
CHOUGH, the Canary Hosted-Upgrade for 
High-order adaptive optics 

	
  
	
  

Daniel	
  Hölck	
  
Centre	
  for	
  Advanced	
  Instrumenta8on	
  

Durham	
  University,	
  UK	
  



Atmospheric	
  perturba8ons	
  cause	
  
distorted	
  wavefronts	
  

Turbulence in the Earth's atmosphere limits 

the performance of astronomical telescopes 

Even the largest ground-based astronomical telescopes  

have no better resolution than an 8" backyard telescope! 

•  Turbulence is the reason why 

stars twinkle 

•  More important for astronomy, 

turbulence spreads out the light  

from a star; makes it a fuzzy blob 

rather than a point 
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AO	
  is	
  a	
  technology	
  used	
  to	
  improve	
  the	
  
performance	
  of	
  op8cal	
  systems	
  by	
  reducing	
  
the	
  effect	
  of	
  wavefront	
  distor8on.	
  



Op8cal	
  Schema8c	
  of	
  an	
  AO	
  system	
  Optical schematic of adaptive optics system 



Deformable	
  Mirror(DM)	
  



Shack-­‐Hartmann	
  Wavefront	
  Sensor	
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Lenses instead of holes 

http://www.rpcphotonics.com 

A flat wavefront 
An aberrated wavefront 

The motion of the spots is 
proportional to the slope of the 
wavefront over the subaperture. 

Zernike Polynomials 

1st order 

2nd order 

3rd order 

4th order 

5th order 

low order aberrations 

high order aberrations 



Guide	
  Stars	
  



Ques8ons?	
  



•  4.2m	
  William	
  Herschel	
  Telescope	
  	
  
•  EAGLE	
  is	
  a	
  mul8-­‐object	
  3D	
  spectroscopy	
  

instrument	
  currently	
  under	
  design	
  for	
  the	
  
42m	
  E-­‐ELT	
  

•  Mul8-­‐Object	
  Adap8ve	
  Op8cs	
  (MOAO)	
  	
  
•  Emulate	
  a	
  single	
  channel	
  of	
  the	
  proposed	
  
	
  	
  	
  	
  	
  	
  	
  E-­‐ELT	
  MOAO	
  instrument,	
  EAGLE	
  

	
  



CHOUGH	
  

•  The	
  choughs	
  are	
  medium-­‐sized	
  corvids;	
  the	
  
red-­‐billed	
  chough	
  is	
  39–40	
  cen8metres	
  (15–16	
  
in)	
  in	
  length	
  with	
  a	
  73–90	
  cen8metres	
  (29–35	
  
in)	
  wingspan	
  

•  These	
  birds	
  are	
  mountain	
  specialists,	
  
although	
  red-­‐billed	
  chough	
  also	
  uses	
  coastal	
  
sea	
  cliffs	
  in	
  Ireland,	
  great	
  Britain,	
  and	
  
Bri_any,	
  feeding	
  on	
  adjacent	
  short	
  grazed	
  
grassland	
  or	
  machair;[17]	
  the	
  small	
  
popula8on	
  on	
  La	
  Palma,	
  



CHOUGH	
  Goals	
  

•  Inves8gate	
  high-­‐quality	
  PSF	
  correc8on	
  with	
  
Strehl	
  ra8os	
  ≥	
  0.5	
  	
  

	
  
•  Op8mize	
  the	
  AO	
  system	
  so	
  that	
  the	
  best	
  
Strehl	
  ra8os	
  can	
  be	
  achieved	
  in	
  the	
  visible	
  part	
  
of	
  the	
  spectrum	
  (≥	
  600-­‐900	
  nm	
  )	
  



Dual-­‐Mirror	
  AO	
  System	
  	
  
•  Low-­‐order	
  op8cal	
  aberra8ons	
  are	
  the	
  most	
  

common	
  and	
  are	
  corrected	
  using	
  a	
  high-­‐stroke,	
  low-­‐
resolu8on	
  mirror	
  

•  High-­‐order	
  aberra8ons	
  are	
  corrected	
  using	
  a	
  low-­‐
stroke	
  mirror	
  



Low-­‐order	
  DM	
  

•  The Low-Order Deformable Mirror is 
part of CANARY and is used in to 
correct all large-stroke (low-order) 
aberration terms in closed-loop, the 
remainder via the MEMS-DM 



High-­‐order	
  DM	
  
•  The MEMS-DM is used to correct high-

order (low-stroke) aberrations. 
•  It is the restricted stroke of this DM 

that requires operation with the LODM  



Atmospheric	
  Dispersion	
  
Compensator(ADC)	
  



Shack-­‐Hartman	
  WFS	
  

Quad-­‐cell	
  



Calibra9on	
  and	
  Alignment	
  Wavefront	
  Sensor	
  
(CAWS)	
  



Narrow	
  Field	
  Science	
  Imager(NFSI)	
  	
  

•  The Narrow Field Science Imager is a 
conventional camera with integrated 
filter wheels (broad and narrow 
regions) and 7” FoV. 



FIN	
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Intended on-sky targets 

 As CHOUGH is principally an AO demonstrator, we will initially choose engineering targets that 

are bright to allow us to characterize the PSF. We will also choose those with fainter 
companions, which will allow us to confirm the available contrast ratios at various radii from the 

on-axis target. To select our initial targets, including binary stars, we will make use of catalogues 

such as CHARM (Richichi and Percheron 2002) that provide a list of targets measured at high-
angular resolution using a variety of methods. As an example, CHOUGH can immediately refine 

many of the estimates of binary separations since many previous studies have used indirect 

methods such as lunar occultation. Without any advanced contrast enhancement techniques 

(e.g. coronography, or speckle removal/control) no attempt will initially be made to exceed 

Δm≈7. However, an open architecture and the ability to replace the NFSI does permit expansion 

of this limit if we form an appropriate collaboration. 

