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Performance measures

ÅWavefront error
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Strehl ratio

Lick 3m Telescope Keck 10m Telescope



The Strehl is related to the wavefront variance 

through Marechalôs approximation
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ÅExtended region of validity 

for AO-corrected wavefronts



Resolution

The Rayleigh criterion: in a diffraction-limited optical system, two 

point sources are separately distinguishable at a separation ~l/d

In AO systems with a Strehl 

>~0.15, the FWHM of the 

corrected image is ~l/d

F. Rodier introduced the 

concept of ñStrehl-resolutionò = 

width you have to enclose to 

get the same energy as in the 

FHWM of the ideal PSF



Image contrast

ÅContrast = ratio of halo to core ñsurfaceò brightness

ÅIntegration time required to detect a faint object in the halo 

is proportional to (contrast)-2

Keck AO example at l=2m

Distance from the primary star, arcseconds
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The SNR-optimal slit-width transitions to l/d 

when the Strehl gets > 0.1

Energy in a spectrograph slit

D.L.

unc



Additional measures

ÅField performance

ÅPSF stability



7 layer model atmosphere with r0 = 

15.6 cm and q0 = 3.1 arcsec

Optimize on disk

DM at 0 km DMs at 0,10 km

DMs at 0,5,10 km

Field Performance of Multi -conjugate AO



ÅFitting error (DM)

ÅControl error (sample rate)

ÅMeasurement error (Hartmann sensor)

Å Isoplanatic error (field angle)

ÅCalibration error

ÅLaser guide -star specfic errors: cone effect, guide -star elongation

AO system error contributors
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To some approximation, we can add these terms in quadrature



DM fitting error
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The DM corrects the wavefront up to 

a spatial frequency of 1/(actuator 

spacing)

Example spatial filtering function
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Influence Function Spatial Frequency Response



The fitting error coefficient, m, depends on the 

type of deformable mirror

Segmented mirror

Square segment, m=0.174

Hexagonal segment, m=0.116

d

d

Continuous face sheet DM:  m=0.3

ÅSegmented mirrors requre 3 (piston, tip, tilt) 

actuators per segment

ÅRewriting the fitting error in terms of number of 

actuators, Na shows its more economical to 

use a continuous mirror:
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Control bandwidth error

Example temporal filtering function
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The control loop corrects the wavefront up to a temporal 

frequency of f fc s@ 10

ñGreenwood frequencyò -

depends on wind velocity, r0, 

etc., but simply defined here as 

the control frequency where the 

bandwidth term=1 radian 2



Wavefront measurement error

s h c
p

l

qq q q

q q

SNRx SNR
= ³ ³ ³ ³ ³-¤

¤

-¤

¤

-¤

¤

ññ

ñ

2

2 0

1
d

I d d

I d

x y x y

y y

( , )

( , )

&') ()
Spot-size factor

(units: angle on the sky)

Control loop 

averaging factor

Reconstructor 

noise propagator

s s sSNR SNR SNRx y

2 2 2= +



Isoplanatic error
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Turbulent layer

Light from 

science object

Light from 

guide star

ÅIf the guide star is not the science object...

Isoplanatic angle:



DM at 0 km DMs at 0,10 km

DMs at 0,5,10 km

Anisoplanatic error can be controlled by MCAO

Residual error is the ñgeneralized 

anisoplanatismò = (q/qm )5/3

(Tokovinin&LeLouarn, 2000)



Laser guidestar specific errors

ÅCone effect
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e.gé. h=4 km, r0=10cm =>d0=4.5m

Laser Guidestar at finite altitude
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The laser guide star has a larger apparent size than a 

natural star

ÅThe wavefront measurement error is increased accordingly

    Spot size (arcsec)

DL (d=25cm) 0.4±

star (r0=11cm) 0.94±

LGS 2.16±

Laser

Star*Star

Star*Star *Laser

LGS

Star

Radius, arcsec
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Lick laser data, from Nov. 1999



Laser guide star

Natural star



Optimizing the error budget

ÅIn the design, select d (subaperture size =~ DM actuator 

spacing) to trade between DM fitting term and 

measurement term.  This will set the NGS limiting 

magnitude, or ñsky coverageò.  It will also set the 

ñoptimized wavelengthò of the AO system: l:r0(l)=d.

ÅFor a laser guide star system, trade measurement error 

for laser power.  Select the optimum d for the predicted 

LGS brightness.  Brighter lasers (and more actuators) get 

to shorter wavelengths.

ÅOn-line tuning:

ÅSelect a frame rate that will best trade off 

measurement and bandwidth terms

ÅSelect a natural guide star to trade off brightness 

(measuement error) for field angle (isoplanatic error) 



Contoller bandwidth, fc
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Optimizing the error budget



Simulating an AO system

ÅHeirarchy of modeling

ÅScaling laws

ÅñAnalyticò models (usually working in transform space)

ÅMonte-carlo wave-optic simulation

ÅTools:

ÅKolmogorov screen generator

ÅWavefront propagation code

ÅDM model, WFS model

ÅImaging model



Monte -carlo Simulation of an AO system

Generate a guide star

Near-field propagation

Generate a phase screen, add to 

wavefrontôs phase

Continue to propagate

Generate another phase screen, 

add to wavefrontôs phase...

