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Major operational solar telescopes have AO:
      -AO routine for almost all observations

Dirk Schmidt

Swedish 
Solar 
Telescope
La Palma
1 m
10 cm subap.
85 act.
2 kHz

GREGOR
Tenerife
1.5 m
9.6 cm subap.
256 act.
2.1 kHz

Dunn Solar 
Telescope
Sunspot, USA
0.76 m
7.6 cm subap. 
97 act.
2.5 kHz
first solar AO

Vacuum Tower 
Telescope
Tenerife
0.7 m 
10 cm subap. 
37 act.
2.1 kHz

Goode Solar 
Telescope
Big Bear, USA
1.6 m
8 cm subap.
357 act.
2.2 kHz
highest order

New Vacuum 
Solar 
Telescope
China
1 m 
8.3 cm subap. 
151 act.
3.5 kHz

All on-axis AO not ground-layer AO  
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Schematic of Shack-Hartmann Adaptive Optics  
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Pupil Wavefront into Subapertures 

2.5 Hartmann-Shack wavefront sensors

the beam. Considering these aspects and requiring a 6σα range to cover 99.9997% of the
fluctuations yields the tilt angle range

α= ±3
D

d
σα . (2.59)

This results in α= ±122µrad for D = 1.5 m, d = 5 cm, r0 = 10 cm and λ= 500 nm, as an
example.

2.5 Hartmann-Shack wavefront sensors

The idea of optical wavefront sensing in general is to convert the wavefront information
into irradiance patterns that can be detected by cameras or other kinds of photo-sensors.
The phase of light waves cannot be measured directly: The electromagnetic field of a light
wave with λ = 500nm oscillates with f = c/λ = 600 THz. There is no detector which is fast
enough to sample such a signal.
The most famous wavefront sensor type is the Hartmann-Shack wavefront sensor††, which is
sketched in figure 2.21. It allows for detecting the wavefront tilt within separate zones of
the telescope aperture, called subapertures. This is achieved by propagating the wavefront
through an array of identical lenses that is placed into a pupil image of the telescope. Each
lens forms an image of the object in the focal plane which is recorded by a CMOS camera
for instance. The images are shifted away from the optical axis according to the wavefront
tilt that is present in the area of the lens. If the object is a star, the image is simply a spot.
However, if the object is extended, the image is extended as well and the field of view must

sk
(x )

incident wavefront

wavefront tilt

collimated starlight beam

beam of extended object

focal plane

pupil image
with lens array

Figure 2.21: Principle of a Hartmann-Shack wavefront sensor.

††named after Johannes Franz Hartmann (1865-1936), German physicist and astronomer, and Ronald V. Shack
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Effect	of	Telescope	Resolu/on	-	Intensity	

Simulation, DKIST, GST
SST, Hinode

Diffraction Limit 
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Why Off-Axis?  10.4 m Gran Telescopio Canarias  
in Thermal Emission (Goode, Kuhn & Moretto) 
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v  Adaptive Optics System (AO: 
AO-76, AO-308,GLAO & MCAO)  

v  Visible Imaging Spectrometer (VIS, 
VISP) 

v  Near InfraRed Imaging Spectro-
polarimeters (IRIM, NIRIS)     – 

v  Cryogenic Infrared Spectrograph 
(CYRA) 

v  Broad-band Filter Imager (BFI) 

v  Fast Imaging Solar Spectrograph 
(FISS) 

GST Scientific Instruments 

AO FISS 

NIRIS 

BFI 

CYRA 

VIS 

MCAO 
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1st Generation AO: AO-76 
v  Shack Hartmann WFS with 76 sub-

apertures (AO-76): 10 sub-apertures 
across the NST PM 

v  Xinetics Deformable Mirror with 97 
actuators and 7 mm spacing 

v  Baja camera with a frame rate of 2500 Hz 
for 200 by 200 sub-array 

v  Bitware Hammerhead Boards with 40 
digital signal processors (DSPs) 

v  Closed-loop Bandwidth: 120 Hz 
v  Strehl ratio: 0.7 in the NIR under median 

BBSO seeing 

v  BBSO r0 = 6 ~ 8 cm @ 500 nm, GST 
requires 20 sub-apertures across pupil 

v  Note: @ 1000 nm r0 = 14 ~ 18 cm, 10 
sub-apertures across (r0  varies as λ6/5) AO-76 
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2nd Generation AO: AO-308 
v  AO-308 is operational, AO-308 is a 

