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Zusammenfassung:

Die adaptve Optik (AO) ALFA, die vom Max-Planck-Institufiir AstronomieamCalarAlto Obsenatoriumbe-
triebenwird, stehtseiteinigenJahrerfiir astronomisch&eobachtungenur Verfiigung.Die wissenschaftliche
Verwendungron mit Hilfe diesednstrumentggevonnenemufnahmen,wird, wie auchbei andererAO Sys-
temen durchorts-und zeitabtangigeVariationender Punkterbreiterungsfunktio (PSF)erschwert Aufgrund
anisoplanatischeEffekte und/oderUberbelichtunglesLeitsternsist esi.a. nicht moglich, Informationeniiber
die PSFausAufnahmenzu entnehmen.Daherist eswiinschenswertinablangigeSchatzungerder PSFan
jederStelledesSichtfeldesdurchiihrenzu kénnen.

DieseSchatzungerkdnnenausMessungeron ALFAs WellenfrontsensofWFS)gewvonnernwerden.Zu diesem
Zweck war esnotwendig,einenvorhandenemlgorithmus,der fir Curvature-Sensoreantwickelt wurde, fir
denin ALFA verwendeterShack-Hartmanrsensorzu adaptieren. Dieser Algorithmus wurde dann mittels
SimulationerhinsichtlichLeistungund Anwendungsriglichkeitengetestet.

Abhangigvon der Helligkeit desLeitsternsund der gevahltenRegelkreisfrequensind WFS-Signaleunter
schiedlichverrauscht.Um zufriedenstellend&rgebnissamit dem PSF-Schtzalgorithmuszu erzielen,muss
diesesRauscherverlasslichbestimmiwerden.Fir ALFA ist dieseBestimmungnur indirekt durchZeitreihen-
analyseder WFS-Signalemdglich. In diesemRahmenwird eine neueSchatzmethoderorgeschlagendie im
Fall dunklerLeitsterneundniedrigerRegelkreisfrequenzesehrgute Ergebnissesrmbglicht.
PSFSchatzungerabseitsder Korrekturachserforderndie Kenntnisder vertikalenTurbulenzwerteilungin der
Atmosplare. Daherwurdensimultanzu Beobachtungemit ALFA Messungemit einem SCIDAR-System
durchgetihrt. DieseMessungendientenzudemder Uberpiiifung von WertenatmosphrischerParameterdie
ausWFS-Signalersowie Sternaufnahmegevonnenwurden.

DerabschlieBend¥ergleichvon ausAufnahmenentnommene®SFsmit denentspreche®chatzungerergab
in allen Fallen gute Ubereinstimmung Zudemergabsich eine erheblicheVerbesserunger photometrischen
Genauigleit bei Verwendungeinerlokal gesclatztenPSFgegeriberderLeitstern-PSF

Abstract:

The ALFA adaptie optics(AO) systempperatedyy the Max-Planck-Institufir Astronomieat the CalarAlto
Obsenatory, hasbeenavailableasa standardacility instrumenfor someyearsnow. As with otherAO systems,
however, the scienti ¢ useof obsenationswith this instrumentis complicatedby the time- andspace-ariant
natureof the systempoint spreadfunction (PSF).Generally the PSFinformation cannotbe taken from the
imagesdueto anisoplanag and/oroverexposureof the guidestar It is thereforehighly desirableto obtainan
independengstimateof the PSFat eachpositionin the eld of view.

This estimatecanbe derived from the wavefrontsensoi(WFS) signalsof the ALFA system.It wasnecessary
to adaptan existing algorithm developedfor curvaturesensorgo the Shack-Hartmansensor(SHS)usedon
ALFA. The practicabilityand performanceof this algorithmwasthentestedusingsimulationsof atmospheric
turbulence.

WEFS signalsare affectedby noise,dependingon the brightnessof the guide staraswell asthe selectedoop
frequeng; thisnoisehasto bereliably determinedn orderto obtainsatisactoryresultsfrom the PSFestimation
processWith ALFA, noiseestimationis only possibleindirectly by time-seriesnalysisof the WFSsignals.A
new methodis proposedhatdeliverssuperioresultsfor faint guidestarsandlow loop frequencies.
PSFestimatioreway from theguidestarrequiresknowledgeof theverticalturbulencepro le of theatmosphere.
Hence SCIDAR measurementserecarriedout alongsideAO obsenations. Thesemeasurementalsosened
to cross-checlestimate®f atmospheriparametergainedfrom WFSsignalsaswell asimages.

Finally, on- andoff-axis PSFsextractedfrom imageswverecomparedo their estimatedcounterpartsyith good
agreemenfioundin all casesAdditionally, it couldbeshovn thatthephotometriaccurag is stronglyimproved
by usingalocally estimated®SFascomparedo the guidestarPSE
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Chapter 1

Intr oduction

The lastdecadehasseena groving numberof obseratoriesbeing equippedwith Adaptive Optics
(AO), atechniqueto correctfor the degradationof astronomicalmagingby the earths atmosphere.
Thefactthatthe performancef telescopesvasnot only restrictedoy shortflls in the manufcturing
of mirrors andlensesor alignmentaccurayg, but also,andstronglyso, by the movementsof the air
washotedasearlyas1704in Newton's Optidks

Sincetheinventionof thetelescopethereweretwo maindesiref theastronomersisingthatinstru-
ment: to “go deeper”’,meaningto be ableto seeever fainterobjectsin the universe,andto “resolve
higher”,in orderto study ner and ner detailsof thecelestialbodies.Both of thesegoalsaresubject
to limitations dueto atmosphericurbulence. For all of theimprovementsof astronomicabbsenra-
tions,beginningwith photographiplatesup to themodernelectronicdetectordike CCDsandAPDs,
the maximumspatialresolutioneven of the latest8 m classtelescopess not higherthanthat of am-
bitiousamateurequipmentwvith aperturediametersof sometensof centimeters.The reasorfor this
is thattheresolvingpower of telescopess seeing+ratherthandiffractionlimited, i.e. determinechot
by the optical propertiesof theinstrumentbut by that of the atmosphereSensitvity is alsoaffected
andthe consequencearedramatic:while the time to reacha given signal-to-noiseatio (SNR)on a
speci ¢ objectwould fall with the 4th power of the aperturediameterin the diffraction limited case,
it only falls with the 2nd power underseeingconditions. So, the stepfrom 3m to 10m classtele-
scopescould reducethe necessanyntegrationtimesby a factorof 100, while underreal conditions
the performanceayainis moreaboutafactorof 10.

Thereare two waysto overcomethe restrictionsof observingthroughthe atmosphere:either by
avoiding it altogetherby putting instrumentsin spaceor correctingfor its degrading effects while
observingrom the ground.

Thesucces®f the Hubble SpaceTelescopdHST) hasshavn the promisesof observingfrom space.
Notonly did it reachtheimagingquality allowedby its optics,but it alsobene tedfrom theabsencef
othercomplicationsof ground-basedstronomynotablythe missingof sky backgroundoiseaswell
asatmospheriemissionandabsorptioninesin spectroscop The downsideof HST's tremendous
achiszementshowever, liesin its price; developmentandlaunchalonesummedup to about3 billion
USdollars,andits shareon NASA s budgetfor maintenancenissionsandthenecessarinfrastructure
is alsosubstantial For this reasonspaceelescopesffer only a partial,if very important,solutionto
the problemsmposedby imagingthroughtheatmosphere.

This leaves the option to improve ground-basedbsenrations by techniqueghat correctfor atmo-
sphericdistortions. Spekle imaging solvesthe resolutionproblembut wreakshavoc on sensitvity;
thevery shortexposurgimes(severalmillisecondsn thevisual)dictatedby thismethodincreasdoth
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2 CHAPTERI1. INTRODUCTION

measuremeragndphotonnoise thuslimiting its applicabilityto objectsbrighterthan11thmagnitude.
Additionally, diffractionlimited imagesareonly deliveredthroughpost-processingenderingspeckle
imagingunsuitablgor spectroscop

The methodof choiceis thereforeAO, thatactively andin real-timecompensatefor wavefront dis-

tortionsimposedby the atmospherelts basicprincipleis the measuremerf phaseaberrationson

a referencesourcewhich are subsequentlyompensatethy a deformablemirror, with the goal to

keepthoseaberrationsassmallaspossible. Today AO canberegardedasa maturetechnologyand
consequentlys partof theinstrumentpool of every recentobsenratory

A short history of adaptive optics

Theconcepbf adaptve opticswas rst describedn the 1950sby Babcock(1953);hisaccountlready
containedll theelementof amodernAO systemj.e. wavefrontsensorphasecorrectorandacontrol
system.Dueto thetechnicallimitations, mainly in sensorandcomputertechnologythe systemwas
not sufciently successfulHence thefollowing decadesoncentrate@n imagemovement(tip-tilt)
correctiononly, which is mucheasierto achieve. Beginningin the middle of the 1970s,however,
interestin the eld grew again, albeit not for astronomicabut military applications;sinceit was
mostlyclassi ed, muchof theresearchdid notreachthe scienti c community

An Frenchgroup independentlydevelopedan AO systemfor the Obseratoire d'Haute Provence,
which emplo/ed a Shack-Hartmansensoranda deformablemirror with 19 actuatorf COME-ON,
(Roussettal., 1990)). The samesystemwaslater upgradedandinstalledat ESO's 3.6mtelescope
at La Silla, Chile, whereit nally becamehe rst AO userinstrumentunderthe nameof ADONIS
(Beuzitetal., 1994). Meanwhile adifferentgroupdevelopeda new sensotype,the curvaturesensor
alongwith anew kind of deformablemirror, the bi-morphmirror, which wasinstalledat the Canada-
France-Hwaii telescopgCFHT) andafterseveralupgradesvolvedinto the PUEOsystem(Roddier
1988).

Thesuccessf theseearly AO systemgpromptedotherobsenratoriesto developsimilar onesfor other
3-4mclasstelescopedjke Mt. Wilson, the Italian TelescopioNazionaleGalilei on La Palmaor the
William Herscheltelescope Of thesefollow up systemsALFA wasthe rst to go into operation;it
additionallyuseda laserguide star(LGS) with varying successthathasnow beendecommissioned
in orderto freeup resourcegor LGS projectsat largertelescopes.

All of the AO systemamentionedabove were ableto rival the infraredresolutionof the HST under
good seeingconditions;recently AO entereda new stageby obtainingimagessurpassingHST in
imagequality with thenewly installedNACO atESO's VLT (Brandneretal., 2002). SeveralotherAO
projectsfor 8m classtelescopesirecurrentlyunderdevelopmentor actualdeploymentandpromise
to reachunprecedenteiinagequality (e.g. GEMINI, SUBARU etc.).

Curr enttrendsin adaptive optics

With all the succes®f AO correctionof astronomicalmaging,therearetwo dravbackswhich have
to beaddressetbr furtherdevelopment:ithe rst is sky coverage thesecondanisoplanag

Every AO systemneedsa guidestarasabeacorfor the correctionof distortedwavefronts.Since,for
goodcorrectionquality, ahightemporalsamplingis neededvith all wavefrontsensotypes,theguide
starhasto bebrightenoughj.e. hasto deliverahighenoughphoton ux, to make suchmeasurements
feasible.Evenundermostfavorableconditionsa starof at least16thmagnitudes neededor nearly
all AO systems.



Dueto the secondproblem,anisoplanag the correctedeld of view (FOV) for an AO is limited to
severalarcsecondsyhichmeanghatthebright starhasto bevery closeto aninterestingastronomical
object(seealsonext section).In consequenceystemaisingnaturalguidestarsascorrectve beacons
arelimited to a sky coverageof afew percenbonly.

The problemof guidestarscanin principle be dealtwith by usinganarti cial beaconprojectedby
a powerful laserinto the sodiumlayer at a heightof approximately90km. Thereare,however, some
dif culties connectedvith theuseof laserguidestars,anaccounof which canbefoundin Ageoges
andDainty (2000).

While laserguide starsare helping to overcomethe lack of suitablestarsfor AO correction,they
do net helpin eliminatinganisoplanag but, sincethis problemis a consequencef the exclusive
correctionof aberrationsn thetelescopeupil, it canbetackledby extendingtherangeof correction
to layersaborve the aperture. This techniqueis knovn as multi-conjugateAO (MCAO), aiming to
measureandcompensataberration®riginatingin variousheightsof the atmosphereTherearetwo
main approache$or the technicalimplementationatmosphericomography(Tallon and Foy, 1990)
andlayerorientedMICAOQ (Diolaiti etal., 2001);while tomographyequiresseveralbrightguidestars
andthusmostprobablya costly lasersystem]JayerorientedMCAO promisedo reachvery high sky
coverageusingonly naturalbeacongRagazzonget al., 2002). As of today however, no operational
MCAO systemexists, sothis interestingechniquestill hasto prove its potentialat atelescope.

ALFA

The adaptve opticssystemALFA (Adaptive Opticswith a Laserfor Astronomy)is operatedvy the
Max-Planck-Institufiir Astronomie(MPIA) atits 3.5mtelescopdocatedat CalarAlto in Spain. It
wasinstalledat the telescopdn 1996 and after several upgradess usedfor scienti ¢ obserations
since1998. Its featuresinclude a 97 actuatorcontinuousface deformablemirror and remotelyex-
changeabléensletarraysfor its Shack-Hartmanisensar Originally, a LGS waspartof ALFAs de-
sign,operatingwith varyingsuccesg¢Rabienetal., 2000),but thiscomponentvasputoutof operation
in 2000in favor of alaserfor VLTs CONICA system.

From 1998to 2000a numberof very successfuimprovementswereintroducednto the system:the
useof Karhunen-Loee insteadf Zernike modedor measuremergndcorrectionmoreaccurateen-
troiding algorithmsfor the Shack-Hartmaneensolandthekeystonedesignlensletarrayconsiderably
increase@veragecorrectionStrehlratiosaswell asloop stability (Kasperetal.,2000a).Today ALFA
is capableo usestarswith visualmagnitudessfaint as asguidestarsandstill deliver K-
BandStrehlratiosof 10-20%nearthediffractionlimit. Usingguidestarsbrighterthan , the
Strehlratio regularly exceeds60% undergoodseeingconditions.