Multiply by the aperture function

Subtract the DMôs phase

Run through the WFS model

Run through the controller model

Apply the DM actuator response 

model

Image residual 

wavefront

wind



Gathering performance data on a real AO system

ÅTelemetry:

ÅWavefront sensor data (slopes, intensities) ->

controllerôs rejection curve, bandwidth error term, 

measurement error term

ÅDM actuator commands ->simutaneous r0

ÅImage data:

ÅOpen loop ->r0

ÅClosed loop ->Strehl



Error Budget Summary ïKey Terms in an 

Astronomical AO Error Budget



r0 (Fried seeing parameter) Histogram
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Histogram of Wind Speeds
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Greenwood Frequency Histogram
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Lick seeing statistics

D. Gavel, E. Gates, C. Max, S. Olivier, B. Bauman, D. Pennington, B. Macintosh, J. Patience, C. Brown, P. Danforth, R. 

Hurd, S. Severson, J. Lloyd, Recent Science and Engineering Results with the Laser Guidestar Adaptive Optics System at 

Lick Observatory, Proc SPIE, 4839, pp. 354-359 (2003).



Performance vs Guide Star Brightness
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Lick AO System: performance statistics 

LGS Performance
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Strehl Histogram BrG Filter
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Lick AO System: On -line Performance Analysis

Fill in the seeing and other system parameters in the green boxes and read the Strehl in the blue box

Lick Error Budget r0 0.15 m

radians@.55 nm Strehl@lambdaObs v-wind 10 m/s

counts 100 photo-electrons Fitting 2.405180443 210.538 0.70 tau0 0.015 s

read noise 6 electrons Bandwidth 0.838952777 73.43791 0.96 fg 9 Hz

spot FWHM 2 arcsec SNR 1.223671374 107.1143 0.91 mu 1

spot sigma 1.442695 arcsec Calibration 1.583226455 138.5881 0.85 d 0.43 m

pixel size 2 arcsec Aniso 0 0 1.00 fs 100 Hz

crosstalk 0.2 arcsec Strehl 283.5481 0.52 fc 10 Hz

centroider quad FWHM open loop 0.75630429 arcsec at lambdaObs lambda 550 nm

SNR 6.401844 note: need to load math package in Excel (erf) to connect this to calculations belowObserved 0.35 lambdaObs 2200 nm

theta 0 arcsec Unaccounted 2.510864718 219.7891 0.67 calibration 0.85 Strehl (BrG)

Quad Cell SNR 4.125565 theta0 6 sec

ÅThe spreadsheet errorbudget.xls can help diagnose the sources of 

Strel loss and aid with on-line AO system parameter adjustments

ÅOther on-line metrics at the operator interface, based on AO system 

telemetry data analysis:

ÅSeeing r0

ÅWind velocity

ÅTemporal power spectrum of turbulence

ÅControl loop rejection curves

k-8/3 spectrum

wind 

clearing 

time scale

noise floor



Lick AO Telemetry Data Analysis Pipeline

Hartmann 

slopes

Actuator 

voltages

Subaperture 

intensities

Raw 

Hartmann 

images

Average over 

illuminated 

subaps

Frame 

rate

Determine 

guidestar 

intensity

Verify proper background 

subtraction & photometry

Determine 

SNR

Generate phase 

spectra

Frame rate

Generate controller 

rejection curve

Fit effective 

loop gain

Derive 

Hartmann spot 

size

Electronic 

loop gain

Determine 

wavefront 

measurement 

error

Control params

Generate tilt 

spectra
Account for tilt 

in phase spectra

Account for 

sensor noise in 

phase spectra

Calculate 

Greenwood 

frequency

Calculate 

integrated temporal 

power rejection

Compare to 

Greenwood 

model

Open-loop 

images

Pre-calibrate rms 

actuator voltage to 

micron ratio

Calculate rms 

phase correction 

by DM

Determine r0 from 

rms phase 

correction
Calculate fitting 

error

sSNR

sBW

sDM

Control 

matrix

Actuator spacing

Compute the 

compensator 

function

Determine 

sensor noise

Measure Hartmann spot 

size of internal source

Compute noise 

averaging 

factor
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Modeling the effect of noise in closed loop



Correcting the closed loop residual phase 

spectrum for the effects of noise
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=============================================

Lick 3m error budget

/duck5/lickdata/sep00/lgs6data/sep08/cent_07

Saturday 09/09/00 23:03:44 PDT 

---------------------------------------------

Fitting Error (sigmaDM)       117.827 nm

d =       42.8571 cm

r0Hv =       13.6763 cm

---------------------------------------------

Servo Error (sigma_BW)       85.8510 nm

fc =       45.9980 Hz

fgHv =       28.5525 Hz

fs =      500 Hz

---------------------------------------------

Measurement Error (sigma2phase)       81.9109 nm

SNR =       45.7691

control loop averaging factor =      0.452526

spotSizeFactor =      0.882759 arcsec

---------------------------------------------

TOTAL:          167.221 nm

=============================================


