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WFS	  Design	  Goals	  

A.  Subaperture	  geometry	  matched	  to	  Cilas	  DMs	  
under	  consideraLon	  

B.  Camera	  frame	  rate	  1	  khz	  
C.  High	  throughput	  (few	  reflecLons)	  
D.  Lenslet	  plane	  will	  be	  conjugate	  with	  secondary	  

mirror	  locaLon	  
E.  Filters:	  Bandpass	  filter	  (no	  ADC)	  and	  notch	  filter	  

(laser	  diode	  beacon)	  
F.  Off	  the	  shelf	  components,	  when	  possible	  
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A.	  Subaperture	  geometry	  	  
Spacing	  0.20m	  

18	  spots	  
Spacing	  0.17m	  

30	  spots	  
Spacing	  0.14m	  

44	  spots	  

Cilas	  DM	  
31	  Actuator	  
(were	  these	  ellpLcal?)	  

Cilas	  DM	  
61	  Actuator	  
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Example	  Placement	  
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B.	  Camera	  Rate	  
•  Design	  goal	  of	  1	  Khz	  frame	  rate	  on	  camera	  
– Good	  correcLon	  for	  fast	  seeing	  on	  bright	  targets	  
– Avoid	  saturaLon	  for	  bright	  targets	  
–  Run	  camera	  in	  photon	  counLng	  mode	  	  

•  Assuming	  Andor	  iXon	  Ultra	  897,	  1	  khz	  ==	  90x90	  
pixels	  in	  fastest	  readout	  mode	  

•  Issues:	  
– Need	  field/pupil	  stop	  for	  ‘cropped	  sensor	  mode’	  
–  Shuher?	  	  
– Where	  to	  put	  subarray	  if	  no	  shuher	  (de	  factor	  frame	  
transfer	  ccd)?	  
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along the elevation and azimuth axes of the telescope by flat mirrors M3, M4, M5 and M6. The central obscuration is 
25%. The output beam between M4 and M5 is easily accessible. This is the most convenient place for the new system to 
be installed. 

Currently, the array operates with a PZT actuated M2 controlled by a tip/tilt detector in the laboratory2. On the one hand 
this arrangement is advantageous, because it can detect angular beam deviations in the whole optical train. On the other 
hand it suffers from low sensitivity due to losses on the numerous mirrors along the path. Placing a fast WFS for tip/tilt 
detection at the telescope will increase sensitivity, but necessitates a separate slow WFS system in the laboratory to 
measure non-common path errors between the telescope and the laboratory. The implementation of the slow WFS in the 
laboratory is not discussed in this paper. 
 
4.2  Optical layout and implementation of the fast wavefront sensing system  

The fast WFS system for TIP/TILT detection will be mounted between M4 and M5 on an optical breadboard. (Figure 4) 
The layout is fairly simple, inexpensive, and easy to align.  

 
Figure 4.  The new WFS and tip/tilt detection system installed on an optical breadboard on the telescope fork  

between M4 and M5 fold mirrors  
The first optical element in the new system is a beam-splitter. Since numerous beam combiners operating in different 
wavelength regimes are available at CHARA, there is a need to split the light in different ways between acquisition plus 
wavefront sensing and interferometry depending upon the beam combiner used. The current design can accommodate up 
to three beam-splitters on a remotely operated carousel. The detector is an EMCCD, thus one of the beam-splitters will 
be a dichroic mirror, which reflects most photons below 1 um toward the detector. The IR photons will be transmitted 
through the system for interferometry. The visible beam-combiners might use a gray split or a different dichroic split. 

number of actuators. Two decades of AO development for astronomy have produced a rich technology and body of 
experience and the problem that we wish to solve requires a milli-arcsecond field of view, on-axis system using of order 
30 sub-pupils. Such systems are not necessarily complex and expensive19, allowing us to use a more pragmatic approach 
than the intensive development needed for large telescopes. Nevertheless, an interferometric array does offer a number 
of special features. The CHARA telescopes (Figure 3) produce a 125 mm afocal, tilt-corrected beam. CHARA also has 
optical paths of hundreds of meters and many optical surfaces between the telescope and the beam combiner.  
 

