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•  Introduction 
•  The AOLI  - what is AOLI and who is involved 
•  Adaptive optics  
•  Lucky Imaging 
•  AOLI – the best of both worlds? 
•  AOLI as implemented on the WHT 
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Introduction 
AOLI stands for Adaptive Optics Lucky Imager.  
•  Combines both Adaptive Optics and Lucky Imaging 

techniques on 4 – 10m class telescopes 
•  Goal – deliver diffraction limited visible images(V, R, I). 
•  Diffraction limited imaging from the ground has been 

shown to be almost impossible to achieve using just AO 
for wavelength below 1.2-1.6 microns. 

•  Currently, the only technique shown to deliver Hubble 
resolution images so far on Hubble size (~2.4m) 
telescopes in the visible on the ground is Lucky 
Imaging. 

•  Targetting the WHT 4.2m telescope – transferring to the 
10.4m Gran Telescopio de Canarias at a future date. 
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AOLI 
Consortium came together because of our shared 

experiences with Lucky Imaging and comprises: 
 
•  Instituto de Astrofisica de Canarias, Canary Islands, 

Spain (, Rafael Rebolo-López, Bruno Femenia 
Castellá, Roberto Lopez, Álex Oscoz ) 

•   Institute of Astronomy, University of Cambridge (Craig 
Mackay, David King, Jonathan Crass) 

•  Isaac Newton Group of Telescopes, Canary Islands, 
Spain (Marc Balcells) 

•  Universidad Politecnica de Cartagena, Spain (Antonio 
Perez Garrido) 

•  I. Physikalisches Institut der Universität zu Köln, 
Cologne, Germany (Lucas Labadie) 
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Adaptive Optics 

•  For many years, 
astronomers have tried to 
overcome atmospheric 
degradation in image 
quality. 

•  Adaptive optics 
techniques tries to 
measure wavefront 
distortions on scales of  
~r0 (perhaps 20-50 cm) 
and correct them on 
timescales of ~t0 (perhaps 
10 ms). 
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Adaptive Optics 
•  Shack-Hartmann wavefront sensor is often used. 
•  Breaks up the pupil into many small cells, ~20-50 cm 

diameter. 
•  Each forms an image of a bright star tracked to deduce 

the wavefront errors. 
•  Starlight divided amongst many cells so the reference 

star must be bright (~V=13.5m) 

•  Need fast read-out as atmosphere 
changes rapidly (~wind crossing 
time for one cell, so <10 ms) 

•  Need to determine errors and 
correct them before they all 
change 
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Adaptive Optics 
•  Alternative form is the Curvature Wavefront Sensor as 

first proposed by Roddier (1988)  
•  Measures the distributed intensity of the light in two 

positions either side of focus  
•  Close to focus – high frequency variations more obvious 
•  Further from focus – 

lower frequency 
variations more easily 
seen. 

•  Required corrections 
a combination of 
these 

•  Curvature sensors ~ 
10-100 more sensitive 
than S-H sensors 



8 

Adaptive Optics 
•  Alternative WFS suggested by Guyon (2008) – sample 

the wavefront at four positions – two close to the pupil 
image, and two more distant  

•   Close to pupil – linear regime – the difference of the 
subtracted images is proportional to the curvature of the 
wavefront 

•  Far from pupil – non linear regime, where the contrast on 
the subtracted images decreases  
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•  Image resolution 
over a run of 85 
seconds ~good 
seeing. 

•  Changes by 
factor of two in a 
few frames (~ 
wind crossing 
time of 
telescope). 

•  AO systems 
would struggle to 
follow many of 
these steps. 

Why does AO fail to work?  Seeing is not smoothly 
variable. 
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Lucky Imaging 
 

•  Originally suggested by Hufnagel (1966) and developed by 
Fried (1978). 

•  Images taken fast enough (~30Hz) to freeze the motion 
due to turbulence. 

•  On a 2.5 m telescope (the NOT) in I band, on a good site 
(LPO), under typical  conditions 10-30% of images are ~ 
diffraction limited at 30Hz. 

•  The best images are selected and combined to give a 
near-diffraction limited image. 