collaboration between BBSO and NSO  

v  Shack Hartmann WFS with 308 sub-
apertures (AO-308): 20 sub-apertures 
across the NST primary mirror 

v  Xinetics Deformable Mirror with 357 
actuators and 5 mm spacing 

v  Phantom V.7.3 camera with a frame rate of 
2000 Hz for 400 by 400 pixel sub-array 

v  Bitware TigerSHARC Boards with 16 digital 
signal processors (DSPs) 

v  Closed-loop Bandwidth: 120 Hz 
v  Acquire diffraction limited imaging over the 

telescope’s full range of operation 
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TiO (705 nm): 2010 (AO-76, 70”x70”) vs.  
  2013 (AO-308, 50’’x45”)  
  TiO (705 nm) 
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 CAO (Gen II, AO-308) – Off & On  
CAO On + Speckle Image Reconstruction 

2 September 2013 - TiO 
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Classic AO  
Sunspot 
•  May 22, 2013 

–  43 mins 
–  TiO (705 nm) 
–  50”x45” FOV 
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Flare 5 July 2012 
•  1083.0 nm 
•  Nearly 3 hrs 
•  CAO & Speckle 
•  At 21:47 FOV Lit 
•  Need sub-second 

timestep over 
FOV 

•  50000 km x 50000 
km field 

•  Spot roughly the 
size of Earth 
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Why Isn’t One Adaptive Mirror (DM) Enough? 

unequal
wavefronts

identical
wavefronts

focal plane

transfer
optics

aperture stop
telescope objective

wavefront aberration
in turbulent layer in
high altitude

wavefront aberration
in ground layer
turbulence

focal plane
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MCAO Schematic 
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Generic Solar MCAO:  
WFS, DMs,  & Guide Regions 

•  Why 3 DMs? 
–  Rough expection: 

 - One for groundlayer 
 - One for transition layer 
 - One for jetstream?  

•  How Many Guide Regions are Required? 
–  FOV & location of turbulent layers 
–  # of Guide Regions & # of DMs Roughly Related 

•  WFSs 
–  Two at first 
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How Many Guide Stars Do You Need? 

A. Tokovinin et al.: Optimized modal tomography in adaptive optics 711

GS1GS2

s

c

Command

Signal

Telescope

WFS 1 WFS 2

DM2

DM1

θ

Command  matrix

M

Fig. 1. Scheme of an MCAO with modal control. Atmospheric
layers matching the conjugation altitudes of the 2 DMs are
shown. Both the WFS signal vector s and the DM command
vector c are specified as the coefficients of wavefront expansion
on Zernike modes. For DM2, this expansion is defined on a
meta-pupil of the diameter D+2θH2, where D is the telescope
diameter, θ is the radius of the FOV, H2 is the conjugation
altitude of DM2.

some command matrix M to control the shape of the DMs.
This shape is also specified in terms of Zernike modes, and
for this reason such an MCAO system can be called modal,
as opposed to zonal systems where both WFS and DM sig-
nals are specified as local parameters (wavefront slopes or
actuator voltages).

Although Zernike modes are slightly sub-optimal for
turbulence correction (Roddier 1999), the Zernike basis
plays an important role in theoretical studies of AO and
gives reasonable performance predictions. We extend these
studies to 3-dimensional turbulence correction and present
an analitycal tool for fast performance estimates which
permits to explore rapidly the vast space of system pa-
rameters in search of best configurations. Further refined
analysis of selected configurations must be done by Monte-
Carlo simulation which will take into account many addi-
tional details.

In an MCAO system the shape of DMs is driven in
such a way as to obtain the best possible correction in a
closed loop; the WFSs then measure the remaining resid-
ual wave-front aberrations. Here we consider an open-loop
MCAO system, where the WFSs measure the uncorrected
perturbations, not residual aberrations. The DMs correct
the turbulence in another (scientific) beam. As shown by
Ellerbroek (1994), this approximation can describe a real
(closed-loop) AO system under certain assumptions. We
neglect the temporal aspects of MCAO operation by sup-
posing that all measurements and corrections are done

instantaneously. Thus, our attention is focused on the
spatial aspects of turbulence tomography and correction,
which are indeed new and specific to MCAO.