 
 

Figure 3. Beam path in the CHARA telescopes 
 
 
 
4.1  Inserting the new system into the Coude path 
 
The optics of the six ALT-AZ Mersenne telescopes in the array consists of a 1 m concave paraboloidal primary mirror 
(M1) and a confocal 0.14 m convex paraboloidal secondary mirror (M2). The 0.125 m collimated output beam is guided 

C.	  High	  throughput	  

6	  



Zoom-‐up.	  

The angle of incidence is 10 degrees on the beam-splitters. We also plan to use the other side of this dichroic as a means 
of injecting a laser beacan from the telescope back into the laboratory. 
Light reflected by the dichroic is focused by a commercial 6 inch F/4 paraboloidal mirror (m1). Before the focus, a small 
elliptical flat mirror (m2) intercepts the beam to place the focus in a more convenient place. The mirror is small enough 
to be hidden in the shadow cast by M3. The focus of the paraboloidal mirror falls in a small hole on another flat mirror 
(m3). Light from the science object goes through the hole undisturbed toward the WFS, while the rest of the field is 
reflected toward a relay optic followed by an image acquisition camera. A closeup of the optical path near the WFS can 
be seen in Figure 5. Light from the science object is collimated by a small lens , which also sets the diameter of the exit 
pupil. A 6x6 hexagonal lenslet array is placed in the exit pupil for focusing the starlight to 36 quad-pixels on the WFS 
camera.  This camera will be used in photon-counting (high gain) mode for faint objects and in normal (low gain) mode 
for bright objects. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.  The light from the science object should go through the hole in the center of m3 mirror. 

When the telescope is not yet pointing exactly to the science object, the light is reflected downward toward 
the acquisition camera, which is not shown in this closeup. 

 
There are certain features of the old system which we have to keep in the new system. One of them is the use of a laser 
fiducial for co-aligning the telescope pointing axis and the rest of the optical system. The optical paths between the 
telescopes and beam-combiners are several hundred meters long and therefore the field of view in the laboratory is 
extremely narrow. Finding a star would be a daunting task without using an alignment laser for aligning the telescopes. 
A laser beam, nominally D=0.125 m, can be sent out to each telescope from the laboratory. The same laser is used to 
align the beam-combiners in the laboratory. The laser beam is centered at the telescopes between M4 and M5. A small 
corner-cube in front of M2 intercepts the laser beam and sends a 25 mm beam back toward the image acquisition 
telescope. The acquisition camera picks up light from both the laser and from the target star so the observer sees a 
stationary "laser star" and the target star on the screen. The telescope is moved until the two images are coincident. Thus 
light from the target object follows the path of the laser and finds its way to the beam-combiner. The only difference 
between the new and old systems in this respect is that in the old system the corner-cube is centered in the beam and 
permanently mounted in front of M2, while it has to be off-center and movable in the new system otherwise the small 
flat mirrors in front of the paraboloidal mirror would block the laser beam from reaching the acquisition camera (Figure 
6). When the object is acquired the corner cube is moved out of the beam. The moving mechanism can be simple, since 
the corner cube is not sensitive to alignment. 
 

7	  



D.	  LocaLon	  of	  Lenslet	  plane	  	  
LocaLon	  of	  focus	  
Field	  stop	  5”	  
(~100micron)	  

Light	  from	  parabola	   Collimate	  beam	  so	  
aperture	  is	  1.5mm	  

AchromaLc	  doublet	  
F=7.5mm,	  AR	  coated	  

Input	  pupil	  
(secondary)	  imaged	  
here:	  7.2	  mm	  from	  
collimator	  

Lenslet	  	  
goes	  here	  
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Example	  of	  wavefront	  quality	  
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Adding	  filter	  upstream	  
improves	  wavefront	  
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E.	  Filters:	  bandpass	  +	  beacon	  notch	  

