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livello di qualificazione nella realizzazione di componenti in materiali speciali, e in particolare gli specchi, 
per applicazioni spaziali e da terra (progetti SAX, Swift, XMM, e-Rosita, MMT, ALMA, MAGIC e CTA), 
ha sviluppato una nuova tecnologia per la realizzazione degli specchi basata sul continuo scambio di know-
how con INAF (OABr) e la sta proponendo a ESO in queste settimane.  
 
 

  
Figura 2. A sinistra, vista di E-ELT con i fasci laser che, proiettati verso lo strato mesosferico di sodio, generano le 
sorgenti artificiali per la misura e la correzione della turbolenza atmosferica (© ESO/L. Calçada). A destra, vista delle 
ottiche del telescopio. Sono evidenti lo specchio primario, il supporto del secondario e la “torre” nel centro del primario 
che sostiene gli specchi M4 (adattivo) e M5 (utilizzato per la stabilizzazione dell’immagine) (© ESO). 

Altro punto qualificante, che vede pressoché sicuro il coinvolgimento di imprese italiane, è la costruzione di 
telescopio e cupola. Date le dimensioni in gioco, la procedura di costruzione di E-ELT sarà totalmente 
innovativa e prevede una simultanea erezione in loco dell'edificio e del telescopio, integrando in modo nuovo 
tecniche usate per esempio per la costruzione delle tribune coperte dei grandi stadi e quelle tipiche della 
costruzione di strutture meccanico-ottiche di precisione e di grandi dimensioni. Si tratta di una modalità 
costruttiva che comporta lo sviluppo e il consolidamento di competenze nuove. Imprese italiane, come la 
EIE,  si sono già qualificate in passato per saper dare risposte innovative a problemi costruttivi nuovi.  
 
Infine, INAF e alcuni Dipartimenti di Astronomia di Università italiane (Bologna e Padova) hanno 
partecipato attivamente, in alcuni casi in posizione di leadership, alla definizione delle proposte per gli 
strumenti di piano focale di E-ELT, di fondamentale importanza per il raggiungimento dei suoi obiettivi 
scientifici prioritari. Nel 2007 ESO ha presentato un piano per la realizzazione di studi concettuali (fase-A) 
per alcuni strumenti e due moduli di ottica adattiva “post-focali” a complemento dell’ottica adattiva. Fra gli 
strumenti proposti ESO ha scelto quelli che saranno montati al telescopio fin dalla prima luce: la camera 
infrarossa MICADO, con il suo associato modulo per ottica adattiva multi-coniugata MAORY, e lo 
spettrografo HARMONY. Gli altri progetti andranno ripresentati e verranno implementati con cadenza 
biennale. Gli istituti INAF hanno partecipato a 7 studi e in 4 di questi hanno ricoperto ruoli di massimo 
livello (principal investigator, project manager, system engineer o project/instrument scientist).  
Nel seguito sono descritti brevemente gli studi che hanno coinvolto gli istituti INAF.  
 
MICADO è uno dei due strumenti già approvati per l’entrata in funzione di E-ELT. È uno strumento per 
acquisizione di immagini infrarosse progettato per sfruttare il limite di diffrazione di E-ELT su un campo di 
vista di 1 arcominuto, offerto dal modulo MAORY. Grazie alla correzione adattiva di MAORY, MICADO 
raggiungerà eccezionali precisioni astrometriche (50-100 microarcosecondi) per studiare la cinematica delle 
stelle in prossimità del buco nero centrale della Galassia, stimate orbitare a velocità di 0.1c (c: velocità della 
luce), e gli effetti dinamici prodotti da buchi neri e aloni di materia oscura. MICADO raggiungerà inoltre 
precisioni fotometriche di altissimo livello, che consentiranno lo studio di popolazioni stellari risolte in 
condizioni e in galassie mai raggiunte finora. 
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People & Institutes involved 
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Pareschi, G. Pariani, M. Riva, G. Sironi, G. Tagliaferri, D. 
Tresoldi, G. Vecchi, F. Zerbi 

