaia primary (M1) mirror

SiC, 1.49 x 0.54 m2

40 kg

7 8
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13

Gaia Optical Bench Torus: SiC, 200 kg

14

14

Gaia Basic Angle 

Monitoring system
Accuracy of < 0.5 µas over every five-minute period
Optical path difference of 1.5 picometres between a pair of BAM beams
Fields of view separated by 106.5°

15

0

500

1000

1500

2000

2500

3000

3500

4000

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

P
u

b
lic

at
io

n
s 

p
er

 y
ea

r

Year 

ESA-led

Most papers ever in 
2019-2022 (>3500)

About half of these 
were from Gaia 

Strong positive trend 
with doubling time 
~8yr

Pandemic caused 
some slow-down, but 
has recovered

~11% of worldwide 

“market share”, 
including all ground 
based and theoretical 
astrophysics (15% 
including partner 
missions)

Citation impact 
strongly increasing

Gaia

XMM-Newton

Planck

Herschel

SOHO

Rosetta

Cluster

ESA Missions: Refereed Publications – high visibility

Integral
MEX

Hubble

Partner-led

16

17

ScienceProgramme is part of mandatory activities: all Member States, pro rata to GNP

Science Programme budget ≈ 560 M€ per year

Technical Excellence: Non-recurring spacecraft & high technology content  

Science technology programme to develop technology maturity (TRL 6) 

All science missions are in partnership with the Member States 

National contributions to the payload and science ground segment

Consortium of scientific institutes /industry, from all Member States 

Direct national funding or through ESA PRODEX programme

Scientific exploitation by the science community at large

Four types of missions (building blocks): Large missions, Medium missions, Fast (F-) missions, 

Missions of Opportunity More on https://sci.esa.int/

The Science Programme Elements

18

Large missions: European-led flagship missions (Cost to ESA ≈ 2 yearly budgets); one mission 

every 7-8 years. 

L1: JUICE mission to Jovian system (in phase D, launch 2023)

L2: ATHENA X-ray observatory(re-formulation, launch late 2030s)

L3: LISA Gravitational Wave Mission (phase B1 starting, launch mid 2030s)

The Science Programme Elements: L missions

JUICE
ATHENA

LISA

Optics technology driving LISA & Athena

13 14
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19

L3: LISA 

Laser Interferometer Space Antenna

Observing low-frequency gravitational waves (from 0.1 mHz to 0.1 Hz) 

Measuring picometers at 2.5 million kilometers distance

20

LISA constellation 

clock and ranging 

scheme

21

Optical Bench

LISA and LPF

LISA: A-side

LPF

22

M-missions: flexible program element, ESA-led or with international 

collaboration. Cost to ESA ≈ 1 yearly budget, one mission every 3-4 years. 

M1- Solar Orbiter (2020): studying the Sun from close by, in orbit

M2- Euclid (2023): probing Dark Energy, in phase D

M3- PLATO (2027) : hunting for rocky exo-planets, in phase C

M4- ARIEL (2029): studying the atmospheres of exoplanets, in phase B2

M5- EnVision (2031): mission to Venus, launch early 2030s, in phase B1

The Science Programme Elements: M missions

Solar
orbiter

Euclid

PLATO

Ariel

Optics on all of 
them 

Euclid with CVD 
coated SiC mirror, 
Ariel with novel 

Aluminum mirror

23

EUCLID
ESA mission to map 
the geometry of the dark Universe

Measure shapes and redshifts of galaxies 
and clusters of galaxies out to redshifts ~2, 
i.e. a look-back time of 10 billion years

Measure distribution of dark matter 
in the Universe

Study the history of the
expansion of the 
Universe and the 
nature of dark energy

24

EUCLID 

SiC Telescope

Korsch-type telescope
3 curved mirrors (incl. M1) 

and three flat mirrors, 
550-2100 nm spectral range

SiC mirrors & structure 

Front view of FM telescope 
Primary mirror in back 
Secondary mirror in front

19 20
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EUCLID

SiC Primary 

1.2 m primary mirror, 
SiC with a CVD cladding, 
550-2100 nm spectral 
range

26

EUCLID

Optical & IR

instruments 

Large silicon carbide 
Baseplate

Instruments on one side

Primary mirror on the other

Operating temperatures
-193°C to +17°C

27

EUCLID

Dichroic mirror

Divides spectrally light: 
(1) Visual Imager (VIS) 

(2) NIR Spectrometer & 
Photometer (NISP)

1.1 – 1.85 µm

117 mm diameter
More than 180 thin layers 

of di-electric materials
on both sides

QM flight representative

28

PLATO
PLAnetary

Transits and 

Oscillations of 

stars

26 cameras to study 
terrestrial planets in 

orbits up to the 
habitable zone of 

Sun-like stars

26 x 81.4 megapixel
Two billion pixel 

104 CCDs, total 0.74 m2

29

PLATO

80-cm high, 
12-cm 
aperture 
camera under 
test at 
ESTEC,
Simulating L2 
environment