The command matrix plays a role of a “magic” black
box that receives the WFS signals and produces the re-
constructed wave-fronts at the output. How should the
command matrix be selected to obtain the best possible
correction? What is “the best possible”? How good is the
correction finally? Which parameters of MCAO need to be
optimized, and how? These are the questions addressed in
the present work.

In Sect. 2 we briefly outline possible correction strate-
gies and the method to estimate the first-order MCAO
performance based on modal covariances (mathematical
details of the derivation are given in Appendix B). Our
numerical code is presented in Sect. 3. In Sect. 4 the re-
sults on tomography are given, and in Sect. 5 a low-order
MCAO system is considered. The conclusions are summa-
rized in Sect. 6.

2. Principles of optimized modal tomography

2.1. Inverse control

The concept of modal MCAO was discussed in the paper of
Ragazzoni et al. (1999, hereafter RMR99). It was shown
that the deformations of several DMs can be measured
(and hence controlled) by measuring a certain number of
Zernike modes on natural or laser GSs.

In a classical AO there is a one-to-one correspondence
between the wavefront and DM modes, but in MCAO this
relation is not so simple. As can be seen in Fig. 1, for
a finite Field of View (FOV) of a radius θ, the diame-
ter of the second DM (called meta-pupil) must be larger
than the telescope pupil D by at least 2θH2, where H2

is the conjugation height of the second DM. A beam of
some GS illuminates only a portion of the meta-pupil: the
beam footprint diameter is smaller than D for an LGS
(as shown in the figure) or equal to D for an NGS. In
addition, the footprints are displaced from the center of
the meta-pupil as soon as the GSs are not on-axis. The
wavefront is decomposed into Zernike modes on a small
circle (footprint), and DM commands are decomposed on
a larger circle (meta-pupil). The relation between those
two sets of modes is called mode projection, and is given
by a mode projection matrix. It is discussed in RMR99
and in Appendix A.

Using mode projections, it is possible to express by a
matrix the reaction of all WFSs to a given Zernike mode
on a meta-pupil. This interaction matrix A relates the vec-
tor of WFS signals s to the control signals (commands) c,
as in any AO system, and its specific form (projections)
is only a consequence of the modal representation of both
signals that we choose. As noted in RMR99, the inter-
action matrix can be inverted, to give a command ma-
trix Minv:

s = Ac and c = Minvs, where Minv = A−1∗. (1)

2 A short course on adaptive optics
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Figure 2.24: Wavefront tomography.

(known as footprints) from the wavefront. The circumcircles of the penetrated sections (the
footprint of the total field of view) are called metapupils. In modal tomography, the modal
expansion of the wavefront within the metapupils is sought(Ragazzoni et al., 1999).
Let us assume to know the accumulated wavefronts from M sensors, and let z⃗α be the vector
of Zernike coefficients of the wavefront accumulated in the direction of wavefront sensor α,
i. e.

z⃗α =

L∑

l=1

z⃗ (l)α , (2.75)

for α = 1, . . . , M and with z⃗ (l)α denoting the Zernike expansion vector of the wavefront section
within the footprint of the beam in direction α in the layer l. The wavefront within the
whole metapupil in layer l shall be represented by Z⃗ (l). The circular areas corresponding
to the expansions z⃗ (l)α and Z⃗ (l) are indicated on the right side of figure 2.24. The length
of the vectors, i. e. the number of considered Zernike polynomials, may be chosen J <∞
for both Z⃗ (l) and z⃗ (l)α . Being allowed to limit z⃗ (l)α to the same length as Z⃗ (l) seems to be
intuitive because J reflects the maximum spatial frequency with respect to the Zernike
circle. Thus, Zernike polynomial ZJ defined in a subcircle corresponds to even higher
absolute frequencies. The justification of limiting the vectors to same length was shown
mathematically by Ragazzoni et al. (1999). Accordingly, it is possible to define a matrix
A(l)α ∈ !

