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Presentation Outline

Why we’re motivated to model MCAO for ELT’s

Why detailed modeling has been difficult

Recent enabling progress in efficient wavefront
reconstruction algorithms

Application to a sample problem
How does MCAO performance vary with aperture
diameter with all other parameters held constant?

Results for NGS, sodium LGS, and Rayleigh LGS
systems

RMS wavefront errors
Strehl ratios and PSFs

Summary and plans
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Why Model MCAO for ELT’s?

MCAO is an essential contributor to the science case
Accurate photometry in crowded fields
High resolution imaging of distant galaxies

MCAO is complex
Performance predictions require modeling
Accurate predictions can guide designs to minimize
cost and maximize performance

Modeling has already been fundamental for the design
of MCAO on 8-meter class telescopes
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MCAO Simulation Elements
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Figure 1: Simulation Features
This schematic/cartoon ill ustrates the basic featuresof the wave opticspropagation simulation.
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Computationally efficient wavefront reconstruction
algorithms will enable MCAO simulations for ELT’s
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Explicit Simulation of Wavefront Reconstruction
on 30-Meter ClassTelescopesIs Now Feasible

Wavefront reconstruction � solving a linear system of
equations to fit DM commands to WFS measurements

Conventional solutions via matrix inverses yield

� � � � �

complexity

Dramatically more efficient approaches have been
developed over the last several years

Advanced methods from computational linear
algebra that are commonly used in finite element
analysis, electromagnitism, . . .

� � � � �

scaling for Extreme AO (ExAO)

� � � � �

scaling for MCAO

Ellerbroek–MCAO Wavefront Reconstruction for ELT’s – p.6/23



Approachto Studying MCAO
Wavefront Reconstructionon ELTs

Efficient implementation of minimum variance
reconstructor

Estimate full 3-D turbulence profile
Fit DM actuator commands to turbulence estimate

Open loop reconstructor
No evaluation of servo lag effects (yet)

No evaluation of implementation errors or wave optics
effects

Can be studied via simulation once an efficient
closed loop reconstructor is available
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Reconstructor Implementation

Conjugate gradient iterations

Multigrid preconditioning

“Layer-Oriented” solver at each multigrid level
Layer-by-layer sparse matrix wavefront
reconstruction
Block symmetric Gauss-Siedel iterations used to
decouple layer interactions
LGS position uncertainty induces low-rank,
non-sparse matrix perturbations

Evaluate via Sherman-Morrison theorem
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MCAO Problem Description

How does MCAO performance vary with aperture
diameter with all other parameters held constant?

Sample system based upon MCAO for Gemini-South
Median Cerro Pachon turbulence profile, 1’ FOV

3 DM’s conjugate to 0.0, 5.15, and 10.30 km
Inter-actuator spacings of 0.5, 0.5, and 1.0-m

5 higher-order WFS
NGS, sodium LGS ( �� ��

km), and Rayleigh LGS ( � �  �

km)
cases

0.5-m subaperture width

WFS noise of 0.02 or 0.08 arc sec

4 tip/tilt NGS WFS used with LGS MCAO
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Six-Layer TurbulenceProfile

Layer Altitude, km Strength
1 0.00 0.652
2 2.58 0.172
3 5.16 0.055
4 7.73 0.025
5 12.89 0.074
6 15.46 0.022

Matches 6 first moments of median profile for Cerro
Pachon

Scaled to yield !" � #$

cm at

% � &(' )+* m

," � � ' $ )

arc sec
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Guide Star Locations
and Evaluation Dir ections

-
.

1 arc min

/ / /

/ / /

/ / /

0 123
0 123

0 123
0 123

0 14
0 14

0 14 0 145 14

6
6

6

6
6

7

7
7

7

NGS (circle) and LGS (disk)
directions

Evaluation directions
and weights

Ellerbroek–MCAO Wavefront Reconstruction for ELT’s – p.11/23



SampleProblem Dimensionality

Aperture diameter, m 8 16 24 32
WFS measurements 2240 8560 18840 33320
Turbulence phase points 7270 21226 42334 70838
DM actuators 789 2417 4957 8449

Ten simulation trials for each case to compute RMS
wavefront errors

100 trials for selected cases to compute mean PSFs
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MCAO RMS Wavefront
Err ors vs. Apertur e
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Convergencewith 0.02arc secWFS noise
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Satisfactory (and similar) convergence rates for all
systems
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Strehl Ratioswith 0.02” MeasurementNoise

Aperture J band H band K band

0.467 0.645 0.781

8m 0.498 0.495 0.669 0.668 0.798 0.797

0.661 0.541 0.517 0.788 0.703 0.685 0.875 0.820 0.808

0.355 0.545 0.707

32m 0.494 0.450 0.666 0.628 0.795 0.768

0.621 0.538 0.501 0.761 0.700 0.669 0.857 0.818 0.796

Field point locations (arc min):
(0.50,0.50)

(0.25,0.25) (0.50,0.25)

(0.00,0.00) (0.25,0.00) (0.50,0.00)
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Strehl Ratios for LGS
at 8 9 (No ConeEffect)

Aperture J band H band K band

0.516 0.683 0.807

8m 0.515 0.515 0.682 0.683 0.806 0.807

0.701 0.564 0.538 0.816 0.719 0.701 0.892 0.831 0.819

0.500 0.672 0.799

32m (tbd) (tbd) (tbd) (tbd) (tbd) (tbd)

0.709 (tbd) 0.562 0.821 (tbd) 0.718 0.895 (tbd) 0.830

Minimal reduction in PSF uniformity with increasing
aperture diameter
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SampleStrehl Ratios for
Conventional NGS AO

Aperture J band H band K band

0.002 0.008 0.052

32m (tbd) (tbd) (tbd) (tbd) (tbd) (tbd)

0.688 (tbd) 0.005 0.806 (tbd) 0.041 0.886 (tbd) 0.160
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SampleOn-axisPSFs
(H band, 10.89” ImageWidth)
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SamplePSFsat Corner of Field
(H band, 10.89” ImageWidth)

log Intensity (D=8m)
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PSFCoresat Corner of Field
(H band, 2.72” ImageWidth)
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PSFCentral Coresat Corner of Field
(H Band, 0.68” ImageWidth)
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On-Axis PSFsfor Conventional NGSAO
(H Band)
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Summary

Wavefront reconstruction simulations for MCAO on
ELT’s are now feasible

Sample results generated for 8 to 32-m NGS and LGS
MCAO systems at several WFS noise levels

Sodium LGS MCAO performance comparable to NGS
MCAO when all other parameters held constant

Some degradation to Strehl ratios at corners of 1 arc
min square field

Consider additional LGS or hybrid LGS/NGS
constellations?

Work in progress on computationally efficient
algorithms optimized for closed-loop implementation

Reliable
: �; �< �

profiles for a variety of sites are needed
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