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• One of the rewards of using high-speed imaging systems is to 

manage and hopefully overcome the effects of atmospheric 

turbulence. 

• Will describe two rather different instruments, both of which 

use Lucky Imaging techniques: 

• AOLI which combines Lucky Imaging with low order adaptive 

optics to give near diffraction-limited angular resolution in the 

visible on large (4-10 meter class) telescopes. 

• GravityCam which uses Lucky Imaging on a medium size (3.5 

meter) telescope to deliver sharper images in the visible over a 

wide field of view for a variety of applications 

• These include the detection of Earth-mass planets, gravitational 

weak shear and high-speed photometric survey. 

Introduction and Outline 
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• Lucky Imaging is already in relatively wide use (over 200 

papers already published), providing near diffraction-limited 

angular resolution on telescopes in the 1-2.5 m class range. 

• By taking images at high speed (10-30 Hz frame rate) it is 

possible to freeze the motions due to atmospheric turbulence. 

• The sharpest images are selected and combined to give a much 

higher resolution output 

• On a Hubble sized telescope (2.5 meter) it can give Hubble 

resolution with relatively high efficiency. 

Lucky Imaging 
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• The image below shows images of the faint radio galaxy 3C 

405 (Cygnus A) from the Hubble ACS (left) and the 

Cambridge Lucky Imaging camera on the NOT on la Palma. 

• The ACS picture is in V, and is a much longer exposure than 

the lucky image which is in I band. 

 

Lucky Imaging: Cygnus A, 3C 405 
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Lucky Imaging: The Einstein Cross 
     

 

 

 

 

 

 

 

 

 

•    The image on the left is from the Hubble Space Telescope Advanced Camera for Surveys 

(ACS) while the image on the right is the lucky image taken on the NOT in July 2009 through 

significant amounts of dust.  

•    The central slightly fuzzy object is the core of the nearby Zwicky galaxy, ZW 2237+030  

(z~0.04) that gives four gravitationally lensed images of a distant quasar at redshift of 1.7. 

IoA Cambridge, 22 January 2014 



Lucky Imaging on Much Larger 

(>2.5m) Ground-Based Telescopes 

• On larger telescopes, the chance of 

getting a sharp image becomes 

vanishingly small. 

• Most of the turbulent power is in the 

largest scales. 

• These may be removed with low 

order adaptive optic systems. 

• Technique tried on the Palomar 5 m 

(200 inch) telescope behind their 

low order PALMAO system. 

Zernike 

terms 

removed 

 Residual 

power 

fraction 

1 1.000 

2 0.565 

3 0.130 

4 0.108 

5 0.085 

6 0.063 

7 0.057 

8 0.051 

9 0.045 

10 0.039 

11 0.037 

12 0.034 

IoA Cambridge, 22 January 2014 



• Globular cluster M13 

on the Palomar 5m. 

• Seeing ~650 mas. 

• PALMAO system and 

our EMCCD Camera.   

• Achieved 17% Strehl 

ratio in I-band, giving 

~35 mas resolution. 

• This is the highest 

resolution image ever 

taken in the visible on 

faint targets. 

Large Telescope Lucky Imaging. 

IoA Cambridge, 22 January 2014 



• Comparison with Hubble Advanced 

Camera (ACS) is quite dramatic. 
 

• Lucky/AO image resolution ~ 35 

milliarcseconds or ~3 times Hubble. 
 

Lucky 

Imaging 

on 

Palomar 

5m. 



• Lucky Imaging observing efficiency used to be a significant 

drawback. 

• Changes to the image selection procedures have given 

dramatically better results. 

• The principal difference is that the selection is done in Fourier 

space rather than in image space. 

• The procedure is complex and needs a lot of real-time 

processing power (>> GPUs needed).  

 

 

• (CDM, "High-Efficiency Lucky Imaging“, 2013MNRAS.432..702M) 

High-Efficiency Lucky Imaging 
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High Efficiency 

Lucky Imaging 

Globular cluster M13,770nm. 

 

Top left: HST/ACS,  

 

Top right: lucky selection of 10% 

in image space,  

 

Lower left: 20% in Fourier space. 

 

Lower right: 50%  Fourier space.  

 

Field of view: 2.0 x 1.5 arcsec 

~35 mas resolution. 



High Efficiency Lucky Imaging 

• With Lucky Imaging, the 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%. 

1-50% seln. 



• AOLI is a new instrument targeted at the WHT 4.2 m and GTC 

10.5 meter telescopes. 

• AOLI uses a new kind of low order nonlinear curvature 

adaptive optics sensor. 

