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What happens in classical AO

Open loop Close loop
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Why MCAO?



E.MarchettiςMCAO: widening the sharpness in astronomical observations  ςSTEEL school ςErice, October 11th 2015                                     4

Atmospheric anisoplanatism
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MCAO Timeline

Â1975 ςR.H.Dickeintroduces the concept of MCAO

Â1988 ςJ.M.Beckersrevamps the use of MCAO for astronomy
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Multi Conjugate Adaptive Optics
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MCAO Timeline

Â1975 ςR.H.Dickeintroduces the concept of MCAO

Â1988 ςJ.M.Beckersrevamps the use of MCAO for astronomy

Â1990 ςM.Tallon& R.Foyidentified 3D-tomographyas key tool 
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MCAO basic principles

Probing atmospheric turbulence volume in a large 
FoVby means of several guide stars (and WFSs)

Reconstruct tomographicallythe waverfronts
at defined altitudes (prior knowledge of 

vertical distribution of turbulence is an asset)

Project the wavefrontsonto altitudes 
where DMs are conjugated to

Compensate for turbulence with the DMs
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MCAO Timeline

Â1975 ςR.H.Dickeintroduces the concept of MCAO

Â1988 ςJ.M.Beckersrevamps the use of MCAO for astronomy

Â1990 ςM.Tallon& R.Foyidentified 3D-tomography as key tool 

Â1999 ςR.Ragazzoni, E.Marchetti& F.Rigautproposed the 
modal tomography as efficient solution
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Slicing the atmosphere
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Modal Tomography

Â The wavefrontin the direction of the i-th guide star at 
the j-th layer is described as a linear combinations of 
PάƳƻŘŜǎέ

Â The total wavefrontin the direction of i-th guide     
star is a linear combination of the N layers

Â Project the wavefrontof the metapupilW at j-th layer 
into the i-th direction

R.Ragazzoni, E.Marchetti, F.Rigaut, A&A 342, L53 (1999)
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Â Important property of the projection matrix A:if the metapupilis a linear 
combination of modes up to radial order r, any circular portion inside it can 
be described with a linear combination of the same set of modes up to the 
same radial order

Â Project the wavefrontof the metapupilW at j-th layer into the any desired 
direction

Â Retrieving the wavefrontalong any desired direction from the wavefront
observed in the direction of the guide stars

Modal Tomography

R.Ragazzoni, E.Marchetti, F.Rigaut, A&A 342, L53 (1999)
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MCAO Timeline

Â1975 ςR.H.Dickeintroduces the concept of MCAO

Â1988 ςJ.M.Beckersrevamps the use of MCAO for astronomy

Â1990 ςM.Tallon& R.Foyidentified 3D-tomography as key tool 

Â1999 ςR.Ragazzoni, E.Marchetti& F.Rigautproposed the 
modal tomography as efficient solution

Â2000 ςR.Ragazzoni, E.Marchetti& G.Valenteprovided on sky
open loop demonstration of tomography
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Open loop demonstration (2000)

R.Ragazzoni, E.Marchetti, F.Valente, Nature 403, 54 (2000)

Â Open loopexperiment run at TelescopioNazionaleGalileo (Canary Islands)

Â Wavefrontestimated from defocused imagesfrom nice star asterism

Â Tomographicmatrixobtained from open loop data stream

Input turbulence

Tomography

Averaging
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Designing an MCAO system: know your enemy

ÂLimitations, error sources and the related propagation helps in 
constraining the design parameters to the desired solution

ÂGeneralized fitting error

ÂGeneralized anisoplanaticerror

ÂGeneralized aliasing

ÂTip-tilt problem with Laser Guide Stars

ÂCycling Simulations Ąmodelling ĄǎƛƳǳƭŀǘƛƻƴǎ Χ
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Generalized fitting error

dact Deformable
Mirror

Atmospheric
Layer
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Generalized fitting error