J×J that converts metapupil expansion into subcircle expansion, i. e.

z⃗ (l)α = A(l)α Z⃗ (l) . (2.76)
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  Meta-pupil Diameter =D+2θH = 1.6 +θ (arcsec)/60 H(km)/3.5   
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2. MCAO AT BBSO

The MCAO project at BBSO is a collaboration of the U.S. National Solar Observatory (NSO), BBSO (operated
by the New Jersey Institute of Technology), and the Kiepenheuer-Institut für Sonnenphysik (KIS). The scope of
the current project is to demonstrate the value of MCAO for solar science using the 1.6-meter NST at BBSO,
and to establish an experimental platform as the pathfinder system for the future MCAO system of DKIST. The
NST is a 1.6-meter solar telescope with a clear aperture, o↵-axis design like the 4-meter DKIST. The absence
of spiders in the aperture is a great advantage for adaptive optics, as spiders easily degrade the solar image in
the small subapertures of the Shack-Hartmann wavefront sensors. Hence, the NST allows us to concentrate on
MCAO di�culties with no need to worry about additional complications caused by spiders.

2.1 The NST MCAO system

MCAO is a new technology for daytime astronomy, and as such, merits careful study, especially since the key
technical issues (wavefront sensing) and the targeted wavelength regimes are di↵erent than those for nighttime
astronomy. The NST MCAO system, shown in fig. 1, is meant to be the pathfinder for DKIST MCAO. Thus

Figure 1: The MCAO light path (sketched in green, light enters from upper right) of the New Solar Telescope on
May 21, 2015. This photograph shows configuration “B” (fig. 2). The black platforms on the left carry
the MD-WFS and the OA-WFS-B. OA-WFS-A is mounted on the X95 rail in the background (feed
optics not installed in this picture). The focal plane of the MCAO path is monitored with the large
blue camera (PCO 2000) next to the MD-WFS. The black dovetail rails allow for quick adjustments
of the high-altitude DMs (figs. 3 and 4).

 Setup with WFSs Downstream of DMs  
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MCAO Design 
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Three Cooktops Randomly Placed in 
Optical Path  

No AO                  CAO (1DM)           MCAO (3DM)    
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Narrowing the FOV (Rigaut et al. 2000) 
          from 70”x70” to 35”x35” 

Narrow FOV (θ) & Increase Depth of Field (Δhmax) 

   Δhmax (in km) = 3.6 dact (in cm)/θ (in arcsec)
•  35’’ FOV, this is approximately 3.6x9 cm/35’’ ≅ 1 km for 

the DM conjugate to the pupil, 
•  approximately ±2 km for a DM when conjugate to 3 km,  
•  and about ±3 km for a DM in 8 km,  
•  Thus, continuously cover the range from 0 to 11 km with 

the reduced wavefront sensing FOV 
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Setup That Worked  
  - Clear Successful MCAO Demonstrator 

•  Cut FOV from 70”x70” to 35”x35” 
–  Narrow FOV to increase Depth of Field (Depth inverse to FOV) 
–  Conjugated DMs to 0, 3 & 8 km – covers 0-11 km (0-1, 1-5, 5-11 km resp.) 
–  9(3x3 over field) Guide Regions (analogous to nighttime guide stars) 

•  New MD-WFS Camera 
–  208 (16 across diameter, 8.8 cm) subapertures, each with 3x3 guide regions  
–  Camera 992x992 px able to read 208 @ 1600 fps (but limited to 1000 Hz by 

control computer) 
•  MCAO Light Feed 

–  Highest conjugated DM to Mid-DM to Pupil DM to WFS 
–  Same order as is Gemini South (two DMS & 3 Natural/5 Laser Guide Stars) 

•  “Science Camera”: PCO.2000 (2Kx2K) 15 frames/s 
•  3DMs better than 2 DMs  
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MCAO (53’’x53’’) GLAO (7/27/16)      CAO 
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MCAO (53’’x53’’) GLAO (7/27/16)      CAO 

Above: Sum of from Images Burst;    Below: Speckle Reconstructed Bursts 
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Upper Left 
Corner of MCAO 
Reconstructed 

 vs. 
MCAO Summed 
 
7/27/16 TiO 
   ~15”x10” 
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G-Band (430.5 nm) 53”x53” FOV 



Big Bear Solar Observatory  

Sunspot 7/21& Fried Parameter  
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7/21 Another Sunspot 3 Hours Later 
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0.7 µm 
   Vs. 
1.56µm 
- - Trial 
Run 
Data 
from 
10/26/17 
  

0.7 µm CAO    0.7 µm MCAO    
 

1.56 µm CAO    
 

1.56 µm MCAO    
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What Next? 

•  Feed current MCAO setup to BBSO spectro-polarimeters for 
origins of space weather studies  
–  Lead in to Prof. Vasyl Yurchyshyn’s Talk 
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F 
i 
n 
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