• It allows us to use very faint reference sources, I ~ 17.5m for a 

4 m telescope, I ~18.5m for a 10 m telescope. 

• This will permit virtually full sky coverage without need for 

laser guide star or much brighter reference stars. 

• AOLI achieved first light on the WHT 4.2 m telescope in 

September 2013. 

• Despite dreadful weather some useful results were obtained. 

AOLI: Adaptive Optics assisted Lucky Imager 
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AOLI: Adaptive Optics Lucky Imager 

• AOLI uses a 241 element long stroke ALPAO deformable mirror. 

• The reference star is always on the optical axis, and the science field 

may be offset by up to 2 arc minutes. 

• Uses a novel high-efficiency curvature wavefront sensor. 

• Allows much fainter reference stars I~17.5 on WHT, ~18.5 on GTC 

• It feeds the science 

camera, 4 EMCCDs, 

optically butted to give 

2048 x 2048 pixel FOV. 

• Just had first light on 

4.2m WHT on La Palma. 

• All looks really good 

(apart from dreadful 

weather, >3 arcsec 

seeing). 



• Have already demonstrated that these techniques work in the 

visible on 4-10 m class instruments. 

• Gives angular resolution in the visible of 40-15 milliarcseconds 

giving unique insights into the structure of a wide range of 

astronomical objects. 

• The ELT will give similar resolution in K-band (2.2 µ), and the 

techniques should transfer fairly directly. 

• The key component will be fast relatively low noise infrared 

array detectors, and these are rapidly becoming available. 

• They have already been described by Gert Finger (ESO). 

• Most of the challenges (curvature wavefront sensors, real-time 

processing software) will have been sorted out for AOLI. 

Son of AOLI on the ELT? 
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• The detection of Exoplanets is heavily biased towards those we 

can detect, gas giants orbiting relatively close to the parent star. 

• Widely believed that this is grossly non-representative of the 

mass distribution in a typical planetary system. 

• Particularly difficult to detect Earth-mass planets at ~ 1AU 

around solar type stars. 

• The only technique that allows these to be detected relatively 

directly is gravitational microlensing. 

• A planet orbiting a lensing star can give a perturbation that is 

easily detectable even for very low mass planets. 

 

GravityCam 
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• On a 4 m telescope, a star with I~22 will give 5-20 detected 

photons per second depending on band pass. 

• A 2% (10%) planet lensing effect will require an SNR of 150(30) 

which will take 40 (1.5) minutes neglecting sky background. 

• This is only possible if we have much better seeing than ~1 

arcsec. 
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The Photon Budget Is Also a Problem 

 
 

 

• Sharper PSF 

gives a much 

fainter 

background per 

star image. 



• Gravitational microlensing is the only technique that appears to 

have the potential to detect good numbers of Earth-size planets. 

• These events are rare so that large numbers of stars need to be 

observed. We use Baade’s window in the bulge of the Milky Way. 

• Only main sequence stars will interest us: giant stars are too big to 

give the microlensing effect we seek. 

What is the problem we have? 



What is the problem we have? 

• This means looking at stars with I>18 mag. 

• The brighter giant stars (~14-16 mag) 

make large parts difficult to observe. 

• This is part of Baade’s Window 

with HST. 

• About 0.6% of the area shown! 

• From Holtzman et al, 

ApJ, 115,1946 (1998) 



• To get adequate statistics we need to survey vast numbers of 

stars and the best locations seem to be in the Galactic bulge 

where star surface densities reach ~1/arcsec2 at I < 22m, and 

~10/arcsec2 for I < 24.5m. 

• Current surveys use small telescopes (1-1.5 meter) on mediocre 

sites with substantially undersampled detector systems. 

• With Lucky Imaging on a good site (such as La Silla in Chile) 

and a good-sized telescope (such as the 3.5m NTT) we should 

be able to deliver angular resolutions of 0.15-0.35 arcseconds 

routinely. 

• By using an array of high-speed electron multiplying CCDs we 

should be able to cover the 0.5° diameter field with 6 pointings 

relatively quickly (< 1 hour). 

GravityCam 
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• We cannot assume that high speed, high resolution follow-up will 

be available elsewhere. 

• The microlensing signature from an earth-mass event may only 

last for a few hours or less. 

• We need to be able to carry out accurate photometry every few 

minutes in order to get the most information from the event. 

• That photometry must be done at the full resolution of the 

instrument. 
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And We Need Good Time Resolution! 

