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•! Kolmogorov theory — Strength of 

turbulence quantified with Cn
2,  the 

atmospheric structure constant 

•! Fried"s parameter r0 (limiting useful 

coherent aperture) varies with Cn
2, the zenith 

angle, and the wavelength 

•! Wavefront can be considered flat over r0 

•! Seeing limits resolution to lambda/r0 

•! Sources in different directions will not see 

the same aberrations unless they are within 

the isoplanatic patch 
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•! array of holes  

•! measure spot offsets to find the tilt of 

each individual beam  

•!Wavefront information not passing 

through holes is lost - Shack-Hartmann 

uses lenslet array 
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•! Simple tilt measurement - Observe beam in 

focal plane and record focal point offset with 

quadcell CCD 

•! Offset proportional to average derivative of 

wavefront function 

•! Shack-Hartmann - breaks up beam with 

lenslet array and measures tilt of each part  

•! Computer control can use reconstruction 

techniques to find the wavefront that would 

produce the set of derivatives 
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•! Left: pupil plane 

•! Right: image plane of wavefront sensor with sunspot 
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•! deconvolution from wavefront sensing provides AO-like results 

•! 106 subapertures over 1m aperture at 950 nm at McMath-Pierce telescope 
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Sunspot wavefront 
sensor images 
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•! Simple mirror response model — 

relates shape of mirror to voltage 

distribution 

•! Mirror shape formed by 

combination of actuator voltages is 

the sum of responses due to each 

individual actuator  

•! Assumption breaks down when 

mirror reaches elastic limit: 

•! At combinations of large voltages 

•! When voltages vary greatly over 

spatial range (bumpy surface) 
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•! For individual actuators, mirror function is 

proportional to voltage squared (electrostatic 

force is proportional to voltage squared) 

•! Combining summation and linear/voltage-

squared models, the response of the mirror is: 
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•!performs centroid (center of gravity) calculation on each spot: 
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•! Save computation time by ignoring wavefront shape  

•! Derivatives of mirror surface and individual spot offsets are 
proportional to squared voltage 

•! Consider each spot"s relationship to each actuator: 
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•! For AO, need to know voltages that will correct the given spot 

positions — must solve for A (control vector) given C (spot offsets) 

•! First find B (influence matrix), possible through direct measurement 

and experimentation:   

•! Step each actuator k through the possible voltages and measure the spot 

locations at each step 

•! For the kth actuator and the nth spot coordinate, the slope of the best fit 

line is the element (n, k) of the influence matrix B 

Actuator 1, Trial 1, Spot 17 (horizontal)    r = .988
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•! Influence matrix is known and C is given from 
wavefront sensor — need to find A (control vector) to 
correct for the error wavefront 

•! Need to invert equation C = BA as follows: 

CBA
1!
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Telescope / AO System Subap. Act. Frequ. Reconstructor First light 

76-cm DST / Lockheed 19 57 - Analog 1989 

76-cm DST / Low-Order AO 24 97 < 1.6 kHz 24 DSPs 1998 

76-cm DST / AO76 76 97 2.5 kHz 40 DSPs 2002 

70-cm VTT / KAOS 36 35 955 Hz 8x900MHz Sun 2002 

48-cm SVST La Palma 19 19 955 Hz 566 MHz Alpha 1999 

1.5-m McMath-Pierce 120-200 37 955 Hz 1 GHz PIII 2002 

97-cm SST La Palma 37 37 955 Hz 1.4 GHz Athlon 2003 

60-cm BBSO 76 97 2.5 kHz 40 DSPs 2005 
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•! K98,6#$%H'),J%';%8++*%9)+,8(%'4%;+_R$9#6LU9%;3(9*,6')8%';%,;9*%

#include <sched.h> /* for sched_setscheduler soft-realtime behavior */ 
... 
// variable for soft realtime scheduling 
  struct sched_param *p; 
... 
  /* set soft real-time scheduling */ 
  sched_getparam(0,p); 
  p->sched_priority = 50; 
  if (sched_setscheduler(0,SCHED_FIFO,p)) 
    fprintf(stderr,"Could not change scheduler settings\n"); 
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•! movq%');"$,3L+)%U+N9;%

Y%0'J96;%;'U,6"#)9+,;6:%
')"+%bbt%$98';"9$%

•! psadbw:;,U%+4%
#O;+6,"9%*'V9$9)39;%+4%Y%
0'J96;%&'"(%Y%0'J96;%+4%
$949$9)39F%9N9$:%E5i%
36+37%3:369;%

•! j,"%[9)L,U%<<<%3#)%+)6:%
6+#*%P%O:"9%09$%36+37%
3:369%`+)%#N9$#89a%

•! [9$4+$U#)39%';%6'U'"9*%
O:%<2.%6'U'"F%)+"%O:%
0$+39;;')8%0+&9$u%

movq   (%1), %%mm1 
psadbw (%2), %%mm1 
movq   8(%1), %%mm0 
psadbw 8(%2), %%mm0  
paddw  %%mm0, %%mm1 
movq   16(%1), %%mm0 
psadbw 16(%2), %%mm0 
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•! Median seeing conditions 

•! 4.8 µm imaging of sunspot close to limb, 0.8 arcsec diffraction limit 

•! Wavefront sensing at 900 nm 

•! 955 Hz update rate, 107 subapertures 
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•! Below median seeing conditions 

•! 4.8 µm spectra of CO emission at limb, 0.8 arcsec diffraction limit 

•! Wavefront sensing at 900 nm 

•! 955 Hz update rate, 100 subapertures 

•! Integrated over 30 frames, about 20 seconds in time 
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Keller and Plymate, 2 March 2005 
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Keller and Plymate, 9 March 2005 
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!! Proof of concept experiment in 2004 

!! 3 guide structures, tomographic approach  

!! Uses existing AO76 hardware (97 actuator Xinetics mirror, 76 subapertures)  

r! 2 DMs at 0 km, 2 km 

r! Flexible WFS camera accommodates multiple fields per subaperture (fewer 

subapertures, 24 MCAO vs. 76 conv. AO) 
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Residual image motion roughly measures AO correction in FOV (~90#) 

Conventional AO MCAO 
K'UU969%9"%#65%

K9;,6";%+4%=!.2]!I%I9;";%

GLAO 

!! MCAO control loop needs work – far from optimal 

!! 2nd DM at a higher conjugate (>10km) – re-work optical setup 

!! More detailed performance analysis – comparison to model predictions 

!! Excellent test-bed for MCAO development 
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