Osservatorio Astrofisico di Arcetri - INAF 
A. Riccardi, M. Xompero, L. Miglietta, R. Briguglio   
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WP “core business” & tasks 
•  Design, preparation activities, metrology and calibrations of the 

EELT mirrors (related to the subprojects in which INAF is involved) 

•  Support to the industry, by means of prototypes, breadboards and 
pilot plants, to get the final implementation  

M4   executive design of the adaptive mirror, metrology & 
calibrations 

M1   support to the OpTIC/Zeeko Research+Media Lario effort : ion 
figuring + innovative metrology 

MAORY  pre-production of breadboards and innovative metrology 
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Main R&D activities 

•  Computer Generated Holograms (CGH) for interferometry 
of large surface mirrors   

•  Innovative profilometry of large surface mirrors  

•  High precision figuring via bonnet polishing and ion 
figuring 

•  Development of specific sw for the management and co-
phasing of adaptive mirrors 
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Computer Generated Holograms:  
reference surfaces in interferometrical tests 

Binary amplitude and phase patterns 
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CGH: current capability 

•  Full design starting from optical layout: both for 
testing and alignment patterns 

•  Assembling of inteferometric set-up based on 
CGHs 

•  Performing measurement and data analysis 
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CGH test training facility 

•  The 500 mm spherical mirror is slightly tilted (4.5 deg, off-axis 
aberrations minimized) 

•  The 40 mm CGH introduces WF corrections to collimate the 
beam with the spherical mirror. 

•  The 300 mm plane mirror closes the cavity 
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CGH test training facility 

G.Pariani, et al Proc. SPIE. 8450, 84500Z (2012) 
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Rewritable Photochromic CGHs 

Easy to make: no complex developing process; 
Fully rewritable using only light 
Adaptable to different optics under test 

G. Pariani et al, Proc. SPIE. 8450, 845010 (2012) G. Pariani et al, Opt. Express, (2011) 
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Breakthrough with rewritable 
CGHs 

•  Easy to adapt to the testing optics 

•  Online writing process combined with the 
interferometer 

•  Multiplexing 

•  Ideal for following the machining of a complex 
optics through the whole production: EELT M1 
segments  
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M4 adaptive sub-unit 

•  M4 is a flat, 2.4-m diameter, segmented deformable mirror 
which will be controlled by ~5000 voice-coil actuators 
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M4 optical test design 

Vertical setup with CGH null corrector  

CGH 

M4 

CGH pattern 

CGH phase 

Optical design 



! M4 optical test design 

•  Baseline Vertical: 
– Null Lens 
– CGH 



! M4 Team Structure 
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Metrologial needs 

E-ELT, M1 segments MAORY mirrors 
DESIGN  
2009 

DESIGN  
2010 
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•  Elliptical configuration, f-number 0.93 & 39 m 

diameter 

•  It will be formed 798 hexagonal segments (in 
addition 200 other segments, to ensure a proper 
maintenance turnover)  

•  1.45 m maximum size for segments 

•  Each aspheric segment   25nm RMS accuracy 
& e 2nm microroughness 

The M1 segmented mirror  

Production time : 4 years   
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Mirror Radius 

[mm] 
Conic 

constant 
4nd order 
asphere 

6th order 
asphere 

Off-axis 
Y [mm] 

Size 
[mm] 

Thickness 

A 12000.0 -0.575760 N/A N/A 1602.1 Ø 1050 175 

B 6016.0 -1.124322 -3.054E-13 +7.823E-20 519.6 Ø 640 105 

C 2005.5 -1.122826 -1.858E-12 +8.805E-19 613.6 Ø 460   75 

D 3922.2 -1.175736 -2.395E-13 +2.652E-20 1213.7 Ø 740  125 

E Infinity N/A N/A N/A N/A 970!690 160 

Table 2. Optical prescription of the post-focal relay mirrors A, B, C, D, E. Conic constant K = -1 
corresponds to a parabolic surface. 