With thetechnicalperformanceoalreachedattentiorwasturningto thereductionandinterpretation
of scienti ¢ dataobtainedwith ALFA correction.

Why PSFreconstructionis needed- an intr oductory example

As alreadymentionedthe succes®f AO comesat a price. In uncorrectedi.e. seeingimited obser
vations,theimagingpropertiesof the optical systemaremoreor lessthe sameoverthewhole eld of
view; in long-exposuremaging,if aberration®ccur they arestaticandmostlyknown . In thatsense,
thetelescopas isoplanatic With an AO systemhowever, the point spreadunction (PSF)is neither
time- nor space-imariant. While time dependencé not dramaticandcomparablégo that of anun-
correctedsystemthe space-arianceis afundamentatlifferenceijt is causedy thedifferentviewing
directionsof the AO system(at the guidestar)andthe scienceobject(mostly not coincidentwith the
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Figurel.1l: Long-eposue image of a simulatedstar eld correctedby an adaptiveopticssystemgrayscale
is invertedfor bettervisibility. Horizontal and vertical distancedetweerstars are 4 arcsecondgtop). Same
image decowolvedwith theguidestar PSF(bottom).
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Figurel1.2: Resultof aperture photometryon decorvolvedimage.

guidestar). Imagingwith a single-layerAO systemis thereforeanisoplanatic Of course,eventhe
off-axis performancef AO correctionis betterthanseeing-limitedmaging,but mary of the datare-
ductiontechnigueshatrely on space-imarianceof the PSFhave to beusedwith careon AO corrected
images. To illustratethis, a simulationon a very corvenientdiamondshapedstar eld wascarried
out (detailson the parametersisedcanbe foundin Chapter2.3). Figure 1.1 shavs a long-eposure
imageof this simulation;correctionwasdonewith measurementsn the rightmoststar Two effects
areclearly visible: with increasingdistanceto the guidestar correctionquality dropsandthe PSFs
arelargerthanthediffractionlimit; additionally theoff-(correction)-ais PSFsareall elongatedn the
directionof the guidestar Now, e.g.,if anestimateof the relative brightnessf the starsis desired,
photometryhasto be done. Therearebasicallytwo waysto accomplishthis: eitherPSFor aperture
photometry The rst of theseassumeshatthe systemPSFis known within a givenaccurayg, while
thesecondcollects ux within anapertureof givensizecenteredn a star Obviously, bothmethods
rely onaconstanPSF or atleasta PSFwith a constanstize.

In orderto shawv the consequencesf “naive” applicationof thesetechniquedo an AO compensated
image theresultof thesimulationwas rst decowolvedusingthe CLEAN algorithm(Hogbom,1974)
andthe guidestarPSF Theresultof this decowolution is shavn in the bottomimageof gure 1.1%.
While obviously someimprovementhasbeenreachedjndicatedby the highercontrastandsmaller
halo of even the mostdistantstars,both the elongationandthe increasingPSFsizearestill clearly
visible. Now, aperturgphotometryis performedonthe CLEANedimage,with theaperturesizebeing
adaptedo the guide star PSF, i.e. the instrumentresolution. All starsin the simulationhave the
samebrightnessbut, as gure 1.2 shavs, photometrydeliversa completelydifferentresult,with ux
estimateselative to the guidestardroppingto 10%of the actualvalueat a distanceof 16”. Although
this simulationexaggeratea bit, sincethe choseratmosphericonditionsarecomparatiely bad(see

Thebrightercircularareasaroundthe starsarea consequencef the CLEAN algorithm.
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chapter2.3), it clari es the pitfalls of unre ectedapplicationof standardohotometrictechniquego
AO assistedmaging.

It shouldbe notedthatanisoplanagis nottheonly reasorfor the needto reconstructhesystemPSFE
A commonsituationis thatthe objectof interestlies within the isoplanatigpatchbut is muchfainter
thanthe guide star; in orderto achieve a good SNR on the sciencegoal, the guide star hasto be
heavily overexposedrenderinguselesshePSFobtainedrom its image.Similarly, if thebeacorused
for correctionis not a point sourcebut an extendedobject(e.g. a LGS, anasteroidetc.),its imageis
by de nition nota PSFE

Goal of this work

The goal of thiswork is to nd a way to reconstructhe on- and off-axis PSFof the ALFA system
from wave front sensorsignals. For on-axisreconstructionan algorithmwasintroducedby Veran
etal. (1997)for the PUEOAO at CFHT, usinga cunaturewave-front sensar For several reasons
(mostnotablynoiseestimation)this algorithmhasto bemodi ed beforebeingapplicableto a Shack-
Hartmanrtypesystem Additionally, off-axis reconstructiomequiresknowledgeof thedistribution of
turbulencethroughouthe atmosphereneasuredimultaneouslyith AO obserations.



Chapter 2

Turbulenceand Adaptive Optics

Atmosphericturbulenceis the main sourceof resolutionlimitations of ground-basedpticalandin-
frared astronomy Adaptive opticshasbeendevised asa meansto overcometheselimitations and
sened this purposewith increasingsucces®ver the lastdecadeshowever, to useAO enhancedm-
agedor scienti ¢ ends afair knovledgeof the propertiesof theusedopticalsystems mandatoryAs
thesepropertiesareneitherspacenortime-invariantfor AO systemsthisis anon-trivial task.

This chaptemwill introducethe theoreticalconceptaecessaryo obtaina goodestimationof an AO
systems opticalpropertiesdependingpn controllable(AO system)andnon-controllabldatmospheric
turbulence)parameters.

We startwith a shortreview of Kolmogora's theory of turbulenceandits effectson astronomical
imaging. Somedetailwill be givenon the rst andsecondorderperturbationsi.e. phasevariations
andscintillation respectiely, causeddy the atmosphereln this context the conceptof SCIDAR, a
meango measurahe distribution of atmospherid¢urbulence will alsobediscussed.

Thenext sectiondealswith thegeneraprincipleandthesetupof atypical AO system Althoughother
typesof sensorsvill bementionedthediscussiorconcentratesen Shack-Hartmantypesystemswith
amodalcorrectionapproachsinceALFA follows this design.

Section2.3reviews thefoundationsof on-axis(i.e. guidestar)PSFreconstructiofy introducingand
examiningthe opticaltransferfunctioncomponentsontrituting to along-exposureimageof a point-
like source. Sincetheseconceptsvere originally conceved for a curvaturesensortype AO system
(Veranetal., 1997),somedifferencesand problemsareto be taken into account. This schemewiill
thenbe extendedo off-axis PSFreconstruction.

Finally, the examplepresentedn theintroductionwill betackledwith theinstrumentdevelopedin
the precedingsectionsin orderto shav theimprovementgpossiblewith aknovn PSE

2.1 Effectsof Turbulenceon Astronomical Imaging

This sectionstartswith a review of Kolmogore's theoryof turbulenceasappliedto the atmosphere.
The mostimportanteffectsof turbulenceon wavefrontsincidenton the earths atmospherarevari-
ationsin phasedueto refractive index uctuations in turbulent layersand amplitudemodulations
originatingin diffraction at theselayers. A very good and completeintroductionto theseproblems
canbefoundin RoggemanrandWelsh(1996),a morecompactonein the secondchapterof Hardy
(1998).

Both phaseandamplitudemodi cations causedoy turbulencewill be examinedin separatesubsec-
tions, with the amplitudesubsectiorextendedby a descriptionof a methodto measurehe vertical
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8 CHAPTERZ2. TURBULENCEAND ADAPTIVE OPTICS
structureof atmospherit¢urbulence.

2.1.1 Atmospheric Turbulence

Theearths atmospherés a systemfar from equilibrium. Thediurnalcycle aswell aslocal variations
suchascloud cover, large bodiesof wateretc. causedifferencesof the local enegy input, which
give riseto bulk motionsof air. Insidelarge low or high pressuresystemshis o w of air is mainly
concentratedh horizontallayers. If the Reynoldsnumberof these o ws, de ned as

(with  thecharacteristidengthof the ow, its characteristizelocity andthekinematicviscosity

), is higherthanone,turbulencewill occur With  beingtypically in therangeof m,

around m/sandthe of air givenby , is usuallyabout , soturbulencein air ow
is therule ratherthanthe exception.

TurbulenceModels

Kolmogorw developeda simple model for turbulencethat describeghe distribution of enegy in
structuregeddies)of different sizesby a power law (Pope,2000). It is basedon the assumption
thatenepy is transferredrom large to ever smallervortexesuntil the characteristiscaleof the very
smallesbnesreachessizethatletsthe Reynoldsnumberdropto thelaminarregimewhereenegy is
nally dissipatedAccordingto Kolmogorw thedistribution of enegy in theturbulentstructuresan

Relative energy [a.u.]

L L P TS S S M E M R R | Lo
=1 0 1 2 3
Log of spatial frequency k [1/m]

Figure2.1: Kolmagorov (solid) and von Karman(dotted)turbulenceenegy specta. Thevertical lines show
thelimits of the outerandinner scale

bedescribedy apower law in spatialfrequeng space,
(2.1)

with the spatialwavenumber . Obviously this equationis only valid in the caseof isotropicturbu-
lence,generallya sensibleassumptiorfor the free atmosphere A moreimportantrestrictionis the
valid rangeof this enegy spectrumthe so-callednertial rangg, betweeranouterscale thatgives
thesizeof thelargeststructureandtheinnerscale whereturbulentmovementnally breaksdown.
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Theouterscaleusuallyis ontheorderof metersmearthegroundupto seseraltensof metersn thefree
atmospherewnhile the inner scalevariesfrom millimetersto centimeters.This situationis indicated
by thedashedinesin gure 2.1. Of coursethe modelof a sharpcutof in enegy at both endsof the
powerlaw is quiteunnatural . To overcomethis problem theKolmogora spectrurmhasbeenmodi ed

in severalways,the mostwidely usedmodi cation beingthe vonKarmanspectrumgivenby

(2.2)

where and . This spectrunis alsoplottedin gure 2.1 for the samesetof
atmospheriparameterasthe Kolmogorw one.

Index of Refraction Variations and the Structur e Function

The variationsin enegy andsize of the turbulent structuredeadto local variationsof temperature
andpressurdn a given turbulent layer But asthe index of refractionof air is a function of those
quantitiesgivenby

S (2.3)

wheretemperature in K andpressure in hPa,turbulenceaffectsthe propagatiorof opticalwaves
throughtheatmosphereTherefractive index is a passie quantitythathasnoin uence onturbulence
itself andit canbeshavn (Obukhov, 1949)thatit follows thesamespatialfrequeng law astheenegy
distribution; i.e. for the Kolmogorw case

(2.4)

with therefractiveindex structue constant . In calculationsaandsimulationsthedivergenceat

is veryinconvenient.Hence insteadof equation2.4, the structurefunctionof phaseuctuations, or
simply phasestructue function (readily deduciblefrom index of refraction uctuations by Fermats
principle)is used givenby (Obukhov, 1949)

(2.5)

Thisequatiorgivestheaveragephasdifferencebetweertwo parallelraysof wave number
adistance apartdueto aturbulentlayerwith structureconstant andthickness .In theso-called
thin layer model, atmospheridurbulenceis regardedas being concentratedn a (small) numberof
layers,usuallya groundandatropopausidayer, sometimesxtendedby severalintermediatdayers.
At astronomicabbsenration sites,this modelis generallya fair approximationseealsoSection3.3);
in reality however, the atmospherehouldbe regardedasa continuousturbulent medium,with the
structureconstante ned asafunctionof height overthetelescopepupil, .Thus,the
integratedphasedifferencecanbe expresseas

(2.6)

with notationsasgivenabove andtheairmass insertecdto accountor viewing directionsother
thanvertical. This equationmpliestheintroductionof the Fried Parameter  (Fried,1965)as

2.7)
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Figure 2.2: Effectsof turbulenceon image quality for a circular apertue. OTF (left) and PSF (right) of
diffractionlimited (solid) and turbulencelimited (slashesjmaging. waschosento be 10, resultingin a
Strehlratio (seetext) of 0.035for theturbulencelimited case

which allows Equation2.6to berewritten:
— (2.8)

The Fried parameter is a very usefulquantity for the characterizatiorof atmosphericurbulence
sinceit hastwo quite intuitive physicalinterpretations:rst, it givesthe sizeof a (circular) aperture
over which the root meansquare(rms) of phaseaberration®f the incidentwavefrontis aboutone
radian;secondjt de nesthe minimal diameterof a telescopehatwill deliver the maximalangular
resolutionfor the given atmosphericconditions. At an obsenation wavelengthof 500 nm, is

usuallyin therangeof 5 to 15 cm, muchsmallerthanthetypical sizeof astronomicatelescopesSo,

in uncorrectedong-exposureobsenrations,increasingthe diameterof a telescopaloesnotimprove

angularresolutionbut only sensitvity by enlaging the gatheringareafor incomingphotons.

With the statisticsof phaseaberrationknown, the effect of turbulenceon image quality andtele-

scopeperformanceannow beexamined.Two simpleapproximationgindtheir consequencesill be

consideredn the subsequergections.

2.1.2 First Order Effects- Geometrical Optics

The rst orderapproximatiorof imagingthroughaturbulentatmosphereelieswholly ongeometrical
optics,i.e. thediffraction of incidentwavesby turhbulent structuress neglected;only the differential
retardationof phasebetweenadjacentraysdueto the local differencedn the index of refractionis
takeninto account.For goodobserationsites,this approximatioralreadydescribeshe majorpartof
imagedegradationsntroducedby theatmosphere.