Light	  from	  parabla	  

Filter(s)	  could	  go	  
here.	  Must	  be	  
interchangeble	  

Lenslet	  	  
goes	  here	  

~5mm	  
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E.	  Off	  the	  shelf	  components	  

•  OKO	  C-‐mount	  hexagonal	  lenslet	  
– Spacing	  0.3mm,	  f=18mm	  
– Used	  for	  all	  calculaLons	  

•  Thorlabs	  f=7.5mm	  achromat	  
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Unresolved	  Design	  Issues:	  
Lenslet	  

•  Standard	  OKO	  lenslet	  has	  good	  features	  
–  Off	  the	  shelf	  
–  C-‐mounted	  
–  AR	  coated	  
–  FOV	  of	  each	  lenslet	  is	  about	  right	  (5.2”)	  

•  Some	  issues	  
–  Over	  sample	  PSF	  a	  bit	  more	  than	  necessary	  (3.2pixels	  FWHM),	  which	  means	  more	  dark	  noise	  

than	  necessary	  when	  closed	  loop	  
–  Requires	  reading	  out	  90x90	  for	  0.2m	  aperture	  or	  130x130	  (600Hz)	  for	  0.14m	  apertures	  (if	  we	  

want	  0.14m	  apertures	  we	  probably	  require	  custom	  lenslet)	  
–  Loses	  ~15%	  of	  light	  in	  the	  edges	  because	  circular	  lenses	  not	  hexagonal	  
–  Custom	  lenslet	  run	  will	  likely	  be	  10000-‐20000	  euros	  
–  If	  custom	  lenslet	  has	  f<18mm,	  then	  requires	  major	  modificaLon	  to	  the	  CCD	  window	  assembly	  

and	  mounLng	  (this	  will	  happen	  if	  we	  want	  lower	  sampling	  on	  the	  16micron	  pixel	  CCD)	  
•  Hexagonal	  or	  rectangular	  lenslets?	  
•  Is	  diameter	  5.2”	  enough	  field	  of	  view	  (+/-‐2.6”)?	  
•  If	  we	  don’t	  get	  lenses	  that	  fill,	  do	  we	  need	  a	  chrome	  mask	  to	  eliminate	  light	  

spillover?	  
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Unresolved	  design	  issues:	  
Bandpass	  Filters	  

In	  front	  of	  focus	  
•  In	  converging	  beam	  –	  but	  surpisingly	  this	  seems	  to	  correct	  

downstream	  aberraLons	  in	  collimaLng	  doublet	  (but	  depends	  on	  
which	  doublet	  is	  chosen	  –	  not	  GENERAL	  result)	  
–  All	  filters	  must	  be	  matched	  to	  not	  change	  focus	  posiLon	  

•  Can	  use	  off	  the	  shelf	  (larger	  format	  possible)	  
•  Space	  to	  mechanize	  
•  *might*	  compromise	  acquisiLon	  camera	  sensiLvity	  (throughput/

image	  quality	  -‐-‐	  TBD)	  
Behind	  focus	  
•  In	  collimated	  beam	  (good)	  
•  Must	  be	  smaller	  (off	  the	  shelf?)	  
•  Harder	  to	  exchange	  but	  sLll	  possible	  probably	  (hard	  to	  mechanize)	  
•  Very	  Lght	  fit	  for	  two	  filters	  (notch+bandpass)	  but	  possible	  probably	  
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Notes	  on	  Camera	  Modes	  
Baseline	  design:	  	  
•  SaturaLon	  occurs	  of	  V=	  -‐0.5mag	  (no	  ND	  filter	  needed)	  
•  1	  count	  per	  pixel	  (peak)	  for	  V=12.5	  
•  Noise:	  1.5	  dark	  counts	  per	  5”x5”	  FOV	  lenslet	  (but	  auer	  we	  close	  loop	  we	  

can	  focus	  on	  2”x2”	  region	  which	  has	  only	  0.25	  dark	  counts	  per	  frame)	  
•  We	  have	  to	  run	  always	  in	  17Mhz	  mulLplicaLon	  mode	  and	  will	  adjust	  

adjust	  gain	  for	  each	  object	  
•  For	  FAINT	  stars	  we	  should	  integrate	  longer	  than	  1ms	  to	  improve	  SNR	  since	  

clock-‐induced	  counts	  occur	  per	  FRAME	  not	  per	  second	  for	  this	  device	  
•  OpLmal	  subarray	  locaLon	  is	  not	  clear	  