30

ARIEL
Atmospheric Remote-sensing 

Infrared Exoplanet Large-survey

Study ~1000 extrasolar 
planets in vis&IR, 

First mission dedicated to 

measuring the chemical 
composition and thermal 

structures of hundreds of 
transiting exoplanets

TA is an off-axis Cassegrain 

telescope followed by a third 
parabolic mirror to re-collimate 

the beam, passively cooled to a 
temperature of ~55 K

25 26
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ARIEL

Elliptical main 
mirror with 
dimensions of 
1.1 m × 0.7 m 

Made of Aluminium

Diffraction limited 

at about 3 µm,  
focal ratio (f) of 
13.4

TRL6 Demonstrator, 
700 mm diameter

32

32

Herschel – 3.5m Ø telescope at 80K
2300 litres of superfluid helium-II

33

HERSCHEL

Launch: 14 May 2009, Ariane 5 ECA
Orbit: around L2, ended space 
operations 2013 

Telescope: 3.5 m diameter SiC
telescope at 80 K

The largest telescope ever flown in 
space, to observe infrared wavelengths 
and details never seen before

A giant leap forward in the study of star 
and galaxy formation and evolution

Looking back to the unknown earliest 
stages of star formation, to reveal the 
youngest stars in our galaxy, and 
making the most detailed and complete 
study of the vast reservoirs of gas in 
our galaxy

Studying planetary formation around 
other stars

Unprecedented study of formation and 
evolution of galaxies in the 
Universe, back to 1000 million years 
ago

Rosette molecular cloud (red 10K, blue 40K)

Herschel

34

34

Herschel Telescope: 
Brazed primary blank
Silicon Carbide

35

35

Andromeda Galaxy (M31)

36

XMM – Newton 

31 32

33 34

35 36
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XMM Newton and JUNO explain 

Jupiter’s mysterious X-ray auroras   
38

Wilhelm Conrad Röntgen (1845 –1923)

Discovery of x-rays: 1895 

First Nobel Prize in Physics in 

1901

23 January 1896

X-ray imaging 

Today

39

1963

1609 1993

Sensitivity improvement: 100 Million times
◄384 years ►

◄36 years ► 1999

40

XMM-Newton: Replicated Nickel Optics 

41

ATHENA
Advanced Telescope for High Energy Astrophysics

Exploring the hot and energetic Universe

2nd ESA Large 
Class Mission
Selected 2014
Launch late 2030s

42

X-ray Optics technologies 

flown to date

• Each of them optimised 

with significant effort

• 3 familie of X-ray optics 

technology – each very 

different from the others

• Observe clear correlation 

between area density and 

resolving power

• Power law 

The ATHENA Optics Challenge

Golden quadrant:

Large area, low mass

and

Good resolution

Challenge: deliver 

simultaneously

• Large area

• Low mass

• Good resolution

37 38

39 40

41 42
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ATHENA requires truly novel X-

ray optics technology

• HEW 5’’ & collecting area > 

1.4 m2 @ 1keV, 1 ton

The ATHENA Optics Challenge

Silicon Pore Optics (SPO) is a 

novel X-ray optics technology

• Pore geometry

• Monocrystalline Silicon 

• Automated production

• Robust by design

Superior performance

• Already demonstrated 

area density requirement

• Resolving power already 

~11 times better than 

established technologies

• Compatible also with 

programmatic constraints: 

schedule and budget
44

ATHENA optics is highly nested: 1080 Wolter-Schwarzschild shells

• Compare with 58 for XMM Newton

• Mirror plates have very short axial length

• Producing a flat field of view

• With moderate vignetting

• Showing little degradation of 

angular resolution with off-axis angle

SPO Minimises Off-Axis HEW Degradation

15

Chandra

Credit: https://cxc.harvard.edu/
proposer/POG/html/chap4.html

45

Huge size requires modularisation

Industrial production mandatory

Cost and schedule compliance is 

critical

Innovative mounting scheme for 

instrument selection needed

Athena mirror:

600 mirror modules

~ 100,000 mirror plates

~ 300 m2 polished and coated area 

(comparable with 20 m diameter

ground-based telescope)

2 MM/day production rate required

(assuming 8h/d, 180 d/y, all MMs in 

2 years)

Athena requires the largest x-ray optic ever built

46

Robotic Assembly of Mirror Plates to Mirror Modules

In addition: Mirror Module AIT, MM assembly and 

X-ray Verification Facilities in development

47 48

BepiColombo’s

first views of Mercury

43 44
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BepiColombo carries first imaging X-ray optics to other planet

50

Micro-Pore Optics Technology Novel imaging X-ray optics based on glass micro-channel 

plates

51

Strategic Objectives: Voyage 2050  - new optics challenges

From temperate 
exoplanets to the 

Milky Way

Possible Technology development: cold atom interferometry, X-ray interferometry, 
new power and heat sources, cryogenic sample return, solar sails

Member State provision of payloads is a key enabler and will use a new paradigm 
developed with the Member States in preparation for CM22

New physical probes 
of the early Universe

Moons of the 
giant planets

L4 L5 L6

Planetary optics
Optical coms?

Exoplanet telescope?
GAIA-NIR?

Post LISA?
Post PLANCK?

49 50
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