The following Table shows the main optical tolerances of the mirrors. The surface 
accuracy is specified by two quantities: RMS of low-order surface irregularities 
(modelled by a combination of Zernike polynomials Z5-Z10, i.e. from astigmatism to 
trefoil), RMS of high-order surface irregularities referred to a given footprint diameter. 
 
Mirror Radius 

[mm] 
Conic 

constant 
4th order 
asphere 

6th order 
asphere 

Low-order 
surface RMS 

(Z5-Z10) 

High-order 
surface RMS per 

footprint diameter 

A ± 2.3 ±0.000476 N/A N/A 10 nm 10nm, Ø340mm 

B ± 1.3 ±0.000362 ±2E-16 ±2E-22 10 nm 10nm, Ø340mm 

C ± 0.1 ±0.000074 ±1E-15 ±7E-22 10 nm 10nm, Ø150mm 

D ± 0.1 ±0.000137 ±2E-16 ±4E-23 10 nm 10nm, Ø170mm 

E N/A N/A N/A N/A 15 nm 10nm, Ø120mm  

Table 3. Main optical tolerances of the post-focal relay mirrors. 

Other requirements for the mirrors defined in Table 2 and Table 3 are 

" Coating: protected silver. The reference is the protected silver coating of the Gemini 
telescope (Boccas, 2004, Gemini Newsletter #29, http://www.gemini.edu/node/27). 
The goal reflectivity in the wavelength range 2.0 µm < # < 2.4 µm should be  
R > 99%. 

" Substrate material: Zerodur 

" Substrate structure: light-weighted by a factor 50% (shape of holes for light-
weighting: circular) 

" INVAR pads glued on edge and rear surface of mirrors. The position of the mirror 
optical surface with respect to the INVAR pads shall be measured and reported. 
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MAORY is the Multi-conjugate Adaptive Optics RelaY for the future European 
Extremely Large Telescope. 
A Phase-A study of this instrument was completed in December 2009. After the study an 
alternate optical design concept was developed to mitigate the most critical issues of the 
baseline design (output field curvature, dichroic size, LGS channel optics). The present 
document describes the optical components of the alternate design. All the specifications 
written in this document are preliminary. 
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The unfolded version of the alternate post-focal relay of MAORY is shown in Figure 1. It 
features 4 off-axis mirrors: mirror A creates an image of the telescope pupil, mirrors B-C-
D re-image the input focal plane at unit magnification. Between mirrors A and B three 
flat optical elements are foreseen (not shown in the figure for simplicity): two deformable 
mirrors (beyond the scope of this document) and a dichroic transmitting the laser guide 
stars light used for wavefront sensing (!=0.589µm) and reflecting the science channel 
light (!>0.6µm). After the last mirror D, a removable flat folding mirror E is also 
foreseen, to bend the light to a second output port; this folding mirror is not shown in the 
figure for simplicity. 
 

 
Figure 1. Optical layout of post-focal relay (unfolded version, science channel only). 

 
To summarize, the post-focal relay design is based on the following components: 

Input focus 

Output focus 

A 

B 

C 
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Optical quality requirements 

Maximum diameter 1.45m  
(M1 segments) 

Maximum surface slope: 6° 
(MAORY “B”) 

Rms accuracy: < 10 nm 

MAORY B 
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Why a Profilometer 

•  Profilometry gives a great flexibility! 

•  It can measure concave, convex and flat 
profiles without any specific optical 
components for each shape (as instead 
required by interferometric 
measurements !) 

•  Easy set up for the measurement 

•  Heritage from swing arm and mpr 
(eRosita) profilometers 
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Swing arm profilometer 
achieved results 

Map difference 
RMS =9nm 

@ Steward Observatory, Arizona 

NB: Swing arm profilometers cannot measure the radius of 
curvature! 