–  minimize	  blurring	  of	  image	  during	  readout	  (assuming	  we	  have	  no	  shuher)	  
–  Probably	  need	  camera	  to	  test	  if	  offsevng	  subarray	  is	  sLll	  fast	  and	  leads	  to	  

“frame	  transfer	  ccd”	  readout	  
–  Should	  we	  just	  get	  shuher?	  Will	  it	  work	  in	  for	  1	  khz	  for	  years?	  
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Other	  QuesLons	  
•  How	  to	  deal	  with	  wandering	  pupil	  due	  to	  poor	  coude	  

alignment?	  
–  Do	  we	  build	  in	  ways	  to	  deal	  with	  this	  or	  rely	  on	  good	  coude	  alignment?	  
–  Could	  mount	  WFS	  assembly	  to	  pivot	  around	  hole	  in	  center	  of	  AQ	  mirror.	  This	  

would	  allow	  a	  pupil	  shiu	  without	  changing	  upstream	  Llts.	  	  But	  probably	  not	  so	  
easy	  to	  do	  at	  the	  level	  necessary	  (ie	  pivot	  wander	  <100microns	  on	  large	  
mount	  with	  camera,	  etc).	  

•  The	  hole	  in	  the	  AQ	  mirror	  will	  act	  as	  our	  field	  stop..	  
–  	  But	  if	  we	  can’t	  get	  the	  hole	  small	  enough	  we	  could	  bond	  a	  pinhole.	  Important	  

to	  have	  a	  field	  stop	  here	  to	  match	  field	  of	  view	  of	  lenslets	  (~5”)	  
–  Not	  sure	  we	  can	  buy	  a	  AQ	  mirror	  with	  such	  a	  small	  hole	  

•  one	  vendor	  I	  contacted	  has	  limit	  of	  1.3mm	  

•  Should	  we	  allow	  for	  off-‐axis	  guiding?	  
–  	  I	  think	  yes,	  which	  means	  large	  angular	  throw	  using	  encoders	  for	  either	  fold	  

mirror	  or	  parabola	  
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Next	  steps	  
•  Is	  basic	  design	  architecture	  ok?	  	  

–  Problems?	  Concerns?	  Risks?	  
•  Decide	  what	  opLons	  we	  want	  to	  include	  for	  trade	  study	  for	  presentaLon	  to	  criLcal	  

design	  review	  
•  Do	  sensiLvity	  calculaLon	  

–  simulaLon	  of	  wavefronts,	  camera	  detecLon,	  wavefront	  reconstrucLon,	  and	  resulLng	  
performance	  (TT	  only,	  TT+AO)	  

•  Get	  quotes	  for	  custom	  items	  
•  Do	  test	  on	  lab	  camera	  of	  criLcal	  issues	  

–  Confirm	  readout	  speeds,	  noise	  properLes,	  latency	  
–  Check	  mechanical	  constraints	  on	  window	  

•  Proceed	  to	  design	  study	  of	  acquisiLon	  camera/opLcs	  
•  Proceed	  to	  design	  for	  the	  beacon/sLmulus/alignment	  system	  to	  see	  how	  it	  

impacts	  design	  of	  WFS	  
•  Check	  mechanical	  layouts	  

–  Clearance	  with	  dicroic	  changer,	  other	  beams,	  size	  of	  table,	  placeholder	  for	  fiber	  injecLon	  
module	  
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