• From Bennett, 

arXiv:0911.2703v2 (2010) 



• An outline proposal for an instrument called GravityCam has 

been submitted to ESO by an international group led by Martin 

Dominik (St Andrews). 

• At I ~22m, stars have ~10000 photons detected in 10 minutes 

with an SNR ~80-100. 

• Expect to see a 20-50 new events per night in the 2x 107 stars 

surveyed over 6 fields. 

• Predictions of the rate of seeing Earth-size planets suggest a 

few per week should be achievable. 

• The technique will detect objects much smaller than the Earth, 

right down to moon-size objects. 

GravityCam 
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• OGLE-2005-BLG-390 was a star ~9.6 Rsun and planet of ~5Mearth. 

• An Earth mass planet at the same location around that giant star 

would have given a ~3% deviation. 

• A Moon mass object around a Sun like star would have given ~1% 

deviation lasting over only one hour. 

• This kind of deviation will be relatively easy to detect with a large 

ground-based telescope. 

15 May 2014: Speed & Sensitivity, Galway 

Sensitivity to Earth and Moon mass objects! 



 

 

• The lucky images would not be diffraction limited, but deliver 

images of 0.15-0.35 arcseconds FWHM using at least 50% of 

the images and often up to 100%, seeing dependent. 

• Would allow ~20 times as many stars to be observed, compared 

with the SONG or OGLE surveys. 

• Detailed simulations of the performance have been carried out. 

• Optically very simple: atmospheric dispersion corrector then 

directly onto focal plane array of CCDs. 

• We have already used a simpler version of our LuckyCam very 

successfully on the NTT. 

• Virtually all the technologies needed have already been 

demonstrated and the cost need not be excessive ($4-8 million). 

GravityCam 

15 May 2014: Speed & Sensitivity, Galway 



 

 

• The focal plane is covered with 

an array of independent 

EMCCDs each using lucky 

imaging. 

• 100 of these EMCCDs would 

cover the focal plane with 70 

milliarcsec pixels. 

• An entire field of 30 arcminute 

diameter would be covered in 

six pointings.   

• With 10 minutes on each 

pointing a 30`x30`field would 

be fully covered in ~ one hour. 

• Other strategies are possible. 

GravityCam 

 
 

15 May 2014: Speed & Sensitivity, Galway 



 

• The instrument would mount directly on 

the Naysmith focus of the NTT. 

• The NTT has excellent optical 

performance and space needed for such 

an instrument. 
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GravityCam 

 
 



 

 

• In a field such as Baade's Window, a single pointing of 

GravityCam will see approximately 0.5x106 stars with I<22. 

• With six pointings, around 3x106 stars in one hour. 

• The I=22 stars will have ~10,000 photons detected in 10 min, 

so with SNR ~ 80-100 after sky background correction. 

• With an optical depth of ~2.4x10-6 (MACHO & OGLE 

estimates) we expect to see a few new events every hour. 

• Can survey at least six fields (so ~2x107 stars) per night so 

should be able to detect ~20-50 new microlensing events/night. 

• The planetary detection probabilities from Bennett & Rhie 

(ApJ,472,660,1996) suggest we should detect  a good number 

of Earth size planets. 

GravityCam: Predicted Performance 

15 May 2014: Speed & Sensitivity, Galway 



 

• Study dark matter via weak lensing regime in galaxy clusters 

(high spatial resolution of distortions, wide field coverage of 

clusters). 

• Asteroseismology with many bright stars in one pointing. 

• Variable stars in crowded fields (galactic bulge, clusters, 

Magellanic clouds), including very short period variability. 

• Wide field multi-filter high-resolution imaging for many 

purposes (e.g. stellar populations, variability etc). 

• Occultation of stars by small solar system bodies. Access to the 

small end of the Kuiper Belt size distribution and first detection 

of true Oort cloud objects via serendipitous occultations. 

• Provides a unique new source of exciting targets for the ELT, 

chosen for their temporal characteristics. 

Other applications of GravityCam. 
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• Lucky Imaging offers a relatively inexpensive way of 

improving the seeing on ground-based telescopes by a factor of 

3-5 (9-25 by area) under most conditions on a good site. 

• It allows the observation of much higher density star fields, and 

to fainter limits. 

• Main sequence stars towards the Galactic Centre may then be 

surveyed in very large numbers. 

• GravityCam provides a model of a relatively simple instrument 

development programme. 

• By observing ~2x107 (I<22) stars and being able to see lensing 

at A>10 on ~2x108 (I<24.5) stars per night should allow new 

Earth size planet to be detected much more frequently. 

Conclusions. 
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