Optical Transfer Function

The imaging propertiesof an astronomicatelescopecanbe fully describedoy the optical transfer
function(OTF) of thesystem.n the caseof imagingthroughturbulencethetotal OTF is describedy
theproductof thetelescopesOTF , Whichis justtheautocorrelatiorof its pupil function,andan



2.1. EFFECTSOF TURBULENCE ON ASTRONOMICAL IMAGING 11

atmospheri®©TF , de ned by (Roddier 1981)
- (2.9)

ThePSFof the systemis thengivenby the Fouriertransformof the product . Thequantity

in equation2.9 of coursenot only refersto the phasestructurefunction given in equation
2.6 but to ary phasestructurefunction that can be de ned on a telescopepupil. This will be of
further importancewhen looking at partially correctedwavefrontsas producedby adaptve optics
systemsFor thetime being, gure 2.2 shaws the effectsof (Kolmogorw) turbulenceon theimaging
performanceof an astronomicatelescopewith a circular aperture.In this example,the ratio
hasbeenchoserno be 10. As canbe seenthe OTF dropsto zeromuchfasterthanin the diffraction
limited case resultingin the Itering of high spatialfrequencies.The consequence thatthe peak
intensityof thePSFis considerablyattenedandits FWHM stronglyincreasedit shouldbenotedthat
theseresultsarevalid for long-exposureimagingonly, since,inequatiorn2.9,the ensembleverageof
phaseaberratiorrealizationds given. Short-&posureimagingdependsery muchonthemomentary
con guration of the phasein the pupil plane,which leadsto an OTF thatalsotransportshigh spatial
frequeng information. This factis exploited by Spekle imaging techniquegLabegyrie, 1970),see
also gure 2.4.

Strehl Ratio

Figure 2.2 also senes to introduceanotheruseful quantity to characterizehe performanceof an
imagingsystem:the Strehl ratio (Strehl,1902). It is de ned by theratio of the actualpeakintensity

to the theoretical(i.e. diffraction limited) peakintensity  of the PSK . If the
aberratiorfunction of anopticalsystemis given,the Strehlratio canbecalculatedsia (Hardy

1998)
— (2.10)

A problemof this equationis that the aberrationfunction hasto be known explicitly, whereasin
uncompensatedndcompensatedstronomicalmagingthe phase uctuations areat bestknowvn sta-
tistically. Thereforeseveralsimpli cations of equatior2.10have beenfound,notablythewidely-used
Marechalapproximatiorgivenby

(2.11)

where s the standarddeviation of the phaseover the aperture(Hardy 1998). The Marechalap-
proximationis valid up to an phaserms of about2 rad. Turbulencedegradedwavefrontsare mostly
well abore thislimit, hencea simpleexpressiorfor this cases notavailable.

Anisoplanacy

Anotherimportantgeometricakffect of imagingthroughaturbulentatmospherés angularanisopla-
natism It is a consequencef the factthatraysfrom differentviewing directionswill passthrough
differentsectionf theatmospherésee gure 2.3). While in uncompensateidhaginganisoplanagis
only signi cantin short-eposureobsenrations,it is abig problemfor adaptve optics.Usingequation

2.6 asa startingpoint andassuming , the mean-squarerror dueto anisoplanag
canbe calculatedby replacing with , Wwhere asshavnin gure 2.3. Thiscalculation
yields

(2.12)
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Figure2.3: Theorigin of anisoplanacy Incidentplanewavesfrom directionsthat are anangle apart pass
throughdifferentsectionsof turbulentlayers above ground.

Similarto thede nition of the Fried parameterit is possibleto de ne anangle as

(2.13)

suchthat

— (2.14)

is calledthe isoplanaticangle its interpretationcorrespondgo thatof , de ning the angular
distancebetweertwo sourcestin nity for whichthedifferencan phaseaberrationss approximately
1 rad. In contrastto the Fried Parameterhowever, thatis only dependenbn the total integrated
structurefunction, the isoplanaticangleshavs a strongdependengc on the vertical structureof the
turbulencepro le. As one would naively expect, high turbulent layers contritute strongly while
layersat or neargroundlevel have virtually no in uence on the differential error of two incident
wavefronts.
Toillustratethe effect of anisoplanag on uncorrectedmaging,the simulationpackagel URBULENZ
(App. A) wasusedo calculateshortandlong exposurdmagesof two starsaboutl2 arcsecondapart;
theappliedturbulencemodelwaschosersuchasto resultin anisoplanaticangleof 8 arcseconds.
Figure 2.4 shaws the results: while the short-exposure(speckle)imagesare clearly different, the
overallshapeandsizeof thelong-exposurémagess aboutthesamelt is alsovisible thatthespeckle
imagescontainmuch higher spatialfrequencieghanthe integratedones;the reasonfor which was
alreadymentionedn section2.1.1.
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Figure2.4: Short(top) andlong-exposure(bottom)imagesof two stars12 arcsecondapartin turbu-
lent conditionscorrespondingo

Temporal Effects

Up to now, the temporalevolution of turbulencewas largely ignored, only ensembleaveragesof
instantaneousealizationsof phasedisturbancesvere considered.Underreal observingconditions,
however, temporaleffectscannotbedisregarded.

Usually the validity of the Taylor hypothesiof frozen o w is assumedstatingthat the structureof
turbulenceitself is x edwhile the correspondingectionof the layeris moving throughthe viewing
areaof the telescope.While this is generallya good approximationfor smallertelescopesip to a
pupil diameterof four meters,evolution of thesestructuresdoesplay a role for larger obseratories.
For asinglelayermoving atconstanspeed the Taylor hypothesisanbeformally statedby

(2.15)
resultingin atemporalphasestructurefunction
(2.16)

This equatiortranslatesemporalevolution into spatialdistancesNotethatthis introducesanisotroy
into the phasestructurefunction, dependenbn the directionof wind. If exposuretimesareshort(or
long) enough,however, theseeffectswill be negligible. Long enoughmeansthat ary correlations
presenion the mediumtime scale(severaltensof ms) cancelout in the long-termlimit, while short
enoughcan be quanti ed by the Greenwoodfrequency  (Greenwood, 1977), a measureof the
requiredbandwidthfor ary attemptto measuresensiblevavefrontaberrationsFor a singleturbulent
layer,  is givenby , While for aturbulencedistribution

(2.17)
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with the vertical wind speedpro le (Greenwod, 1976). As an example,typical tropopausic
layerconditionswith wind speed®nthe orderof andan of in theK-Bandresultin
arequiredbandwidthof Hz, ademandeasilymetby modernsensorandcontrolsystems.

2.1.3 SecondOrder Effects - Scintillation and SCIDAR

Although the geometricalapproximationdescribedn the previous sectionalreadyaccountsor the
major partof turbulenceeffectsonimagingthroughthe atmospherewave diffraction doesof course
alsotake place. Its mostprominentin uence on astronomicaimagingis that of scintillation, the
origin andfeaturesof which will be explainedin this section. As turbulenceat astronomicakitesis
generallyquite weak,the so-calledRytor approximationcanbe used.

The Rytov Approximation

It hasbeenshavn quite early (Bergmann, 1946) that the assumptiorof geometricalopticsis not
sufcient if propagatiorpathlengthsarein excessof ; then,diffractioneffectsat turbulenteddies
have to betakeninto account.In principleit would be necessaryo solve the Maxwell equation

(2.18)

for theelectric eld  andthelocal deviation of theindex of refractionfrom unity, . Droppingthe
lastterm(depolarizationandsubstituting yields

(2.19)

Now, is substitutedby , where  representshe non- uctuating componentthe
incidentwave)and  describesuctuation dueto turbulence.If is ngglectedin comparisorio
and in comparisorto then satises

(2.20)

which hasa solutiongivenby Fante(1975)

(2.21)

where . This solutionhasa muchwider rangeof applicability thanthe geometrical
one. It hasbeenfound (Grachea et al., 1970)thatif the propagatiorpathis suchthat the Rytov
variance is smallerthan0.3, the Rytov approximationis excellent. Equation
2.21hasavery simplephysicalinterpretationthat statesthat the Rytov approximationis equivalent
to independendiffraction of the incidentwave at a seriesof turbulentphasescreengLee andHarp,
1969),i.e. inclusionof multiple diffractionis not necessaryA very importantpoint to noteis that
theform of thephasestructurefunctionin equation2.6 statisticds notchangedatall, sincethe phase

is still proportionato . Theamplitudeof anincidentplanewave, hovever, whichis
constanunderthe geometricabpproximationjs stronglyaffected;a closerlook atthe consequences
will betakenin thesubsequernparagraphs.
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Intensity Fluctuationsin an Aperture

Figure2.5shavs intensity uctuationsin animageof the apertureof the CalarAlto m telescope.
Thebestcharacterizationf these uctuations canbefoundby calculatingthe covarianceof theloga-
rithm of theamplitude uctuations at two aperturdocations and

with : is relatedto theintensity uctuations (Fante,1975)
(2.22)
via
- (2.23)
For thecaseof anincidentplanewave,  is givenby (Fante,1975)
— (2.24)
with , Spatialfrequeny , asde nedinequatior2.4,and thedistancenf theturbulence

from the apertureplaneof thetelescope.
Figure2.6 plotsthe Rytov varianceagainstthe scin-
tillation index  for theRytov theoreticakesultsand
experimentaldata(Fante,1975). The theoreticalre-
sultsfor anin nitesimally smallapertureareobtained
by calculating usingequa-
tion 2.24. It is obvious that the Rytov approxima-
tionisin excellentagreementvith measurement®r
while it completelyfailsto describghe sat-
urationbehaior of scintillationin severeturbulence.
However, astronomicakitesusually are well belov
the upperlimit of validity of the Rytov approxima-
tion (seealsochapter3.3). For completenesssaleit Figure2.5: Intensity uctuationsin the aperture
shouldbe mentionedthat analyticalapproximations planeof theCalar Alto 1.23mtelescope
for strongturbulencealso exist, mostnotably the Markov approximation(Tatarski,1971), which is
e.g.usedin calculationconcerninghorizontallaserbeampropagation.

Effects on Imaging

Marny of therelationspresentedn the previous paragraptareonly valid for anin nitesimally small
aperture.lf effectsof scintillationonimagingareconsideredhowever, apertureaveraginghasto be
takeninto account.To derive the brightnessuctuations of theimageof a starin theimageplaneof a
telescopepnethereforecalculates

(2.25)

whereintegrationis carriedoutoverthepupil of thetelescopeApertureaveragingbasicallyresults
in easingthe effect of scintillation, sincelocationswell insidethe aperturedo not contritute to the
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Figure2.6: Scintillationindex measuedin anin nitesimal apertue. Rytov approximation(solid) and t to
measuedvalues(dashed).

integratedbrightnessuctuationsary more.Only pointsnearor atthefringe of the pupil have consid-
erablein uence; thusasigni cant reductionof the magnitudeof uctuationsis expectedor growing
aperturesize,afactmary timesexperimentallycon rmed (Homstacdetal., 1974).

Intensity uctuations are,however, not the only effect of scintillations,a biggerproblemis posedby
theirin uence onthesystemOTF. RoddierandRoddier(1986)shavedthatevenif phaseaberrations
causedy turhulenceareperfectlyremoved,a performancelegradingOTF term

(2.26)

remainswhere is thenormalized pro le and

(2.27)

with  the Besselfunction of orderzero. Its overall effect is a limit on the maximumStrehlratio
obtainableby phasecorrection,given by the asymptoticvalue of the scintillation OTF term. For
infraredimaging,this limitation is neggligible, in thevisualbandit canbe aslow as0.8.

2.1.4 Measuring : SCIDAR

The vertical structureof is the determiningfactor for mary imaging distortionscausedoy the
turbulentatmosphereTherefore|t is highly desirableto obtaintime-resoled informationoniit, ei-
ther for imagepost-processingurposesor even for the selectionof sitessuitablefor astronomical
obsenatories. Although atmosphericsoundingor weatherballoonshave beenusedto this end,an-
othertechniguehasproved its potentialin this importanttask: Scintillation Detectionand Ranging
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Figure2.7: Setupof a SCIDARanda generlizedSCIDAR system.

(SCIDAR). The principle of this methodwas developedby Vernin and collaboratorgVerninet al.,
1979)andhassincebeenmuchenhancedyotablyby thegeneralize SCIDAR approach{Fuchsetal.,
1998). In this section,the setupof a typical SCIDAR systenmwill be describedeforelooking atthe
kind of dataobtainablewith sucha device andtheinformationon atmospheri¢urbulencederivable
fromit.

SCIDAR systemsetupand measuements

Figure2.7 shavs the con guration of a SCIDAR system.lts working principle builds on the ampli-

tudevariationsimposedon planewavesimagedthroughthe atmosphereasdescribedn the previous
section.As shavn in the gure, light originatingfrom binary starspasseshroughdifferentsections
of the atmospherelf the binaryis chosensuchthat the cross-sectionsf the projectedpupils over

lap at all heightsof interest,the spatialamplitudepatternsof the overlapregion asmeasurean the
aperturewill bethe samealbeitshiftedby with respecto eachother with  the distanceof

thelayerand theangularseparatiorof the binaries.However, the amplitudevariationscomprising
thosepatternseeda distanceof afew kilometersto build up to a measurablsignal,thusmeasuring
turbulencenearor at groundlevel is impossiblewith SCIDAR. Fuchset al. (1998)found a way to

overcomehislimitation, by placingadifferentlensinto theopticalpathsuchthatthe conjugatéheight
of the obsenration planeis shiftedfrom the pupil to a planevirtually belaw it (see gure 2.7). This

extensionis knovn asgenerlizedSCIDAR.
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With this extensiondone, the next stepin measuring consistsof taking a large numberof

individual imagesof the virtual pupil with exposuretimeson the order of milliseconds(otherwise
movementsof the turbulentlayersandtheir structuralevolution would smearout the amplitudepat-
tern). Subsequent)fthemean-normalizeduto-cwarianceof all theimagess calculated Toillustrate
the SCIDAR measuremergrocessn acontrolledsetting,asimulation,againusingTURBULENZ was
carriedout; the left imagein gure 2.8 shaws the resultof the auto-cwariancecalculationfor 1000
frames.The peaksvisible in the left imageareorientedin the directionof the binary's separationA

slicetakenthroughtheimagein the separatiortirectioncanbewritten as(Kliickersetal., 1998)

(2.28)

with the brightnesses and  of the binaries'components, beingrelatedto via equation
2.23. Anotherslice, taken perpendiculato the given one, containsonly the rst term of equation
2.28anda noiseestimateaway from the origin; by subtractingit from the rst slice, the rst term
in equation2.28 canthereforebe eliminated. Assumingthe validity of the Rytov approximationa

relationbetween and canbefoundfrom equation2.24(Tyler, 1992)

(2.29)
where is theairmasf thebinary anoiseterm,everythingelsede ned asbefore.
Obtaining and

Integrationover in equation2.29canbe donenumerically Usingdiscretesampling(e.g. by mea-
suringamplitude uctuationswith a CCD), equatior2.29correspondso

(2.30)

where is the extractedauto-c@ariancepro le, a kernelmatrix calculatedrom the integral,
thenoisetermand thedesiredquantity . Thisrelationis analogudo a Fredholmequationof
secondkind (Presset al., 1993)and canthereforebe solved by aniterative method. In this work, a
conjugategradient CG) methodwasused althoughdifferenttechniquesave alsobeensuccessfully
applied(Avila, 1998).