•  The isoplanatic patch size is much larger than with AO, 
typically ~ 60 arcsec rather than ~3-5 arcsec diameter. 
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Lucky Imaging 

   Left image – HST+ACS    Right image  Lucky imaging on the NOT 
            in July 2009 (through dust)  

The central lensing galaxy is ZW 2237+030 that gives four gravitationally lensed 
images of a distant quasar at redshift of 1.7 
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Lucky Imaging 
• On larger (>2.5m) telescopes, 
the chance of getting a sharp 
image becomes negligible. There 
are too many turbulent cells of 
size ~r0 over the telescope 
aperture. 
•   Most of the turbulent power is 
on the largest scales 
• . Remove using low order AO, r0, 
is increased, and the number 
over the aperture is reduced. 
•   This increases the chance of a 
sharp Lucky Image. 

Zernike term 
removed 

Residual 
power fraction 

1 1 

2 (tilt) 0.565 

3 (tilt) 0.130 

4 (defocus) 0.108 

5 (astigmatism) 0.085 

6 (astigmatism) 0.063 

7 (coma) 0.057 

8 (coma) 0.051 

9 (trefoil) 0.045 

10 (trefoil) 0.039 

11 (spherical) 0.037 



Enhanced Efficiency Lucky Imaging 
•  With Lucky Imaging, the sharpest images come from the smallest fraction 

of images. 
•  Often the less good images are smeared in one direction only yet still 

showing excellent resolution in other directions. 
•  Garrel et al. (PASP, 2012) suggested making the lucky selection in 

Fourier space rather than image space.  Results below: 
Globular cluster M13,770nm : HST/ACS, lucky selection of 10% in image 

space, 20% and 50% in Fourier space. FOV 2.0 x 1.5 arcseconds, 35 
mas resolution. 



Enhanced Efficiency Lucky Imaging 
•  Sharpest images come from the smallest fraction of images. 
•  Before & after plots from the globular cluster field.  Left-hand image 

very near reference star, right-hand image 12 arcseconds away.  
Profiles show different selection percentages. 

•  These curves show selection percentages from 1% (top) to 50%. 



 
•  Electron Multiplying CCDs.  Running at 

up to 30 MHz pixel rate, thinned and 
~zero read noise so count photons. 
 - used for wavefront detectors and 
science detectors. 

•  Re-imager gives 2K2 pixel field of view of 
25 x 25 to 100 x 100 arcsec. 

•  Deformable mirror wavefront corrector. 
•  Large RAID arrays for data storage (200 

Mb/sec continuous), plus NVIDIA Tesla 
parallel processors for real-time 
processing (512 64-bit FP processors, 
3x109 transistors). 

 

Requirements for a Lucky/AO 
Imager for the WHT. 
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Detectors 
Critical to the Lucky idea are electron multiplying CCDs 

 
 
 

•   EMCCDs are standard 
CCDs plus an electron 
multiplication stage. 

 
•  One serial electrode 

runs at high voltage 
(~45 volts). 

•  An electron has a low 
probability (~1%) of a 1 
electron avalanche. 

•  Gives 604 1.01 or 1.02 

     ~few x100 gain. 
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Detectors 
•  The additional variance introduced by the multiplication 

stage increases the amount of noise. 
•  Normally expect the SNR=! (N).   
•  With the EMCCD the SNR=! (2N). 
•  Equivalent to halving the DQE of the device. 

•  However, thresholding the image and replace each event 
by a single value the added noise is eliminated and DQE 
restored. 
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Wavefront corrector 
•  Use the ALPAO 241-25 deformable mirror 

ALPAO DM241-25 
Number of actuators 241 
Inter-actuator spacing 2.5mm 
Diameter 37.5mm 
Total stroke (all in 
one direction) 

+/- 25 "m 

Inter-actuator stroke > 3 "m 
3x3 stroke > 14 "m 
Bandwidth >750Hz 
Non-linearity errors < 3% 
Hysteresis errors < 1% 
Surface coating Protected silver 
Operating range 15- 35°C 
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Lens design... 

•  May seem straightforward – pick a lens from a 
catalogue, used it and it works... 

•  Normally – no it doesn’t! Usually needs to be 
specifically designed for an application 

•  Procedure – wavelength range, field size, image quality 
required  

•  Start from a simple lens, see how it works 
•  Increase complexity (no of elements, glass types, 

surface shape) 
•  Optimise designs. 
•  More components, non-sperical surfaces  – more 

expensive etc. 
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Lens design... 
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Lens design... 
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AOLI  Setup 

•  Mounted on dedicated optics bench within the GHRIL 
enclosure on one Nasmyth focal station at the WHT 

•  Wavelength coverage ~500-900nm 
•  Maximum field ~ 1.2 arcmin radius 
•  Beam passes through common optics (image derotator, 

collimator, ADC, WFC, de-collimator) until  
•  Guide star selected using pickoff mirror (small spot on 

surface of plane parallel plate) at an intermediate focus 
– centre of field, and sent to the WFS optics. 

