
Wavefront sensors - 1

First example of wavefront sensor: Shack-Hartmann
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First example of wavefront sensor: Shack-Hartmann



Another example: the Pyramid WFS
boucle ouverte boucle fermée

( ) ( )

( ) ( )
∑

∑
+−+

=

+−+
=

i
i

y

i
i

x

I
IIII

yxS

I
IIII

yxS

4321

3241

),(

),(

I1

I4

I2

I3

pentes mesurées

Wavefront sensors - 3



Another example: the Pyramid WFS
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SH: First on-sky AO results with COME-ON/VLT in 1989 [Rousset et al. 1990].

Pyramid [Ragazzoni 1996], 2-mag. gain foreseen with respect to SH [Ragazzoni & 
Farinato 1999], confirmed by Monte-Carlo simulations [Esposito & Riccardi 2001].
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Pyramid vs. Shack-Hartmann, 1st  round

• Rousset et al., 1989-1990: 1st results of a SH 
WFS on sky on the VLT (COME-ON)

• Ragazzoni, 1996: proposal of a pyramid WFS
• Ragazzoni & Farinato, 1999: theoretical gain 

of 2 mag. (in limiting mag.)
• Esposito & Riccardi, 2001: gain confirmed by 

numerical simulations (but in open-loop and 
not the whole AO error budget)

• Carbillet et al., 2003: gain in limiting mag. 
confirmed (close loop & whole AO error), but 
also in the bright-end (lower aliasing!), from 
end-to-end simulations (for FLAO@LBT).
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Pyramid vs. Shack-Hartmann, 2nd  round

• Poyneer & Macintosh, 2004: spatial filtering of 
the SH WFS (lower aliasing error)

• Nicolle et al., 2004: optimized calculus of the 
SH signals (lower measurement error)

• Fusco et al., 2005: spatial filtering+optimized 
calculus => SH at the level of the Pyramid 
(and less uncertainties on stability and 
robustness…)

• Vérinaud et al., 2005 (in the framework of 
XAO and the ELT): Pyramid better close to 
optical axis, SH ‘à la Fusco’ better far from it.
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Pyramid vs. Shack-Hartmann, 2nd  round



Press release (may/june 2010): LBT achieves 
breakthrough with adaptive optics ! (http://

oldweb.lbto.org/AO/AOpressrelease.htm)
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Pyramid vs. Shack-Hartmann, 3rd  round

http://oldweb.lbto.org/AO/AOpressrelease.htm
http://oldweb.lbto.org/AO/AOpressrelease.htm
http://oldweb.lbto.org/AO/AOpressrelease.htm


Wavefront sensors - 10
Pyramid vs. Shack-Hartmann, 4th  round

(2014)



Deformable correctors - 1

• Different technologies for correctors: 
- piezo-stacked arrays 
- piezo-electric bimorph mirrors 
- MEMS 
- voice-coil adaptive secondary mirrors (ASM) 
- multi-actuator adaptive lens (MAL) (!)

• Different coefficients for the fitting error, 
different strokes, different possible bandwidths, 
different possible number of modes, possible 
hysteresis, etc.
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Bimorph
Piezo-stacked array

MEMS

Voice-coil 
(‘adaptive secondary’)



Deformable correctors - 3

• Different coefficients for the fitting error:

• Is the stroke enough ? 
If not: necessity to add a tip-tilt mirror…



Deformable correctors - 4

• How many actuators for a given Strehl ratio ? 
(considering a coeff. 0.3 for the fitting error)

• if d = r0   , then: Smax=exp(-0.3)       ≈ 0.74 
if d = r0/2, then: Smax=exp(-0.3/25/3) ≈ 0.91
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• Influence functions —> mirror modes
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• An interesting case: the Adaptive Secondary Mirror 

(ASM) technology developed for LBT [Brusa et al. 2003]



Reconstruction & control of the 
commands - 1

Pure integrator case:
<latexit sha1_base64="hd2cgycsvID0PGB6EXlC69Uo33M="></latexit>

ct+1 = ct + g A mt

where c is the commands vector (n actuators), m the measurement vector 
(m elements), g a scalar loop gain (0 < g < 1), A the (nxm) command matrix.

The commands matrix A is, in practice, the pseudo-inverse (SVD) of the 
measured (during calibration stage) interaction matrix D (mxn):

where ∑ is an mxn rectangular diagonal matrix with non-negative numbers 
on the diagonal (∑ii are the singular values of D), and U (mxm) and V (nxn) 
are orthonormal unitary matrices. (Note : D+=(DtD)-1Dt)

Filtering of SVD modes: ∑ii ‘too small’ => ∑+ii set to 0 (truncated SVD).

<latexit sha1_base64="ktTCi0eb9u3C0klvNdoj5GPDvk8="></latexit>

A = D+ = V ⌃+ U⇤



Reconstruction & control of the 
commands - 2

interaction matrix

m mirror modes

n slope measurements (x & y)  

filtering of the SVD modes with low singular values



Reconstruction & control of the 
commands - 3

Kalman (éq. MAP en boucle fermée - Le Roux et al. 2004)
 matrice d’interaction, coeff. bruit, var./covar. spatio-temp.

OMGI alternatif (Dessenes 1998)
 matrice d’int., DS de la phase/mode (bruitée)… + ajustement de la DS !

OMGI (Gendron & Léna 1994)
 matrice d’int., coeff. bruit/mode, DS de la phase/mode (débruitée)

IdemMAP (Fusco 2001)
 + coeff. bruit, var./covar. spat.

Intégrateur (ou autre filtrage temp.)
 déf. du filtre, déf. des gains/mode

Inverse généralisée (SVD tronquée)
 matrice d’interaction

ContrôleReconstruction