Figure2.9 andtable 2.1 shaw the resultsof a simulatedSCIDAR run with threeturbulent layersat
0, 2 and 10 km distancefrom the apertureplanerespectiely. The datareductionwasdoneusinga
SCIDAR softwarepackageSCAVENGER (seeapp.B),thatwasdevelopedin the context of this work.
The“measured’parameterareobviously in very goodagreementvith the presetones.

On the right-handside of Figure 2.8 the cross-cearianceof time-laggedapertureémagesis shavn.
Thethreelayersarestill clearlyvisible, but their positionsareshiftedaccordingo thewind speedand
wind directionin the respectre layer Table2.2 lists the parametersisedin the simulationtogether
with thoseobtainedfrom the cross-cwariance. Again, theseresultsare in very good agreement.
Similar datareductionshave beendonefor CalarAlto dataandcanbefoundin section3.3.
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Figure2.8: Auto-covariance(left) and Cross-cwariance(right) of a simulatedhree-layerturbulenceSCIDAR
measuement.

\ | Model | Simulation |

[m]
[]

Table2.1: Simulationsettingsof Fried parameterand isoplanaticangle compaed to resultsobtainedwith
SCAVENGER

Limitations of SCIDAR

Therearetwo main limitationsto SCIDAR measurementghe rst is the validity of the Rytov ap-
proximation the secondhe nite sizeof themeasuringapertureandits associatedhoise.

As alreadystatedn section2.1.3,the Rytov approximatioris only valid if ~ is lowerthan0.3. This
leadsto a conditionon

(2.31)
where is thedistancerom the measuremenlane,implying with zenithangle
andgeneralize SCIDAR pupil plane“depth” . Underall but exceptionallybadobservingcon-

ditions,turbulenceat astronomicasitesis well below thislimit, andhencedoesnot posea problem.
Additionally, the sensitvity of SCIDAR measurements limited by the size of the receving aper
ture, exposuretime andstarbrightness.Prieuret al. (2001)found the noiseperframein SCIDAR
measurement® be

(2.32)

where is thedistanceof the dominantscintillation causingayer (identi ed by the highestpeakin
the reducedauto-cwariancepro le), the centervalue of the unreducedchuto-c@ariance,
thenumberof photonsrecevedonthedetector the pupil diameter theseparatiorof thebinaries
andabrightnessatiodependenttactor . Thisnoisetermresultsin alimitation of SCIDAR accurag
very closeandvery far away from the measuremerylane.
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\ | | v[m/s] | Direction[Degrees]|
Layerl Model undef.
(Okm) || Simulation undef.

Layer2 Model
(2km) || Simulation
Layer3 Model
(10km) || Simulation

Table2.2: Simulationsettingsfor wind speedanddirectioncompagedto results.
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Figure2.9: Resultsof the SCIDAR simulation: Extractedautocorelationpro le (top), resultof the conjugate
gradientinversion(center),and nal resultsmoothedvith theinstrumentakesolution(bottom).

As asummarycarehasto betakenin selectingsuitablebinariesfor SCIDAR measurementaswell
asusinganappropriategeneralizedetupfor the desiredmeasurementange.Unfortunately suitable
binariesarenotvery alundantwhichis why attemptsaremadeto obtain  -pro les from singlestar
measurement&hunandAvila, 2002).
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2.2 Adaptive Optics Systems

After gettingacquaintedo the sourceof imagingdistortionscausedy theatmosphereit is now time
to presentthe cure for someof its symptoms- adaptie optics. First, a quick look at the general
setupof a pupil-conjugateddO systemis taken. As mostmodernAQO systemgincluding ALFA) use
modalratherthanzonalcontrol for turbulencecorrection,the subsequergectionwill introducethis
importantconceptbeforecontinuingwith a closerlook at eachof the systemcomponents.

2.2.1 General AO SystemSetup

TheideabehindAO is to measurghasedistortionsintroducedinto the systemby atmospheric¢ur-
bulenceand correctfor them accordingly The mostwidespreadsystemtoday is that of a pupil-
conjugatedAOQ, i.e. phaseis measuredndcorrectedin the pupil planeof the receving telescope.
Figure 2.10 shaws the schematiaoptical setupof sucha system. A distortedwavefrontis entering
the telescopeandis collimatedto reconstructhe phasedistribution in the aperture. It thenhits a
deformablemirror (DM) having (in theidealcasethe oppositeshapeof thedistortionsandtherefore
reconstructa planewave. After this the beamis partedby a beamsplitter onepartmaoving onto be
imagedby a sciencecamerathe otherbeinganalyzedoy a wavefront sensoWFS) that checksfor
deviationsfrom a planewave. DM andWFS areconnectedo arealtime controlsystem(RTC) that
useghedeviationsasobtainedrom the WFSto adjustthe DM accordingly

In practice,a dichroic mirror is usedinsteadof a beamsplittersuchthat e.g. wavefrontdistortions
are measuredn the visible while the sciencecameraimagesin the nearinfrared. This approach
maximizesgheamountof starlightavailablefor wavefrontmeasurements,critical pointin AO.

Incident Wavefront

Turbulence

Tel

wasAs j0U0D

Collimator

% Beam ’éplmer /

10SUSS JUOLaARM
101N 3|qewlo)Rd

Science Camera

Figure2.10: Sthematicoptical setupof a pupil-conjugatedAO system.Componentsreatedin this text are
markedwith dashedboxes.
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2.2.2 Modal Decompositionof PhaseDisturbances

Thephaseof a distortedwavefrontincidenton the pupil of atelescopeanbedescribedy afunction
. However, it is morecorvenientto decompose into asetof orthonormabasisfunctions
de ned ontheunit circle or anannularaperture,

(2.33)

where is the pupil weightingfunction, de ned to be of constanwaluewithin the apertureand
zerooutside suchthatanintegrationoverthepupil is unity. With thesefunctionsevery wavefrontcan
bewrittenas

(2.34)

which hastheimmediateadvantageof separatindime from spacedependenceDueto the orthonor
mality propertyof the , thecoefcients aregivenby

(2.35)

Sincemostlythetime averagestatisticsof the coefcients areof interest the explicit time dependence
will beignoredin thesubsequentdiscussions.

Zernik e Polynomials

An olvious choiceof the function setare Zernike polynomials widely usedin the optical commu-
nity sincethe lowestorderonescanbe easilyidenti ed with well-knovn aberrations|ike defocus,
astigmatismretc. Their usein the contet of atmospheri¢urbulencehas rst beenexaminedby Noll
(1976). The shapeof the rst tenZernike polynomials isshavnin gure 2.11.
UsingtheKolmogorw turbulencemodel,themodalvariancematrix of thecoefcients
overanapertureof radius is givenby

(2.36)

An analytical solution of this equationcan be found by transformingto Fourier spaceand using
equation2.1 (Noll, 1976). Table2.3 shavs theresultfor the rst tenZernike polynomials,excluding
pistonandscaledto . An rst approximationof the total varianceof a turbulent
wavefrontin thetelescop@upil is givenby thetraceof this matrix, . SupposinghatanAO
systemis capableof measuringandremoving variancedueto the rst  Zernikes,anestimateof the
maximumsStrehlratio obtainableby this (idealized)systemcanbefoundusingequation2.11

(2.37)

Noll foundanexpressiorfor asymptoticallyvalid for large

— (2.38)

e.g.assumingseeingof 1” in thevisual(correspondingoan of 60cmat2.2 m), afterremoval of
the rst tenZernike modestheresidualvarianceis , which givesamaximumStrehl
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Table2.3: Covariancematrix of the rst tenZernike polynomials.Valuesaregivenfor

ratio for a 3.5mtelescopef 0.47. As the uncorrectedstrehlratio of suchatelescopés usuallyon
theorderof 0.01thisis alreadya tremendousmprovementin performancevith only acomparatiely
smallnumberof modescorrected.However, the maginal gainin performancewnith eachadditional
correctednode,

— (2.39)

is falling with approximatelythe squareof the numberof modescorrected.

All theresultsgivenabove hold only for strictKolmogorw turbulenceconditionswith anin nite outer
scale. As alreadymentionedabore, however, the Kolmogorar modelis quite unrealistic. Winker
(1991) calculatedthe effect of a nite outer scaleon the Zernike decompositiorof turbulenceon
a circular aperture;he basicallyfound a strongin uence on the rst few termsof the expansion,
leadingto analtogethereducedvariability in thesecontrikutions(ibid.); higherordertermsareonly
mauginally affected,implying an exclusive useof thesepartsof the expansionto derive atmospheric
parametersle nedin the Kolmogorw framework (like the Friedparameterjrom measurements.

It shouldbe mentionedthat Zernike polynomialscan be generalizedrom a circular supportto an
annularsupportwhichis moreadaptedor useon modernastronomicatelescopegMahajan,1994),
but anevenmoreeffective approachwill bepresentedh the next paragraph.

Karhunen-Loeve functions

The non-zerooff-diagonalelementsof the Zernike covariancematrix in the context of Kolmogorw
turbulencesuggesthat there exists a more ef cient basisset; this ef ciency is meantin the sense
that fewer expansiontermsrepresenthe sameor even higheramountof distortionsintroducedby
turbulence. Following WangandMarkey (1978),sucha basiscanbe found from a two-dimensional
Karhunen-Loee (KL) integral equationde ning the KL eigenfunctions for thegenerakovari-
anceof astochastigrocess,

(2.40)

where isthevarianceof the thmode.KL functionsfor Kolmogor statisticshave beencalculated
by WangandMarkey (1978)for acircularandby Cannon(1996)for anannularsupport.The rst ten
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Figure 2.11: Imagesof the rst ten circular Zernike (top) and KL (bottom) functions. KL functionsare
calculatedfor Kolmogoror turbulenceconditionsandan annularaperturewith aninner radius —;
additionally they arereorderedo show the similarity betweerthetwo functionsets.
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annularKL functions,a subsebf thoseactuallyusedin the ALFA systemareshovn in Figure2.11,
table 2.4 shavs the normalizedcovariancematrix of the rst KL functionscalculatedfor the Calar
Alto 3.5mtelescopeentralobscuratiorandKolmogora turbulence;by de nition, it is diagonal.

Table2.4: Covariancematrix of the rst tenKL functionsfor Kolmogoros conditionsand . Values
aregivenfor

2.2.3 Sensors

Phaseberrationganonly be correctedf anef cient way of measuringhemis found. Severaltypes
of sensorshave beendevelopedfor that purpose. This sectionwill focuson the Shack-Hartmann
type senso(SHS),widely usedfor its simplicity andalsoimplementednto the ALFA system.After
this, the cunature sensoCWS) will be discusseda relatively recentdesign(Roddier 1988), that
exhibited excellentperformancen low order AO systems;PSFreconstructiorfrom WFS datawas
rst developedfor this kind of sensar The youngestype of sensarbeyond the scopeof this work,
is the pyramid sensor(PWS)that is only now beingintroducedinto AO systems(Ragazzoniand
Farinato,1999)andpromisego combinethe advantage®f the SHSandthe CWS.

Shack-Hartmann Sensor

The principle behindthe SHS was usedas early as 1900 (Hartmann,1900) to measurevavefront
aberration®f optical systems.Then,maskswith circularholeswereplacedbehinda lens,with the
imagessoobtainedservingasa measuref local wavefrontslopes.ShackandPlatt (1971)improved
the systemby usingsmall lenseg(lenslets)insteadof the holesandarrangethemsuchthata whole
wavefront could be examined. Figure 2.12 shavs a SHS setup. A distortedwavefront entersfrom
the left andsub-imagesre formedby the analyzinglenslets. If the averageslopeof the wavefront
portionimagedby asubapertures at, thentheimagespotis notdisplacedvith respecto its reference
position,otherwisefor theangulardisplacement  in thex-direction(Primotetal., 1990):

— (2.41)

andlikewise for the displacemenin they direction. Here, denoteghe areaof the subaperture,
thespotdisplacemenin theimageplane, thefocallengthofthelensletand themagni cation
betweerthe pupil of the sublensletndthe pupil of thetelescope.
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Equation2.41impliesthata SHSmeasurethe rst derivative of thewavefrontatthelensletlocations,
thus information on a constantoffset (piston) is completelylost. As a phasebias doesnot affect
imagequality, thisis notaproblemfor conventionalimaging;for interferometryhowever, pistonis a
notoriouscomplicationof matters.
Measuremenbf the actualspotdisplacement
in theimageplaneof the SHScanbe doneei- A
ther by using quadcells(Roddier 1999) or a
CCDdetectorarray In the CCD case spotpo-
sitionestimationsareusuallyamodi cation of
centerof massestimation

- (2.42)
with pixel offset from the referencepositions
andpixelintensity . Foraclosed-loogsys- iDX
tem, estimationalgorithmshave to bebothfast —
andaccurateln his PhDthesis Kasper(2000) T

examinedseveral suchalgorithms, nding a

doubly weightedpixel averagingalgorithmin Figure 2.12: Working principle of a Sha&-Hartmann
combinationwith pixel maskingto bemostre- S¢S0

liable and alsovery fast. The algorithmraisesall intensity valuesto the 1.5th power, its expected
SNRin thephotonlimited case beforeapplyingequatior2.42. Additionally pixelswith alow photon
countareexcludedfrom theweightingprocess.

As the SHS averagesover a given portion of a wavefront, it cannot‘see” perturbationswith spatial
frequenciesmallerthanits sampling;it is thereforenecessaryo be carefulin choosingthe size of
the subaperturesyhichin theideal caseshouldbe matchedo ; thisis mucheasieraccomplished
in the infraredthanin the visual regime. However, the numberof photonsavailablefor centroiding
a subspotalsodependson subaperturesize, which implies a choiceof sensomparametergor given
atmosphericonditionsto attainthe optimalresults.