 

 

 

Requirement Value Comment 

Science wavelength 

range (nm) 

510-880 Silicon-based detector limit, V,R,I-bands 

Residual WFE after 
correction (nm RMS) 

< 100 (req.) 
< 70 (goal) 

I-band, error corresponds to a Strehl ratio of > 
0.5 / > 0.75. 

Required contrast ratio 

(I-band) 

> 1000:1 Based on non-coronographic imaging at a 

distance of 0.5’’. 

Field of view (arcsec) 4” Determined by the maximum iso-planatic angle, 

covers the controlled frequencies of the MEMS-

DM. 

Limiting magnitude 

(mV) 

7.7 Based on initial simulation results for control of 

the PSF at a radius of 0.2’’. 

Tip-tilt correction 

stability (mas rms) 

< 5 5% of the WHT theoretical PSF FWHM in I-band. 

Pupil motion stability 
(% pupil diameter) 

0.3 10% sub-aperture mis-registration. 

Zenith angle limit < 50° To be finalized by ADC performance w.r.t. 

atmospheric air-mass. 

CANARY static 

aberrations (nm rms) 

< 300 Existing measurements suggest this is satisfied. 

HOAO frame rate (Hz) > 1000 Can be lower depending on conditions, but 

camera limit is 1.5kHz. 

Table 1: The design specification table for CHOUGH, outlining the required instrumental 

performance in a total (holistic) sense, as well as per sub-system where relevant. 



Parameters Values Comments
Telescope pupil (m) 4.2, 1.2 (primary, secondary) Secondary mirror spiders

irrelevant at the simulation
resolution.

r0/L0 (m) 0.12/30 Realistic seeing at WHT.
Wind velocities (average, m/s) 21 3 Layers

Turbulent layers (km & fraction) 0(55%), 4(22%), 10(22%)
WFS sampling 30⇥ 30 HOWFS sampling.

WFS camera format 128⇥ 128 pixels 2 pixel guard-band.
WFS read noise (e-) 0.1 EM-CCD detector.

WFS FoV 4” DM-controlled frequencies.
WFS wavelength R-band
PSF wavelength I-band

Table 1. The parameters used for the PSF simulations in figures 2, 4 and, 5.

Figure 6. The Fourier-plane measurement sensitivity of a gradient wavefront sensor arranged with respect to the Fried
geometry. The axes represent frequency and the brightness of the image the sensitivity (e↵ectively, SNR). The notable
zero points are circled: at the zero frequency (piston) and at the highest frequency (wa✏e).

both (estimated as � 3000) for technical demonstration and a more limited number of binaries whose imaging
forms one of the scientific demonstrations of Chough’s abilities. At this stage there are no specific scientifically
determined targets and it is part of the design process to choose a small list ( 100) that are well distributed
over the sky and develop a specific campaign to use the capabilities of Chough to exploit the resulting imaging.

4. POINT-SPREAD FUNCTION ANALYSIS AND OPTIMIZATION

A technical goal of Chough is to develop a quantitative PSF modelling capability. The initial approach will be
to utilise the OTF-modelling approach,13 noting that this will be complicated by the use of the quadrant-cell for
instantaneous OTF measurements. However, in parallel, the CAWS is able to record simultaneous measurements
of the pupil phase and so an independent measure is available of either samples of the pupil phase or, if the frame
rate is low, the actual per-frame phase. Accordingly, the NFSI has an over-sampled PSF which helps with the
accurate determination of the OTF in analysis at all frequencies. At this stage in the design, only this general
statement of approach can be made.

Measuring time-averaged residuals of the phase using the CAWS does also permit a within-the-loop method
of improving the AO correction. Since the HOWFS is arranged in the Fried geometry, its measurements are
biased towards particular frequencies: in general, as indicated in figure 6, the largest SNR are for the highest
frequencies in the horizontal or vertical direction, and the lowest SNR are for the lowest frequencies or the highest
frequencies in diagonal directions. (A particular feature is that the SNR is zero for the lowest frequency–piston–
and the highest diagonal frequency–the wa✏e mode.) In contrast, the SNR of the CAWS is biased in terms



AO	
  systems	
  Adaptive optics systems 

Closed loop Open loop 

Wave- 
front 
sensor 

Wave- 
front 

sensor 

Control computer 

Deformable 
 mirror 

Light from telescope 

Camera 

Beamsplitter 

Light hits sensor first Light hits deformable mirror first 



Open	
  loop	
  Open loop advantages/disadvantages 
Advantages: 
   1. Simpler because error need not be computed. 
   2.Can not go unstable. 
 
Disadvantages: 
    1.Must be very accurately calibrated. 
    2.Any inaccuracy or disturbance can greatly  
       affect control of the system. 



Sthrel	
  Ra8o	
  

•  It	
  is	
  defined	
  as	
  the	
  ra8o	
  of	
  the	
  PSF	
  peak	
  
intensity	
  to	
  that	
  of	
  the	
  “perfect”	
  PSF	
  
The Strehl Ratio

• Strehl Ratio is defined as the ratio of the PSF 
peak intensity to that of the “perfect” PSF

• Strehl exhibits relation between PSF structure 
and statistical distribution of WFE via extended 
Marechal approximation

• Non-AO: good to rms phase errors of ~2 rad

SR ⌘ S(⇥� = 0)

SP (⇥� = 0)

SR ⇡ e��2
'
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