!

Profilometer under-development 
@OAB : main features 

•  fast measurement runs! 

•  accuracy comparable to interferometry 

•  all measurements referred to a single 
reference bar 

•  automatic alignment procedure 

•  it measures roc and low frequency errors 

•  Profile follower (combination of confocal probe plus laser interfer.)  

•  It can allows laser interferometric measurements on curved 
surfaces 



!

Working principle 
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Measuring Simulation 

Parameter Value 
Wobble 0.1 ‘’ 
RunOut 0.15 µm 
Piston 20 nm 
Straightness 1.2 µm 
Positioning 
Error 

0.1 ‘’ 

Sensors 
noise 

3 nm  
[rms] 

Laser noise 2 nm  
[rms] 

Starting Shape error  Measuring error 

6 nm rms 

0.5 µm rms 

0.5 µm rms 

4 nm rms 

M
1 

M
C

 

Surface Shape error  Measuring error  
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Removal of Mid-Frequencies 
via bonnet polishing 



!
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Zeeko bonnet polishing 

One 1200 Zeeko machine is being implemented at OAB. It will be used to produced 
breadboards 

!
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Interferometrical 
measure 

Removal 
function 

Optic to be 
corrected 

Time matrix 
computation 

-  Deterministic 
Process 
-  Pressurless 
Technique                     
(For Lightweight 
Optics) 

-  Figuring possible on optics 
already assembled  
-  Stable removal rate (50/100 
nm min.) 

IBF technology 
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Facility 1 Facility  2 

Mirrors up to 350 mm in diameter Mirrors up to 1500 mm in diameter 

Facilities operated  @ INAF-OAB 
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Ion figuring facility 
System able to figure optics up to 350 mm in diameter 

Internal view of the facility 
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Initial surface: 
PV: 321 nm 
Rms: 81.15 nm 
λ/7.8 (@632.8 nm) 
Microrough. 3 A rms 

Final surface: 
PV: 36.74 nm 
Rms: 5.66 nm 
Microrough. 4.2 A rms 

λ/111.8 (@632.8 nm) 

Wavefront error. 
The error on the 
surface is half than 
this 

Final surface obtained 

Mirror RM2-sn2 belonging to the optical 
train of NIRSPEC/JWST 
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Initial surface (residuals) 

Shape correction of a 150 mm SiC mirror 
(λ=632.8 nm) 

•  Starting sup: 22 nm rms (λ/28), 121 nm p-v 

•  Final sup: 8 nm rms (λ/79), 54 nm p-v 

•  Working time: 2.0 hours 

Theoretical  computation 

Final surface (residuals) 

IBF on a spherical mirror for 
NIRSPEC/JWST 



!

A close view of the new ion figuring 
plant @OAB 

The system is able to figure optics up to 1.5 m in 
diameter 

Two gridset: 
- 50 mm for broad beam 
- 15 mm focused beam 
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1 ) Figuring of a spherical 1 meter size mirror having RoC of 3 
meters with its metrology done in  INAF-OAB.  

2) Figuring of a spherical 1.4 meter size mirror having RoC of 
69 meters and measured with the profilometer developed 

3) Figuring of a spherical full size hexagonal 1.4 size mirror 
with RoC of 69 meters and measured with the profilometer. 
The mirror will be mounted in the Vacuum chamber on its 
segment suppor 

IBF of the ELT/M1 Demonstrative 
Mirror for M1  

(in collaboration with OPTIK and Media Lario) 
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Initial error : 
Pv: 300 nm 
Rms: 37.4 nm 

Surface simulated 
with a 30° order 
Zernike  

Removal rate: 2 nm/
sec on Zerodur 

Final error from simulation: Pv: 57.9 nm  - rms: 6.7 nm - Working 
time: 12.66 h   

Figuring Simulation of a EELT real 
segment 