In contrastto othertypesof sensorsthe SHSis alsosuitablefor extendedcorrectionsourcedike
planetsor galaxy cores. Eventhe granulationon the photospher®f the sunhasbeensuccessfully
usedto obtaindiffraction-limitedimagesvon derLuheetal., 2002).

Curvature Sensor

The cunaturesensomwasinventedby FrancoisRoddier(Roddier 1988). The working principle is

basednthefactthatlocal cunatureof awavefrontwill, whenimaged causdahecorrespondindocal
point to shift away from the focal planeof the imaging system. Hence,intensity measurementi

planesbeforeandaftertheimageplanewill nd intensitydifferencesorrespondingo the curvature
(see gure 2.13). Usinga geometricabpproximationthe normalizedintensitydifferencesaregiven
by (Roddier 1988)

— (2.43)

with  and asde nedin gure 2.13,and theimpulsedistribution aroundthe pupil edge.Oneof
theadwantage®f the CWS overthe SHSis thatonly intensitiesin subaperturebave to bemeasured;
no centroidingis necessarywhich reducesthe computationaload in the control system. As will
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Figure2.13: Working principle of a curvatue sensor

be seenin section2.3, this also makes measurememoiseestimationquite straightforvard. Figure
2.14shavs the samplinggeometryof a CWS. In practicalimplementationsa sinusoidallymodulated
mirror is usedinsteadf two separatsensoplaneswhich considerablgimpli es thesetupof aCWS
system(Roddier 1988).

Anotherinterestingfeatureof the CWS s its adapt-
ablegain. Equation2.43 shaws that the strengthof
the signalcanbe adjustecby varying the distanceof
themeasuremerglanes . Thegeometricaapproxi-
mationdemandghat , with  the
guide objectangularsizeand the size of the sub-
aperture.Since is usuallymuchbiggerthan
this canbe furthersimpli ed to

— (2.44)

In closedloop operation, will diminishdueto cor
rectionandthereforeallow the signalto beampli ed
Figure2.14: Samplinggeometryfor a CWSsen- py reducingthedistance , whichwill work to stabi-
sor Thedashedines depictthe width of the im- lize theloop.

pulsedistribution aroundthe edge of the pupil.

Measurementnoise

Of courseall sensorswill be subjectto measuremermntoise,on the one handcausedby the signal
photonghemseles,on the otherhandby sky backgrounghotonswhich, however, canbe ngglected
for sensorgneasuringn the visualband.Roussegt al. (1993)shavedthatall WFSsoperatingwith
subaperturebave a similar dependencen the signhalphotonnoise

— — (2.45)

with the phasemeasuremerdrrorvariance thenumberof photoelectronpersubaperturand
exposuretime, and the diameterof the (circular) subaperture. refersto the angularsize of the
referencesource,given eitherby its actualsize, or its virtual size causedby seeingor diffraction.
Usually and are x ed,soabetterSNRis obtainedby usingbright andpoint-like sourcesand/or
highly ef cient photonsensors.
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2.2.4 Modal Reconstruction

Thissectionwill concentratenthemathematicatiescriptiorof modalphaselistortionmeasurements
andreconstructiomusinga SHS.

As describedefore,a SHSdeliversslopemeasurementsf sectionof adisturbedwavefrontaccord-
ing to its geometry Theseslopesjn x- andy-direction,canbeorderedntoa -dimensionabradient
vector , (with , twice the numberof subaperturegjescribingthe setof measurementor
eachtimestep.Of course the actualvaluesof sucha vectorwill dependon the momentarycon gu-
rationof the turbulentwavefront; but asbecameclearin the framevork of modaldecompositionthis
wavefront canalsobe regardedasa (generallyin nite-dimensional)modalcoefcient vector . A
measuremertdanthenbewritten as

(2.46)
with the interaction matrix andthe unavoidable measurememoisevector . Theinteraction
matrix asde ned hereis of dimension , very incorvenientfor practicalcalculations.This fact
is remediedby partitioningequation2.46asfollows

(2.47)

where denotesreducednteractiormatrixoperatingpnanumberof modes , whichareactually
controlledby the system. is againan in nite matrix, describingthe propagationof the non-
controlledmodes onthegradientsThisisjusti ed by thefactthatall AO systemsanonly correct
for alimited numberof modesand,additionally thatthis numberis generallylimited by the number
of availablegradients.

PhaseEstimation fr om Gradient Measurements

Themodi ed measuremergquationcaneven be moresimpli ed by observingthat,sincemodalco-
ef cients arenormallydistributedwith zeromean(Roddier 1981),theexpression corresponds
to anadditionalGaussiamoiseterm. This measurememntoise andthis noisethereforeform againa
Gaussiamoiseterm , leadingto the nal measuremergquation

(2.48)

For the operationof an AO systemwherean estimateof the controlledmodalcoefcients  hasto be
foundfrom the measuredalueof gradientsthis posesaninverseproblem

(2.49)

with a reconstructiomrmatrix . Kasper(2000)extensvely studiedthe suitability of different
approacheso nd suchamatrix. The superiorandmostgeneralnon-iteratve solutionturnedout to
bethe Maximuma PosterioriapproaciMelsaandCohn,1978),which gives(Law andLane,1996)

(2.50)

where isthenoisecovariancematrixand s the covariancematrix of modalcoefcients. Both
matriceswill beexaminedmorecloselybelow.

More simple estimatorscanbe found directly from expressiorn2.50, by droppingvariousterms: as-
sumingthatno prior knowledgeis availableonthe covarianceof modalcoefcients, setting

resultsin theweightedeastsquaesestimate

(2.51)
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If additionally the measuremenrgrroris assumedo be uniform anduncorrelatecequation2.51re-
ducesto

(2.52)

theleastsquaesestimator mostwidely usedin AO for its simplicity. Theleastsquaresstimatolis
closelyconnectedo thesingularvaluedecompositioSVD) techniqugseee.g. Gershenfeld1999)).
The framavork of SVD alsoallows to studya limitation imposedon SHStype systemcalledmodal
crosstalk, which limits the numberof controllablemodesdueto possiblemisinterpretatiorof linear
combination®of higherordermodesasa singlelow ordermode(Kasperetal., 2000b).In the caseof
ALFA, this modalcrosstalk allows a maximumof 42 modescorrectedvhenusinga 28 subaperture
lensletandKL functionsareused;for Zernike polynomials the limitationsareevenworse.

Modal reconstructionerror

Using the leastsquaresestimatorand turning back to equation2.48, the covariancematrix of the
reconstructiorerroris givenby (Dai, 1996)

(2.53)

with the cross-talkmatrix . It is adescriptionof the propagatiorof high-ordermodes
on the low-order controlledmodes,an effect generallytermedaliasing Thus,the two termsin the
reconstructiorerror matrix correspondo aliasingnoiseand propagatedneasurementoiserespec-
tively. Thebehaior of thetwo noisecomponentss quite different: while measurememoisecanbe
diminishedby choosingvery bright guide stars,aliasingnoiseis alwayspresentaswill be seen,jt
thereforeplaysanimportantrole in the framewvork of PSFreconstruction.

Unfortunately cannotbe calculatedanalytically for mostsensor/modabasissetcombinations,
andmeasuremeris impossiblefor obviousreasonsThereforejt canonly be foundby a simulation
of thesensomeasuremergrocess.

Estimation of the modal covariance matrix

TheMAP estimatoralreadyemphasizetheimportanceof theModal CovarianceMatrix . Thisim-

portancdiesin thefactthatit carriesall informationon stochastigropertieof theturbulentspectrum
athand becausensembleverage®f wavefrontdisturbanceareGaussianwith zeromean(Roddier

1981). Theknowledgeof this matrixis notonly crucialfor the applicationof the MAP estimatoy but

alsoprovidesatmospheri¢urbulenceparameterke  andcanbeusedfor anestimatiorof theouter
scalesize(BarchersandEllerbroek,1999).

Thereis afundamentatlifferencebetweerthemodalcovariancematrix asobtainedrom open-versus
closed-loopmeasurementsvhile in theopen-loopcasst, ideally, deliversaccuraténformationonthe

turbulencepresentn theatmosphergheclosed-loopmeasurementsill providethecharacteristicef

themodi ed atmospherispectrunascausedy theinterplayof actualturbulenceandthe AO system.
Thestartingpointis the estimationequation

(2.54)
which, usingthe LS estimatorresultsin

(2.55)



30 CHAPTERZ2. TURBULENCEAND ADAPTIVE OPTICS

Now, if isassumedo beuncorrelatedasit shouldbein awell-setupsystemjandcross-correlations
between either and  arengylected(justi ed by the delayin every real control system,see
below), themodalcovariancematrixis givenby

(2.56)

If thebandwidthof thesystemis highenoughit is perfectlyjusti ed to dropthetwo cross-correlation
termsin this expressionVeranetal., 1997),thusyielding in the open-loopcase(Kaspey 2000)

(2.57)
Theclosed-loopcasediffersonly in the signof thealiasingnoise(Veranetal., 1997)
(2.58)

Thesignchangecanbeillustratively explainedby the differenceof open-andclosed-loopoperation;
in open-loop high-ordermodeswill tendto addto the measurementsf thelow-ordermodesat each
time stepandthusoverestimateheir enegy, while in closed-loopthe system(over-)compensatefor

the percevedlow-ordermodesandthustendsto underestimatéheir enegy.

In principle, all of the quantitiesin equations2.57 and 2.58 are deduciblefrom the system. can
be calculatedfrom the sensormeasurementsyhile the recovery  for SHS systemsis one of the
subjectsof this work (seesection3.2). The calculationof  requiresknowledge of , which is

usuallyretrieved by modelingsystemresponseas mentionedabose. The covariancematrix of the
non-controlledmodes is not directly measurableind thus assumedo follow Kolmogorw

statistics.Its contritution canbe found by scalingthe theoreticakovariancematrices(tables2.3 and
2.4)with . Thisleavestheproblemof nding , derivableby aniterative algorithmfrom open-loop
modalmeasurement@daspey 2000):

1. Assume :

2. calculate usingequation2.57,

3. estimate from theresultof step2 andthetheoreticakcovariancematrix,
4. iteratefrom step2 until convergenceof

A similar schemecanbeemplo/edin the caseof closed-loopoperationaswill beseerbelow.

As a nal note, asobtainedfrom equation2.58 canbe reenteredirectly into a MAP estimatoy
sinceit deliversthe closedoop statisticsof the controlledmode.Unfortunatelyfor betterresults the
MAP shouldbe extendedto non-controllednodesto yield superiorresults,which againrequiresan
estimationof theatmospheric .

2.2.5 Control System

In thediscussionsabove, therewerefrequentreferenceso the controlcomponenbf an AO system,
without giving furtherdetail. Thiswill nowv be madeup for. While thediscussioris alreadybasecn
ALFA's controlarchitecturetechnicaldetailswill only begivenin section3.1.

Most, if not all, AO systemsto dateare basedon the principle of feed-bak control, in which the
controlledquantityis reintroducednto theloop throughsensomeasurementsigure2.15shaov the
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Figure2.15: Feedbaclcontrol systemarchitecturausedfor ALFA. The box indicatesthe open-loop
components.

controlsystemarchitecturemplo/edin ALFA. Theoutputof thesystem ontheright, is the sumof
thedisturbedvavefront  enteringfrom theatmospheranthemomentaryshapeof theDM . This
wavefrontis thenanalyzedoy the SHS,delivering measuredjradients , from which estimate®f the
momentaryresidualmodalaberration arecalculatedvia the reconstructiormatrix — asdescribed
above. Theestimatesiow enterthe actualcontroller or compensator which determinesppro-
priatemodaldrive signals thatare,after beingtranslatedo a suitableformat  via a D/A anda
so-callednjectionmatrix , sentto the DM, wherethe cycle startsover. Of courseall operationtake
a nite amountof time, andthushave to berepresentebly transferfunctionsdescribingts dynamics,
the actuatortransferfunction describingthe responsef the DM to driving signals,and ,
consideringhe combinedeffectsof integrationtime on the SHS, centroiding,andcalculationof the
compensatiorsignals. Notethat and referto the Laplaceand z-transformsfrequentlyusedin
control systemtheory (Dorf andBishop,2001). Detailson the shapeof the transferfunctionin the
caseof the ALFA controlsystemcanbefoundin Loozeetal. (1999).

The compensatioralgorithm implementedn AO systemsis often a variant of the so-calledPID-
controller wherethe lettersstandfor proportional integration, anddifferentiationrespectrely. This
meansthatthe compensatiosignalwill dependoroportionallyontheactuallymeasuredignal(usu-
ally eitherampli ed or dampenedby a gain ), but alsoin certainwayson theintegratedpastsignal
andthe differenceof subsequenbnes. The overall effect of sucha control systemon a disturbed
signal(suchasanindividual modein modalcontrol)is convenientlydescribedn the Fourierdomain.
A very importantconceptin this contet is that of the correctiontransferfunction andthe
noisetransferfunction , which canbefound eitherexperimentallyor analyticallyfrom theim-
pulserespons®f acontrolsystem(Abramorici andChapsk, 2000).Sincethe power spectraldensity
(PSD)of asignalis directly relatedto its variancevia integration, the calculationof the closed-loop

PSDallows adirectestimateof the performancef thecontrolsystem.If denotegheresidual
PSDof a controlledmodeafter compensatiomf the atmospherisignalPSD andnoise,in
turndescribedby aPSD , then(GendrorandLena,1994)

(2.59)

Additionally, the noiseandcorrectiontransferfunctionsarerelatedby
(2.60)

Figure 2.16 shaws the modulusof and for variousloop gainfactors.As canbe seen,
thecontrolloop stronglyattenuateghe enegy at thelow-frequeng endof thetemporalspectruman
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Figure 2.16: Modulus of the correction(solid) and noise (dashed)}ransferfunctionsof the ALFA
controlsystemfor againof 0.5 (thin) and0.2 (fat).

effectwhich canbeevenincreasedy usinga highergain. However, thetrade-of is anampli cation
of enegy to the high-frequeng end. This controlloop behaior is perfectlyadaptedo the temporal
spectrumof atmospheridurbulencein modal control, which shavs high enegy at low frequencies

andasteepfall-off towardhigherfrequenciegConanetal., 1995).
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2.3 Point SpreadFunction Reconstruction

Theintroductionalreadypointedout that the temporallyandspatiallyvarying PSFof pupil-oriented
AO limits the scienti ¢ useandaccurag of astronomicaimagesobtainedwith its help. Here, the
meando overcomethis limitation will be discussedon- andoff-axis PSFreconstructiorfrom WFS
data.

