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Adaptive Optics 
Source light 

Perturbed wavefronts 

Deformable mirror 

Wavefront 
Sensor Beam Splitter 

Scientific camera 

few kHz, 
Perturbation Shape 

Perturbing 
medium -  Point-like bright sources 

are used as references 
-  Spatial and temporal 
sampling depending upon 
atmospheric parameters 
(wind speed, Cn

2 profile,…) 

-  The wavefront sensor 
retrieves the wavefront 
aberration 
-  The deformable mirror 
corrects the aberration 
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Adaptive Optics 
•  The atmospheric distorted WF 

can be corrected using a 
Deformable Mirror (DM). 

•  The wavefront sensor (WFS) 
measures the WF of a  
reference star-object 

•  The measurement is used to 
drive the DM to introduce an 
opposite WF-deformation. 

•  A new WF measurement is then 
performed to apply a differential 
correction in a closed loop way 







Isoplanatic Angle 



Greenwood frequency 







Altitude 

Spatial frequency 

Profile as from 
Hubin et al. 
SPIE 4007, 1100 
(mean Paranal) 

Power spectrum is 
kolmogorov profiled 

A bi-dimensional rappresentation 
Of the atmospheric turbulence 







Science case Performance requirements 

Science Wavelength PSF quality FoV Sky coverage 

References selection 
WFS selection -  NGS 

-  LGS 
-  How many GS? 
-  WFS wavelength 

-  Shack-Hartmann 
-  Curvature 
-  Pyramid 
-  Other… 

Residual WFE 

AO technique selection 



Ground-layer 
AO 

Multi-Conjugate 
AO (MCAO) 

Narrow field 
Visible AO 

Narrow field 
NGS IR AO 

Narrow field 
LGS IR AO > 1 DM needed  1 DM  
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AO techniques comparison 



Lenslet 
array 

Pupil plane Focal plane 

Detector Perturbed 
wavefront 

Spot 
Optical axis 

Basically, S-H reconstructs the 
Tip-Tilt of smaller parts of the 
wavefront! 

DL 

x 

y 

A B 

C D 

Quad-Cell 

- N increasing   better sampling 
- N increasing   less photons for each sub-aperture  
- NxN > # actuators  No sense! Oversampling.. 
- N depends on r0 site, λ... 

Very important: minimum spot 
dimension in closed loop is equal to λ/
DL 

Shack-Hartmann WFS 



Credits: 
Marco Dima 

Shack-Hartmann WFS 

Optimal 
case: 
N=D/r0 



Shack-Hartmann features 

-  High Order correction possible  

-  Possibility to change the spatial sampling changing 
lenslet array or by using zoom optical relays 

-  Fixed sensitivity due to the fixed spot sizes 
-  Difficult implementation due to alignment between 

lenslet array and CCD 

PROs: 

CONs: 



Pyramid WFS: high orders 

Pupil images on the CCD 

Telescope 
Pupil 

Pyramid 

Telescope focal 
plane 

re-imaging 
objective 
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approach is used, by 
calculating the SIGNAL: 



Pyramid WFS 

Credits: 
Marco Dima 



- Variable Gain 
-  Higher Sensitivity  
(uses whole telescope aperture) 
- “Higher” Dinamic Range 
- Easily rebinnable (no extra RON) 
- Easy alignment with the CCD  
 
- Modulation??? (Dynamic range) 
 

(D/r0 )2 in closed loop 

From λ/D to Pyramid size 

Pyramid WFS features 

PROs: 

CONs: 



What are Laser Guide Stars? 

•  They are artificially generated sources of 
light.. 

•  Light is pumped into the atmosphere from 
the ground… 

•  …in some way they produces some lights 
that fly back to the ground… 

•  …and this is perceived as a sort of 
artificial star that can be used as reference 
for Adaptive Optics. 



Rayleigh vs. resonant scattering 

All particles and aerosols 
in the atmosphere 

Only specific atoms 
Excited at a specific 
wavelength 









Problems of LGSs 

•  Tip-tilt indetermination problem 
•  Conical anisoplanatism 
•  Focus at a finite distance 
•  Rayleigh fratricide effects 
•  Actual distance depends upon altitude and 

layer local variations 
•  Cyrrus can make large scattered light 
•  Aircraft and satellite hazards 
•  You need a working laser! 



UP tilt 
DOWN tilt 













Pulsed vs. CW lasers… 

•  Rayleigh positively needs pulsed lasers 
and a gating system synchronized with the 
laser 

•  Sodium lasers has to comply with 
saturations of Sodium layer so CW are 
superior, in general.. 

•  Be warned that Lasers can have micro 
and macro pulses… 
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Laser & Launch system 
Launch 
mirror 

Beam expander exit 
and folding flat 

Laser units 

Laser  
platform 

Wavefront 
sensor 

• System layout 
• Laser source availability 
• Launch layout 
• Mechanical layout 
• Electronics layout 







A dye laser… 



A dye laser… 







A z-invariant WFS… 







Polychromatic LGS 

•  A combination of wavelengths close one to 
each other is sent up… 

•  ..the resonant scattering pumps up some 
electrons level such that in the decay two 
very different wavelengths are sent back… 

•  So the way-UP is wavelength independent 
while the way-DOWN is not… 

•  …a little signal with absolute tilt 
information. 



Laser Guide Stars… 
•  Are now in operation at Keck, Gemini and 

VLT… 
•  Science is mostly with spectroscopy… 
•  Some telescopes are more effective than 

others… 
•  Foreseen in various telescopes 
•  Tilt and low orders is made through NGSs 
•  Still sky coverage is not 100% and some 

significant FoV is required… 
•  …MCAO with NGSs…???? 
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Layer-Oriented WFS per MAD@VLT 

Layer-Oriented WFS 

Nasmyth Platform 

Dimostratore strategico per OWL! 

Shack Hartmann 
 WFS 

CAMCAO IR 
 CAMERA 
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1-2.5 µm 

0.45-0.95 µm 

2.5 m 

1.5m 

8.5 Km conj. 
DM 

Ground conj. 
DM + TTM 

F/15 VLT 
Focus 

Optical 
Derotator 

WFS Area 
Turbulence 
Generator 
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  2.0m 

LOWFS 

SHWFS 

IR camera 

Acquisition 
Camera 
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MAD LOWFS: Mechanical 
Design 

Focusing  
mechanisms 

CCD conjugated to  
the ground layer 

CCD conjugated to  
8.5 km 

Beam splitter 

Pupil re-imaging optics 

Star enlargers XY stages for 
Stars positioning 

Entrance  
F/20 focal plane 
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The LOWFS on board on MAD 
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The LOWFS on board on MAD 
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On board 
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On board 
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LOWFS: Optical design concept 

• 8 reference Stars-pyramids 

• 2 conjugated planes-objectives-CCDs 

• F/ 1 
• Optical quality > 98% 

F/20 Focal Plane F/300 Focal Plane 

2’ 

X 15 
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Footprint Size on CCD 
•  F/300 beams 
•  Pyramid angle α = 1.23°± 0.01° 

Loop Ground High 

Altitude 0  8.5 
Sampling 
on WFS 8x8 7x7 

8x8 7x7 

Wavefront sensing 
supposed in R…  

Correction for the IR 

1 subaperture ~r0,K 

0 km 8.5 km 
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CAMCAO images n Mosaic of five 2048x2048 images 

• Hawaii 2 Detector 
• 2048 x 2048 pixels, 28 mas/
pixel, ~58 arcsec FoV 
• Full 2’ FoV scanning 
• J, H, Kn broadband, Brg and 
Brg continuum narrowband 
filters 

Test stars 