Error [rd2] (́q.Dh)5/3

5/3
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Generalized fitting error
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Optimizing DMs position

h

fs
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Generalized anisoplanaticerror

h

Metapupil

Unseen turbulence
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Generalized aliasing error
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Solving the generalized aliasing error

ÂAliasing due to the unseen and/or badly seen modes 
propagate undesired noise in the MCAO control loop Ą The 
Interaction Matrix (IM) is badly conditioned

ÂReconstructorRcan be computed truncating the 
unseen/badly seen modes (Truncated LSE), sub-optimal 
solution

ÂAdding άƪƴƻǿƭŜŘƎŜέworks better: regularization of R(MAP) 
provides optimal solution to bad conditioning

j= R · s R = IM-1

R = CjIMT [IM CjIMT + Cw]-1
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Tip-tilt problem with Laser Guide Stars

ÂUse of Laser Guide Stars prevents the measurement of the 
atmospheric tip-tilt, and introduces slow biases in the focus

ÂSensing only one Natural Guide Stars for tip-tilt is not enough 
for MCAO Ą tip-tilt anisoplanatismĄ plate scale and field 
distortions

ÂUse of three tip-tilt stars locks the field distortion (i.e. control 
of 2nd order aberrations in the FoV) Ą lower sky coverage
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Multi-parametric space simulations
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Star Oriented MCAO
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Layer Oriented MCAO
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Layer Oriented MCAO

ÂOptimal use of photons

ÂNphᶿArea(sub-ap) x Tint

ÂArea(sub-ap) θ r0
2

ÂTint rθ0

ÂNph rθ0
3

Â r0(layer) > r0,tot (always!)

ÂCalibration independent from guide star location
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MCAO Timeline

Â1975 ςR.H.Dickeintroduces the concept of MCAO

Â1988 ςJ.M.Beckersrevamps the use of MCAO for astronomy

Â1990 ςM.Tallon& R.Foyidentified 3D-tomography as key tool 

Â1999 ςR.Ragazzoni, E.Marchetti& F.Rigautproposed the 
modal tomography as efficient solution

Â2000 ςR.Ragazzoni, E.Marchetti& G.Valenteprovided on sky 
open loop demonstration of tomography

Â1st January 2002 ςMAD project launched
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MCAO Demonstrator (MAD) in an nutshell

Probing atmospheric turbulence in 2 arcminFoV

{ŜǾŜǊŀƭ όнΧуύ ƎǳƛŘŜ ǎǘŀǊǎ ŦƻǊ wavefrontsensing

Correcting locally the turbulence: two DM at 0 and 8.5 km

Near Infrared imaging camera (1-2.5 mm)

LƴǎǘŀƭƭŜŘ ŀǘ ǘƘŜ 9{hΩǎ ±ŜǊȅ [ŀǊƎŜ ¢ŜƭŜǎŎƻǇŜ
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MCAO Demonstrator (MAD) in an nutshell

1-2.5 mm

0.45-0.95 mm

2.5 m

8.5 Km conj.

DM

Ground conj.

DM + TTM

F/15 VLT

Focus

Optical

Derotator

WFS Area

Turbulence

Generator
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MCAO Demonstrator (MAD) in an nutshell

2.0m

LOWFS

SHWFS

IR camera

Acquisition

Camera
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Designing & building MAD
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Testing MAD in the laboratory
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MCAO timeline

Â1988 ςJ.M.Beckersintroduces the concept of MCAO

Â1990 ςM.Tallon& R.Foyidentified 3D-tomography as key 
tool 

Â1999 ςR.Ragazzoni, E.Marchetti& F.Rigautproposed the 
modal tomography as efficient solution

Â2000 ςR.Ragazzoni, E.Marchetti& G.Valenteprovided on 
sky open loop demonstration of tomography

Â1st January 2002 ςMAD project launched

ÂEarly 2005 ςMCAO closed loopat the German Solar 
Vacuum Tower Telescope (VTT)

Â25th October 2005 ςMCAO closed loopwith MADin 
laboratory
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MCAO close loop in the laboratory
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MCAO close loop in the laboratory
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From Munich to Paranal