On-axisPSFestimatiornwasoriginally developedfor a systememplo/ing a curvaturetype WFS (Ve-
ranetal.,1997).Someof thetechniquesisedtherecannotbereadilyappliedto anSHSAOQ, although
somestepsin this directionhave alreadybeentakenfor the ADONIS instrumentHarderandChelli,

2000).

This sectionwill rst introducethe underlyingprinciplesfor on-axisPSFreconstructionbeforedis-

cussinghe off-axis extensionasintroducedby (Fuscoetal., 2000).A review of theexamplegivenin

theintroductorychaptemwill shav that- underideal circumstancesthesetechnique®ffer a consid-
erableimprovementof the currentsituation.

2.3.1 Principles: The Long-Exposure OTF

Section2.1.2introducedthe conceptof the long-exposureOTF for an astronomicatelescopefrom
which the PSFcanbe obtainedby a simple Fourier transformation.It was alreadymentionedthat
the usedphasestructurefunction wasnot limited to Kolmogorw or von Karmantype spectra
alone.If the structurefunctionof theresidualphasdor anoperatingAO systemis introducedas

(2.61)

it could sene asa basisfor an estimateof the system$ PSFE The quantity  denoteghe residual
phaseenteringthe AO systemgivenby

(2.62)

with notationsasabove ( gure 2.15). However, the explicit dependencen in equation2.61 poses
a problem,sincesimplemultiplicationwith thetelescopeDTF is not possiblearnymore. Fortunately
canbereplacedy its meanover

(2.63)
where is the telescopegpupil function, one inside the apertureand zero outside. With this
replacementhetotal OTF of the systembecomes

- (2.64)
where is the telescopeDTF asintroducedin section2.1.2. Now, following similar lines asin

thediscussiorof modalreconstruction, canbedecomposethtoapart  thatis controlledby the
system(low-ordermodes)andapart  thatis not (high-ordermodes):

(2.65)
Fromthis, theresidualphaseof the partcontrolledby the systemfollows as:

(2.66)
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By enteringthis decompositiorinto equation2.63, canbewrittenas(Veranetal., 1997)
(2.67)

with the lastterm dependingon correlationsbetween  and , which are generallyvery small
or even zero,dependingon the modalfunction setused. At the very least,they canbe neglectedin
comparisorto the othercontritutions (Harderand Chelli, 2000). So,the nal OTF consistof three
components,

(2.68)

with thecontritution of thenon-controllechigh-orderphaseaberrations andtheresidualphase
of the controlledlow-orderaberrations

It is now possibleto go backto the modaldecompositiorapproachof section2.2. Supposinga modal
set , with  controlledmodestheatmospherisignal is

(2.69)

Note that is usedto denotethe controlledmodesto emphasizéhe factthatin a closed-loop
a systemthesequantitiesshouldbe smallandresidual. Thetwo rst termsof equation2.67arenow
givenby

(2.70)
and

(2.71)
wherethe  dependntheusedmodalbasissetandcanbe calculatedising

(2.72)

For somemodalbasissets,notably Zernike andKL functionson a circular support,thesefunctions
have beencalculatedanalytically (Dai, 1995); as mosttelescopehave a centralobscurationthese
analyticalsolutionshave only limited use. Therefore,it is necessaryo calculatethemnumerically
As will beseenin chapter3.4,it is sufcient to useonly the rst 237  of abasisset,sinceerrorsin
otherquantitiesof thereconstructiorprocessareby far dominantabore a certainspatialfrequeng.
The telescopeOTF, the last term in equation2.68 is not only the autocorrelatiorfunction of the
telescopeupil, but canalsoaccounfor ary staticaberratiorin the systenoccurringin thelight-path
afterthe DM. Thisis important,sincestaticaberrationdeforethe DM arecorrectedoy the AO, asif
causedy theatmospheregberrationsfterthe dichroicmirror are,however, “out of reach”. So,in a
measuremergetup:

Static Aberrations:

The telescopecomponentof the systemOTF, is obtained by measuringa referencesource,
likea ber or avery bright guidestarfor which correctionis nearly perfect. Fourier transform-
ing its PSFgivesthe desired OTF.
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2.3.2 From WFS measuementsto the On-axis PSF

Theformulationof the contrikutionsof theresidualof the controlledmodeso theclosed-loodP SFin
equatiorn2.70pointsdirectly to equation2.58,whichis alsovalid here:

(2.73)
Again, while is directly available from the WFS measurementand , thereremainsthe
problemto determinghemeasurememtoisecovariancematrix andthecontritution of aliasing

to thedesiredquantity

In the original paper(Veranet al., 1997), it was proposedto deducethe noise covariancematrix
directly from Poissonnoise estimatesf the AvalanchePhotoDiodes(APD) usedin the cunature
system.This schemds not directly applicableto a SHSsystemfor two reasons:rst, in contrasto
APDsthe CCDsusuallyusedfor an SHShave anon-ngligible readouinoisewhich contaminatethe
assumegbhotonPoissomoiseandleadsto a Gaussiamoisedistribution; second centroidingis the
mostcomputationallyntensve taskin aSHSsystemjputit is alsotheplace whereary calculationon
theintegratedintensityof theindividual subaperturesouldbedone;dueto computationatonstraints,
it is thereforenot possible. Noise determinationespeciallyreal- or nearreal-time remainsa big
problemin the applicationof the PSFreconstructiortechniqueto the SHS and will be discussed
extensvely in chapter3.2.

Supposdor the time beingthatthe noisecovariancematrix hasbeenfound. Still, the aliasingcon-
tribution is left to calculate.As mentionedn section2.2 the covariancematrix of the non-controlled
high-ordermodes, is assumedo follow Kolmogorw statisticsandthe cross-talkmatrix

is found from sensomaoaodeling. Again, the (original) Fried parameter of the momentaryatmo-
sphericturbulencehasto be determinedo scalethe high-ordercontrikution accordingly This canbe
accomplishedisingamodi ed form of equation2.57 (Veranetal., 1997)

(2.74)

where is the covariancematrix of themirror commandsnterpretedn the modalframework,
(2.75)

This meansthat the mirror commanddssuedhave to be recordedin orderto apply equation2.74.
Supposingnow that a way to establishthe noise covariancematrix is found as well, the iterative
algorithmfor the determinatiorof  is usableagainwith the only differenceof usingequation2.74
insteadof 2.57in step2, leadingto:

Recovering the Parameters:
During obsewation, threequantities needto be recorded: the measued residualmodal covari-

ance matrix , the noise covariance matrix , and the mirr or command covariance

matrix . From their values, and the assumption of Kolmogorov turb ulence together
with a suitable sensormodel, an estimateof is found from equation 2.74. Now the actual
modal covariance matrix is calculatedfrom equation 2.73.

After thisis done,everythingneededo reconstructhe PSFis known.
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Putting it all together:

The structure function of the residual controlled modesto the systemOTF is calculated using
equation 2.70, the contribution of high-order modesusing equation 2.71 with the theoretical
modal covariance matrix scaledby . The structure functions are then entered into equation
2.68,yielding the systemOTF. From that the PSFis found by Fourier transformation.

2.3.3 Leaving the Optical Axis - Anisoplanatic Contrib ution

Unfortunatelythe PSFthusreconstructeds only valid for the guidestaritself andobjectsvery close
by, i.e. objectswithin the isoplanaticpatch(cf. 2.1.2). The differencesin the propagationpath
betweenthe guide starandlocationsaway from it give rise to anothersourceof residualwavefront
aberrationghat, howvever, canbe capturedn yet anothercontritution to the total OTF (Fuscoetal.,
2000),theanisoplanatidransferfunction(ATF)

- (2.76)
where is the angulardistancefrom the guide starand is the isoplanaticstructurefunction.

The computationof the isoplanaticstructurefunction is rathercomplicated,but assumingthat all
controlledmodesareperfectlycorrectecbn-axis,anexpressiorcanbefound (Chassat1989)

(2.77)

The are called angular correlation functionsof the usedmodal basisset (Chassat,1989); for
circularZernike polynomials thereevenexistsananalyticalexpression.Themostgenerakxpression,
assuming<olmogoro turbulence,is givenby (Chassat]1992)

— (2.78)

with
S (2.79)

Here,ithe arethenormalizedrouriertransformsf themodalbasisset, is thepupil diameterand
is thedisplacementectorof the off-axis positonwith respecto the guidestar
WhenanothemodalbasissetthanZernikesis usedthe have to be calculatechumerically fortu-
natelyonly once.If a -pro le of theatmospherés available,e.g. usingSCIDAR, the ATF can
nally befound.

Anisoplanatic contributions:

If the PSF of a star away from the guide star is to be reconstructed,a measuement of the
-pro le is necessaryif this is found, the modi cations of the on-axisOTF canbe found by

inserting the pro le into equation 2.78and calculating the ATF using equations2.77and 2.76.

2.3.4 Summary and Tasks

Figure 2.17 summarizesschematicallythe stepsnecessaryo obtain accurateestimatesof the on-
and off-axis PSFof an AO system. The ow of datafrom the measurementef the gradients ,
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Figure2.17: Schematic®f the on-andoff-axis PSFreconstructiorprocess.
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the calibrationPSF andthe pro le is depicted. The boxes enclosingthe "Simulation” and
"Numerical/Analytical” contritutionsindicatesub-taskghataremorecomprehensely describedn
appendixC. Sereraltasksthatwerenecessaryo betackledwithin this work:

Developmentof a methodto obtain reliable estimatesof the noise covariancematrix from
closed-loopdata;preferablyin real-time.

Implementatiorof a closed-loogd-ried parameteestimationprocedureandatestof its reliabil-
ity.

Simultaneousneasurementwith a SCIDAR instrumentand ALFA; this sened as a further
checkof reliability of closed-loopatmospherigarameteiestimationand a basisfor off-axis
PSFreconstruction.

Numericalcalculationof the and for themodalbasissetsusedwith ALFA.

Implementatiorof the PSFreconstructiomprocesgor the ALFA system.
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2.4 Intr oductory Example Revisited

The tools and prerequisitego reconstrucbn- and off-axis PSFsfrom WFS datawere presentedn
the precedingsection.Goingbackto the introductoryexample the methodswill now be validatedin
acontrolled,i.e. simulatedervironment. Although not all aspect®f the reconstructiorprocessare
partof thesimulation,it still senesbothasalimiting casehighlightingthepossibleperformanceand
achievableaccurag of the methodwith all quantitiegperfectlyknowvn anda checkof theworkability
of thealgorithm.

2.4.1 Simulation Parameters

The diamond-shapedtar eld (seetop imageof gure 2.22) consistsof 25 equally bright starsar-
rangedwith constantorizontalandvertical offsetsof 4”. Table2.5 givestheatmosphericon gura-
tion of thesimulationalongwith thetotal turbulenceparameterslerivedfrom it.

| LayerNo. | Height[m] | FriedParameter [1] |

1 0 0.3 Total 22.3cm
2 2000 0.5 IsoplanaticAngle 45"
3 10000 0.75

Table2.5: Layercon gurationof the simulation.

For the simulation,a numberof 500 independentealizationsof turbulent phasescreensere calcu-
lated; correctionwas performedon the rightmoststarof the eld. At eachstep,the aperturephase
distribution of this starwasdecomposehto 237KL modes.ts rst 27 modalcoefcients werethen
multiplied by Gaussiamandomnumberswith zeromeanandaarbitrarily choserstandardleviation of
0.1,in orderto simulatea non-perfectorrection. The degradedcoefcients weresubsequentlysed
to synthetisizehe apertureplanephasecorrector(correspondindo the DM) thatwasthensubtracted
from the pupil phaseof eachstarbeforeimaging. In contrastto mostreal systemswherewavefront
sensingandimaging are doneat differentwavelengths the simulationperformedboth tasksat the
samewavelengthof 2.2 m!. As a 3.5mtelescopawith the samecon guration asCalarAlto's was
simulatedjmageplanesamplingwassetto 0.04"/pixel, to adequatelsamplethe diffractionlimited
FWHM of the PSFof around0.13".

Additionally, at eachtime stepthefollowing quantitiesveresaved:

1. Thevalueof the rst 27 KL modalcoefcients, correspondingo themirror con guration in
equation2.74.

2. Thedifferenceof andthedegradedcoefcients thatwereusedfor thecalculationof thephase
correctoy correspondingo thelow-ordermoderesiduals in equation2.73.

3. Theimageplaneintensitydistribution of eachstar

While the modalcoefcient datais sufcient to carry out the on-axisreconstructionoff-axis recon-
struction needsthe knowledge of the pro le. For this purpose,a correspondingSCIDAR
simulationwas carriedout with the sameatmosphericon guration, but at a wavelengthof 500 nm

!Sincethe dispersiorof air betweerthe visual bandandthe nearinfraredis negligible, this doesnot male a difference
for theresults.
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andthescintillationsimulationoptionactivated(seeappendixA). With this additionaldata,the meth-
odsof section2.3 canbe applied;thereare, however, somesimpli cations ascomparedo a “real”
systemspotablythe absenc@®f measurememoiseandmodalaliasing.