•  Spot size <1arcsec – several arcsecs 
•  Science beam continues on to the science camera 

 
 
 



241-25 Alpao  
DM (37mm pupil) 

Fold mirror 

375mm  fl 
collimator 

375mm  fl 
imager 

WHT Focus 

Plane of 
pickoff mirror 

~1150mm 

Atmospheric dispersion  
corrector 
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WFS  Setup 

•  Guide star selected using pickoff mirror at an 
intermediate focus – centre of field 

•  Correction via wavefront curvature sensing in 4 planes, 
2 close to, and either side of pupil , 2 more distant. 

•  Splitting achieved using dichroics and “trombone” arms 
•  To combat chromatic effects, separation via wavelength 
•  Both beams from each parallel beamsplitter imaged 

onto same detector – splitting in wavelength  
•  Detectors windowed and read out at ~100Hz 

 
 
 



WHT Focus 

~2mm pupil 

Pickoff mirror 

241-25 Alpao  
DM (37mm pupil) 

Fold mirror 

375mm  fl 
apochromat 

60mm  fl 
apochromat 

22.5mm  fl 
apochromat 

Fold mirror 

250mm  fl 
apochromat 

Image plane 

~2mm pupil 
Image plane 

pupil 

~250mm 

Sample the beam here 
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AO system  
•  Jonathan’s simulations  predict beam appearance at 

pupil position (df1 and df2 ) offsets of up to 850km on an 
4.2m telescope – some chromaticity evident 

•  Determine the Fresnel number corresponding to a 
combination of wavelength and df for an 4.2m pupil 

•  Determine the df for a 2mm pupil 
•  Directly image this offset pupil with a detector – we 

image –df and +df at the required wavelengths 

 
Pupil df Fresnel # wavelength 

4200m 100km 252 700nm 
2mm 27mm 252 600nm 

4200m 300km 84 700nm 
2mm 60mm 84 800nm 



AO system  



Science Arm  
•  System capable of delivering near diffraction limited imagery on 
the non-buttable science L3CCD detectors 
 
•  Magnifying the interim WHT focus at the pickoff mirror plane 
and forming another image plane on a pyramid mirror assembly 

•  full field is split and directed via four 1:1 imaging relays to the 
detectors. At highest resolution imaged area = 25x25 arcsecs.  

• Detectors read out at ~25Hz (synchronised with WFS detectors) 

•  Range of magnifications offered  - max field ~100x100 arcsecs 

•  Separate filters in the four arms for selective filtering 



Science Arm  

Pickoff mirror 

50mm  fl 
apochromat 

245mm  fl 
apochromat 

Pyramid mirror 

To Wavefront sensor 

Science beam 



Science Arm  
Fold mirror 

150mm  fl 
apochromat 

150mm  fl 
apochromat 

Pyramid mirror 

Filters 

Detectors 



Science Arm – near 
diffraction limited imaging  



AOLI performance 
 •  Reference star magnitude on the WHT 4.2m is I=17.5-18.0m 

• I-band resolution will be down to 50 milliarcsecs, 
  and in R-band  40 mas. 
• Real-time data reduction of the >200 Mbyte/sec data stream 
  using GPU acceleration. 
• Can always trade-off resolution against limiting magnitude. 
• Often lower resolution is needed: 100-300 mas imaging  
  allows much higher % selection. 
• For low surface brightness objects there may not be a lot to  
  see at full resolution 



What can AOLI do? 
 

 
•  1.5-3.5 light days resolution in the Crab nebula.  Shock front 
dynamics in galactic supernova remnants. SNR at the distance     
of M31 (d~2.5 arcsecs) would be candidates for high resolution  
imaging with AOLI. 
 
•  Intermediate Mass Black Holes (IMBHs), in the core of globular  
clusters may be revealed by the dynamics of stars in these 
regions. AOLI may provide the most detailed look of the central 
structure of globular clusters (M15, M3, M13#) 

•  Micro-lensing – potential to find exo-planets by photometric 
monitoring at high resolution to reveal these. 

•  At a redshift z>1, a resolution of 120-300 pc allowing studies 
of quasar host galaxies (separate the light from the qso); 
investigate starburst galaxies, etc. 
 



Add-ons 
  

•  Integral field spectroscopy 

• Investigating placing a low-medium resolution spectrograph at 
the pyramid mirror plane, enabling 3-D spectra to be obtained. 

• OASIS a possibility? 