2.4.2 On-axisPSF

First,theon-axis,i.e. theguidestarPSFwill bereconstructedAs shavn in section3.3,thequantities
neededarethecovariancematrix of theresidualow-ordermodalcoefcients, thecovariance
matrix of the non-controlledhigh order modes,andthe OTF of the unaberrated
system.
With the absencef noiseandaliasing, is directly given by the covarianceof the recorded
residualmodalcoefcients. Fromthis matrix, anestimateof is foundby tting to thetheoretical
covarianceof KL modedor Kolmogoro turbulence(table2.4),yielding cm, slightly
higherthanthe expectedvalue of 22.3 cm (seetable 2.5). The discrepang is probablydueto the
fact that while the simulationlargely follows Kolmogora statistics,it hasan effective outer scale
(seeappendixA) that lowersthe varianceof the rst few modes,leadingto an overestimationof
. Neverthelessthe estimated is usedto scalethe high-ordercovariancedor the non-controlled
KL modesggiving . Finally, is calculatedfor anannularaperturewith a secondary
obstructionof . Thetotal on-axisOTF obtainedby combiningthe resultsaccordingto
equation2.64, which in turn yields the PSFestimationby a Fourier transform. Figure 2.18 shawvs
a comparisorof the “measured’andreconstructed®SFand OTF. As canbe seenthe agreemenis
nearly perfect,with all residualsvery low. In fact, the largesterrorsare visible in the y-cut of the
PSF but this seemgo be dueto a subtleshift betweenthe image PSFandthe reconstructionthe
reasorfor thisis probablya smallresidualtilt onthesimulatedcorrectedoupil planephasgsincethe
decompositiomethodinvolvesatransformatiorfrom Cartesiarto polarcoordinatesthis mightbea
visible effect of numericalerrorsin the mapping(Cannon,1996)).
Thenearperfectionof the on-axisPSFreconstructions not entirely unexpected: rst, thelow-order
residualsare knovn exactly, i.e. no statisticalambiguitiesor noise/aliasingestimationerrorsare
presentand,secondlywhile thereis a smallerrorin the estimationof the high-ordercontrikution, its
effectonthe PSF/OF is barelyvisible. Lastly, the simulatecturbulencespectrunis by de nition of
Kolmogorw type (save the effective outerscale) eradicatinghis additionalpotentialerror sourceas
opposedo measuremenis therealatmosphere.

2.4.3 Off-axis PSF

Thenext stepis thereconstructiomf anoff-axis PSF theresultof whichis expectedo bemuchcloser
to reality. In contrastto the on-axiscase all thevariancesarenow only estimatedjuantitiesj.e. they
arenotdirectly measurable.

The pro le neededor the reconstructiorwascalculatedrom the SCIDAR simulationusing
the SCAVENGER packagetheresultingpro le is shavnin gure 2.19;while it reproduceshe simu-
lation parametergjuite well, it alsoshavs the smeasout effect of SCIDAR measurementshetotal
turbulenceparametersalculatedrom this pro le are cmand " in
very goodagreementvith the expectedvalues.

Asin importantside-noteit shouldbementionedhattheisoplanatianglecanalsobeestimatedrom
the decayof Strehlratioswith increasingdistancefrom the guidestar; by combiningequation2.11

20f coursethe nite samplingof theapertureplaneconstitutesapotentialsourceof aliasing;however, for thissimulation
thesamplingwas8 pixelsper(total) , highenoughfor this effectto be negligible.
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and2.14,onegets
— (2.80)

where is the distancefrom the guidestar  the Strehlratio at this distanceand  the on-axis
Strehlratio. For the simulationthis estimatiormethodgives ", This, however, is no
surprisesinceequatior?.14is only valid for perfecton-axiscorrectionj.e. aresidualphasemsof 0.
Since,in reality aswell assimulation ,AO correctionis only partial, Strehlratio decayis alwaysmuch
lessdramatié thanimplied by the pro le. Thisfactshouldbe keptin mind whencomparing
derivedisoplanaticanglesto Strehlratio estimationsn section3.3, effectively statingthatthe
theoreticallyderived placesalowerlimit ontheobseredvalues.
Continuingin thereconstructiorprocesstheturbulencepro le is enterednto equation2.78in order
to obtainanestimateof the ATF contritution to the off-axis PSE Multiplication of this ATF with the
on-axisOTF yieldstheresultsshavn in gure 2.20for a star12” away from the guidestar(marked
by aboxin gure 2.22). Althoughnot nearlyasperfectasfor the on-axiscase the quality of there-
constructioris still very goodwith residualdower than10% of the PSFsignal.Indeed thedifference
in the radially averagedPSFis muchsmallerthanin the directionalcuts,emphasizinghein uence

%In fact, the actualdegradationof the correctionwith increasingdistanceto the guide stardependsn a lot of factors
suchastheturbulencepro le, the modalbasissetused,systemperformanceetc. (Roddier 1999)andcanin principle be
foundby athoroughexaminationof equation2.78. This topic, however, is beyondthe scopeof this work.
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Figure2.18: Comparisonof measued (solid) and reconstructeddashed)PSFs. x-cut (top), y-cut (center),
andradial avetage (bottom)of the guidestar PSF(left) and OTF (right). Thedifferencebetweeread pair of
curvesis alsoshown(dash-dotted).
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Figure2.19: -pro le reconstructedrom a simulatedSCIDAR measuementwith the sameparametes
asthestar eld simulation.

of thehigh-frequeng “bumps”in thex- andy-direction,which mightbedueto thelimited numberof
imageframesusedin the simulation(leadingto arelative low SNRin termsof Specklenoise). This
high-frequeng discrepang is evenbettervisible in the OTF comparison.

Altogether thereconstructiomesultsfor boththe on- andoff-axis casearevery satisactoryandshav
the potentialof thetechnique.

2.4.4 Decorvolution and Photometry

Finally, thesimulatedmageis treatedthe sameway asin chapterl, thistime usingthelocally recon-
structedPSFsfor the CLEAN decowrolution. To accomplishthis, a quadraticgrid of reconstructed
PSFswasgeneratedextending20” in eachdirectionfrom the guidestarwith a spacingof 2”. Using
this,theimagewasCLEANedusingnearest-neighbd? SFsfor thereduction stoppingwhenthe rst
imagepixel turnednegative. Theresultof the decowolution is shavn in the bottomimageof gure
2.22. In starkcontrastto the resultsof chapterl, this time the decowolution successfullyretrieves
theoriginal stellarpattern(asin gure 1.1,the shadedegionsaroundthe starsarea consequencef
the nite sizeof the decowolution PSFs;black areasareregionswherethe cleanalgorithmreduced
imageintensityto zero).

Performingaperturephotometryon the CLEANed image clari es the tremendousmpact of data
reductionwith alocally reconstructe®SF Figure2.21shavs thatthe ux of thestarsrelative to the
ux of theguidestaris now estimatedas

The simulationshoved that PSFreconstructlonNorks in a controlledervironmentand promisesto
decisvely increasdhe accurag of measurementserformedon stellarimages.In the section34, the
resultsof animplementatiorof the methodsatthe AO systemALFA will be examined.
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Figure 2.20: Compasion of measued and reconstructedSFand OTF for a star 12" awayfromthe guide
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Figure2.22: Long-exposueimage of a simulatedstar eld correctedby an adaptiveopticssystemgrayscale
is invertedfor bettervisibility. Horizontal and vertical distancesbetweenrstars is 4 arcsecondgtop). Same
image decowolvedwith thelocally reconstructedPSF(bottom).



Chapter 3

Application to ALFA

While the last chapteraid the theoreticalgroundvork of AO PSFreconstructionthis chapterwill
discusdts implementatiorandmeasurementssingthe AO systemALFA.

We startwith anoverview of thetechnicalspeci cationsof the instrumentausedin the obserations.
Beginningwith ALFA, its optics,sensottype andcontrolsystemthenhaving a shortlook onthein-
fraredsciencecameraOmegaCassthe rst sectionconcludesvith adescriptiorof ImperialCollege's
SCIDAR system.

The applicationof PSFreconstructiorio ALFA rst requiresa meango estimatesensorand modal
noise; while this problemis solved for openloop, problemsremainin closedloop. A methodto
overcomethis limitation will beintroduced.

Subsequentjyturbulenceparametersik e the Fried parameterandthe isoplanaticangleas obtained
from ALFA/Omegameasurementzreviewedtogethemwith atmospheri¢urbulencepro les measured
with SCIDAR, checkingthe consisteng of both approachesswell asto investigatethe character
istics of the atmosphereabore Calar Alto. This stepto obtain pro les of the atmosphere
simultaneouslyo AO measurementss necessarfor off-axis PSFreconstruction.

Eventually all insightsgainedin the precedingsectionare broughttogetherin orderto presentthe
resultsof on- andoff-axis PSFreconstructiorfor the ALFA AO systemshaving the feasibility and
accurayg achiezablewith this system.

Finally, thereconstructed®SFsareusedto shav thatoff-axis photometricaccurag canbe consider
ablyimprovedfor AO imageswhenusinglocally estimatedmagingproperties.

3.1 SystemDescription

3.1.1 ALFA

ALFA is a pupil-conjugatedshack-Hartmantype AO system describedn greatdetailin Kasperet
al. (2000a)andGlindemanretal. (1997). It is in usesincel1996,with its performancéhaving since
improvedby carefuloptimizationof its wave-frontsensing Kaspey 2000)andcontrol-systenfLooze
etal., 1999).

Optics

Fig.3.1shaws the main optical elementsof ALFA. The two main featuresare a corversionof the
defaultf/10 focusof thetelescopdo af/24 focusby off-axis paraboloidsandre-imagingof thebeam
at the original Cassgrain focus position. The beamfrom the telescopsés re ected by a at mirror

45



46 CHAPTERS3. APPLICATION TOALFA

that also senes for tip-tilt correction;after that, a f/10 paraboloidmirror re-imagesthe telescope
pupil on the DM, wherewave-front correctiontakes place. The collimatedbeamis thenre ected
by a f/24 paraboloidmirror onto an IR/Visible dichroic mirror thatdirectsinfraredlight backto the
originalfocuspositionandis mostlytransparento visible light whichis usedfor wavefrontaberration
measurementsOne big adwantageof this designis that no part of the wavefront sensoropticslies
within the sciencelightpath, enablingALFA to be usedin pure active optics modefor very faint
tamgetsor obsenationsthatdo not requireAO correction.Additionally, it is possibleto remove both
the tip-tilt mirror and the beamsplittefrom the lightpath, which meansthat the ALFA instrument
canstaymountedon the telescopewithout interferingwith otherscienceinstrumentswhich canbe
attachedo the ALFA sciencecameranounting.

A CAD renderingof the ALFA breadboards availablein Fig.3.2.1n additionto thealreadydescribed
componentsthe SHS, thetip-tilt sensorthe TV guider thef/10 referenceber, andaninterferometer
arevisible.

Thereferenceber is capableof transmittingpoint-sourcdike (with a diameterof abouté m) light
from eithera white light source(usedfor calibrationandalignment)or a HeNelaser(usedfor align-
ment),andcanberemotelymovedinto or out of thelightpath. Theinterferometeseresasa monitor
when attening the DM or checkingthe correctnessf modalshapesvhenappliedto themirror.

A TV guidercanalsobe enterednto thebeamandis mostlyusedfor tamgetacquisition.With its FOV
of 4 arcminutegasopposedo the40 second®f arcwhene.g. usingOmegaCass),t allows to nd
desiredargetsevenif coordinatesreinsufciently known or thetelescopeas mispointingstrongly

The SHSwill bediscussedn thenext paragraphthe separateip-tilt sensarhowever, wasoriginally
necessarjor LGS operatiorwith ALFA aswell asreducingdemand®nthe DM (seebelawn). Since
it is not possibleto infer tip-tilt aberrationgrom LGS obsenrations,an additionalNGS is heededo
retrieve thisinformation.With thehelpof a eld selectmirror, thatdivertslight into thetip-tilt sensar
ALFA is capableof usinga differentstarfor tip-tilt thanfor high-ordersensing.Unfortunately the
lasersubsystenof ALFA is no longeravailable,thereforethis capabilityhasbeenremorvedin 2003
aswell. However, sincethetip-tilt aberrationsrethe modeswith thehighestvariancein atmospheric
turbulence the separatiorfrom the high-ordercorrectionsystemconsiderablyreducegshe necessary
stroke of the DM actuatorsallowing theuseof a DM with a smalldynamicalrange.

97Actuator
Deformable
Mirror

Tip-tilt
Mﬁror

/10 Paraboloid

IR/Visible
Beamsplitte

f/24 Paraboloid

IR f/24 Focus

Figure3.1: Optical element®f the ALFA system.
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Figure3.2: CAD renderingof the ALFA breadboad.
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Figure3.3: Theelement®f the ALFA SHSsensor

Shack-Hartmann Sensor

Fig. 3.3 shavs the component®f the ALFA SHS,which washbuilt by Adaptive OpticsAssociates,
CambridgeUSA. By meansof the eld selectmirror, aguidestarup to 30" away from thetelescope
opticalaxiscanbeselectedhsa correctve beaconthisis usefulfor the obseration of very extended
astronomicabbjectsaswell asfor mosaicingof NIR images.

The next elementin the light patharethe eld stops,usedto limit the SHS eld of view. Thisis
necessarif anextendedight sourcds usedasa guidestaror to selectonestarwithin adensecluster
The monolithic microlensmoduleis locatedat animageof the telescopes pupil plane. The module
consistsof a motorizedstage,with which the lensletarray to be usedfor the wavefront analysis,
canbe selected.Originally, the ALFA systemusedhexagonalmicrolensarrays,of which now only
thatwith the highestnumberof subaperturess still employed; the othertwo have beendiscardedn
favor of amuchsuperiorsetup the keystonedesign(KasperandHippler, 2003).Figure3.4 shavs the
microlensarrayscurrentlyin useat ALFA; the hexagonalarray mainly usedfor very bright
starstheKeystone28 (KS28)andtheKeystone7 (KS7) array;thethreelensletsaredepictedn gure
3.4. The big advantageof the KS comparedo thehexagonaldesignliesin theKS perfectadaptiorto
theannularshapeof thetelescopeupil; henceall lensletsareequallyilluminated,leadingto similar
noisebehaior on eachof the gradientsobtainedwith the KS7 andKS28. The selectionof the array
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Keystone, 7 Subapertures € 1.17 m? Hexagonal, 6 Subapertures € 1.18 m?
Keystone, 28 Subapertures € 0.29 m? Hexagonal, 30 Subapertures € 0.26 m?
Figure 3.4: Microlenscon gurations. Hexagonal (topright) and (bottomright), keystone? (top

left), and keystone28 array (bottomleft). Theshadedegionsdepicttheilluminatedannulusof the Calar Alto
3.5mtelescope

suitedfor a measuremerdependsnainly on two factors:the Fried parameteandthe brightnessof
the guidestar While, ideally, the size of the lensletsshouldbe on the orderof , a certainlevel
of illumination is neededwhich sometimedlictatesthe useof the KS7, thusdegradingcorrection
performance.In this work, all measurementaere exclusively donewith the keystonedesign,the
KS28in thebright starcaseandthe KS7 for faintones.

Theneutraldensity Iters areusedto darkenavery brightguidestar thatmightimpair measurements
by saturatiorof the CCD pixels or brightre ections shaving up on the SHScamera.lmagingof the
spotpatternresultingfrom thelensletarrayis doneby therelaylens.

The SHSCCD camerausesa pixel Lincoln LabsCCD (LLCCD) with amaximumframerate
of 1206 Hz. Its read-outnoiseis about4 electrons. As canbe seenfrom gure 3.5, its quantum
efciency is highestbetween600 and 700 nm, whereit exceeds80% . For this reason,a center
wavelengthof 650nmis assumedh the calculationof thesubsequergectiongthisin uencesscaling
of  estimatesand modalvariancego the sciencecameraobservingwavelength). Also shavn in
gure 3.5is thequantumef ciency of the CCD (EEV39)usedin the separatgip-tilt system.As can
be seen,its maximumsensitvity region lies betweer600 and600 nm, suggestingo use550nm as
thetip-tilt measuremenwvavelengthfor scalingpurposesnotethat, sincetip-tilt valuesarenot used
for Fried parameteestimatiort, the differencehasno consequencesn the estimationalgorithmfor
(seesection2.3). For PSFreconstructionhowever, it hasto betakeninto accounty scalingtip-tilt
variancedlifferentlythanvarianceof the highermodes.

'Dueto theouterscaleip-tilt variancesio notfollow Kolmogorw statistics(seealsochapter2.2)
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Figure3.5: Quantumefciency of the SHSCCD andthetip-tilt CCD.

Deformable Mirr or

ALFA's DM is a 97 ceramicpiezo actuatorcontinuous-sheanirror manutcturedby Xinetic Inc.,
USA. It is capableof delivering an interactuatorstrole of upto 2 m with eachactuatorreaches
its commandegbositionwithin 0.2 ms. As the piezosarearrangedbnanl1l 11 grid, thetelescope
pupil is sufciently sampledto accuratelyreproducepolynomialsup to the 6th radial order which
includesthe rst 28 ZernikesandKarhunen-Loge functions(Kasper 2000). It hasbeenfoundthat
theinteractionbetweertwo neighboringactuatorss belov 10% (Wirth etal., 1998).

The linear operationrangeof the piezoslies between-35 and-105 Volts. If the samevoltageis
appliedto all actuatorsthe rms aberrationof the re ected wave is about600nm. Sincethis would
considerablyeducethe performancef thesystemaninterferometeis usedto atten theDM during
the calibrationprocessthis proceduras fully automatedandregularly deliversa mirror atness of
around60nmrms (about rmsof themeasuremenwavelength).

Anotherpotentialperformancénazards piezohysteresiswhich hasalsobeenfoundto bevery small
(Kasper 2000). The DM is, however, sensitve to temperaturehangespccasionallyrequiringa re-
attening if thetemperaturehangesubstantiallyduringanobserationnight.

The PSFreconstructiorprocesmeedsan accurateknovledgeof the modalsetdependenguantities
and introducedn section3.3. Thesecoefcients arequitesensitve to deviationsof theactual
mirror shapefrom the theoreticalvaluesof the modes. To assesshe quality of the representationf
KL modesby the DM, interferometricimagesof the mirror surfaceweretaken. Figure3.6 shavs a
comparisorof the mirror shapeto the calculatednmodalshapeor two exemplarymodes.To account
for deviationsof the DM from atness, two measurementat differentmodal strengthswvere taken
for eachmodeandsubsequentlgubtracted As canbe seenfrom the gure, the DM representshe
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Theoretical DeformableMirror

KL7

KL20

Figure3.6: Comparisorof calculated(left column)and measued (right column)shapeof the KL functionsof
order7 (top)and20(bottom).TheDM imagesare notde-rotatedin orderto highlightthedifferencebetweerthe
KL7 moderealizations.Bumpson the KL20 DM modeare causeddy non-linearresponsesf singleactuatoss.

KL modesvery well?. In fact,if theimagesarede-rotatecandsubtractedpne nds anaveragerms
of about60-170nm for the rst 30 KL modes,correspondingo a phaserms of an orderof 0.03-
0.08for K-bandimaging, small comparedo the usualresidualmodal aberrationsafter correction.
Neverthelessthe and  coefcients usedin sections3.4 and 3.5 were calculatednumerically
from the DM measurementstherthanusingtheirtheoreticalvalues.

Control System

Someof the propertiesof the ALFA control systemhave alreadybeenintroducedin section2.2 (cf.
gure 2.15). It is implementecon a VME-Bus basedeal-timecomputersystemrunning VxWorks.
The necessarymatrix operations,suchas centroiding, modal reconstructiorand control are done
on ve interconnectedligital signal processofDSP)boards,containingfour DSP chipseach. The
calculationsare distributed betweenthoseprocessorso speedup computation. Additionally, each
boardhasa RAM capacityof upto 8 MBytes, whereintermediaténformationcanbe storedfor later
processingthe mostimportantdatastorablearethe gradientssincethey containall the information
necessaryo carryoutthePSFreconstructioprocesgseealsosection3.4). For atypical ALFA setup,
i.e. 27 modescorrectedusingmeasurementsith the KS28 arrayat 300 Hz, about80 secondsvorth
of gradientcanberecorded Unfortunately theloop hasthento be stoppedo retrieve the data;since
all I/0 portsof thegradientprocessindpoardarealreadytaken, relayinggradientdatato anotherplace
in the systemis alsonot easily possibleandwould requirea redesignof the modal control system.

Therotationbetweerthetheoreticahndmeasure@nodess constanat54 degreesit is aconsequencef theorientation
of theinterferometerelative to the DM andhasno in uence ontheaccurayg of themodalrepresentation.
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In ary future upgradeof ALFA, this problemshouldbe addressedb allow for longeruninterrupted
obsenrationswhile retainingthe PSFreconstructiorability.

Theimplementatioris capableof projectingup to 50 wavefront control modeswithin 833 s, thus
allowing a maximumloop frequeng of 1206 Hz. This, however, is hardly usedsincea very bright
guidestarwould berequiredto achiere acceptablSNR onthe SHSfor this shortanintegrationtime.
Up to andincluding 300Hz, the controlalgorithmis thatof a Pl controller beyondthis frequeng, a
LQG or optimizedcontrolalgorithmis usedinsteadLoozeetal., 1999).

The VME/VxWorks systemis connectedo workstationsunningthe graphicaluserinterface(GUI)
via ethernetthis GUI is alsousedto controlthe motorizedstageoon the ALFA breadboardwhichin
turn receve their commanddrom the VME systenmvia anRS-232link. A completepresentatiorof
the ALFA computersystemcanbefoundin Hippler etal. (1998).

Calibration and Setup

Beforeeachobservingrun, a calibrationof the ALFA systemhasto becarriedout. Its maingoalis to
establishtherelationbetweernthe DM controlmodesandthe SHS.In principle, analyticallyderived
relationshipscould also be used,but thesewould be very sensitve to deviations from the nominal
alignmentof DM and SHS,aswell asthe differencebetweentheoreticalKL shapeandactualDM
shapé. The calibrationandsetupprocessonsistof thefollowing steps:

1. Reference: First, thereferencepositionsof the sublenslespotson the SHShave to bede ned.
For this purpose after attening the DM, the white light referenceber is positionedat the
/10 focusandimagedby the SHSaswell asthe sciencecamera.Thelatterimageis thenused
to eradicatestaticaberrationsoccurringin the non-commorpath after the IR/visible dichroic
by applyingfractionsof correctionmodesuntil the Strehlratio of the ber imageis satisfying
(usuallya Strehlratioof 90%is desired).If thisaim is reachedthe positionsof the spotson
the SHSCCD aresaved asreferenceoositions.

2. Identi cation of Control Modes: Now, all of the chosercontrolmodesareappliedto the DM
sequentiallywith a unit modal coefcient ( ) andthe correspondingyradientvectors
calculated. Arranging thesevectorsin columnsgivesthe interactionmatrix . With the
assumptiorof a linear relationshipbetweenDM shapesand SHS measurementshe modal
decompositiorof anarbitrarycombinationof the controlmodess thengivenby

(3.1)

where is the vector of modal coefcients. This equationcorresponddo equation2.46in
section2.2,sothatall resultsderivedtherearevalid in thecontext of ALFA.

3. Reconstruction: With  known, the next stepis the calculationof alinearreconstructosuch
that

(3.2)

This subjectwasalreadydiscussedt somelengthin section2.2. Althoughtestswith a MAP
estimatotave beensuccessfullyperformedatthe ALFA system(Kaspey2000),usuallytheLS
estimator

(3.3)

3Dependingon haw unevennesss distributedonthe* at” mirror, thesedifferences/ary from calibrationto calibration.
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Figure3.7: ALFA and Omega Cassmountedat the Cassgrain Focusof the Calar Alto 3.5mtelescope

is used.In this casecross-talkimits thenumberof correctablenodeso about30 for the KS28
andthe7 7 hexagonalarray

4. Compensation: Thelaststepis choosinghe controlparameterssedin closed-loopperation;
this mainly concernghetype of centroidingalgorithm,theloop frequeng, andgain.

After this procedurethe systemis readyfor obseration. A numberof quantitiesis saved during
the calibrationprocessavhich areimportantfor the PSFreconstructionmostnotablythe interaction
matrix andthe ber PSF from whichthe partof the systemOTF canbecalculated.

3.1.2 OmegaCass

All starimagespresentedn this work weretaken usingthe Omega Cassnearinfrared(NIR) camera
(Lenzeretal.,1998).1t coversawavelengthrangeof 1-2.5 mwith a1024 1024RockwellHAWAII
array At thetelescopdghe cameras directly mountedoeneaththe ALFA breadboardthe cylindrical
tubein gure 3.7). The Omeaga Casscamerahasbeenspeci cally designedo be usedtogetherwith
the ALFA AO system.Apartfrom directimaging,it offersthe following obsenationalmodes:

Polarimetryusingeitherwire gridsor Wollastonprisms,

Long-Slit Spectoscopywith differentslit sizesand grismsof spectralresolutionsfrom 500-
1000,

andCoronayraphywith exchangeablenasks.

All of theseobservingmodescanbe controlledandchangedemotely ascana numberof broadband
(J,H,K,K") andnarrav-band lters (e.g.Br , Feli(1.644)etc.).
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Figure3.8: Thelmperial College SCIDARinstrumentmountedat the Calar Alto 1.23m telescope

Whenoperatedvith ALFA, exchangeabld/25 opticsareused,delivering animageplanepixel reso-
lution of 120,80,and40 mas.FromAugust2000to early2002,however, mechanicaproblemsof the
opticswheelmadeit impossibleto changethe imageplaneresolutionof the camerawhich wasfor
this periodof time x edat 80 mas. This resolutiononly just sampleghe diffraction limited FWHM
of the systemin K-bandandhadto be usedfor all measurementgresentedn this work. As will be
seenin section3.4 this limitation considerablycomplicateghe directcomparisorof reconstructedo
measuredPSFssincethe exactlocationof the PSFpeakwith respecto theimaginggrid is unknavn
for eachimage.

3.1.3 Imperial CollegeSCIDAR System

The SCIDAR instrumentusedfor turbulencemeasurementwas suppliedand operatecby Imperial
College's Applied Opticsgroupat the CalarAlto 1.23m telescopeFigure 3.8 shaws theinstrument
attachecdhtthe Cassgrainfocus. Theworking principle of SCIDAR wasalreadydiscussedn section
2.1. Its actualsetupis remarkablysimple; asindicatedin the gure it consistsof a shutter/mirror
combinationthatredirectshefocusto a TV camerausedfor positioning,alenswheelwhich setsthe
conjugateé‘depth” of the obseration plane,andanintensi er/CCD cameracombinationusedfor the
measurementdNot shavn in theimageis anaccompawing electronicgack.

Thesimplicity of theinstrumenimalesit very transportablandit hasbeenusedatvarioustelescopes
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aroundtheworld; but this advantagds alsooneof its biggestdravbacks:on-sitecalibrationis a very
lengthyprocesswhich in the caseof our measurementequiredseveralhoursat daytimeandnearly
afull observingnight. As soonasthis calibrationis done,obserationscanbe carriedout without
muchrealignment.The usualgoalis to samplethe apertureplaneof the telescopeat around0.01m

perpixel, asizethatis adaptedo thetypical sizeof scintillationspeckleson the pupil.

In its default mode,the imageof the pupil planeis sampledat a frequeng of 383 Hz with exposure
timesof justaboutl ms;the shortexposuretimesarenecessarysincethe relaxationtime of scintil-

lation patternss not muchlongerthana few milliseconds(castingdoubton the Taylor frozen o w

hypothesigSaint-JacqueandBaldwin, 2000)).

Dueto the high samplingfrequeng, the systemproducesa tremendousmountof datawhich cannot
be processedh real-time;rather the pupil planeimagesarerelayedto a workstationandwritten on

a DAT tapefor later processingHence,aseachSCIDAR pro le is derivedfrom a 2048imageblock

covering approximatelys secondsand breaksbetweenindividual shotsaboutthe sameduration,
severaltensof gigabyteshave to be storedduringatypical obseration night.
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3.2 Noiseestimationin open-and closed-loopoperation

While thedeterminatiorof mostof the covariancematricesneededor PSFreconstructiorirom WFS
datais sufciently straightforvard, theretrieval of the noisecovariancematrix is the most
demandingtaskin applyingthe PUEO (Veranet al., 1997) methodto SHStype systems. In the
caseof cunaturesystemsthe noisecanbe directly derived from the intensitymeasurements the
subaperturesWhile this in principle is also possiblein a SHS setup,it is muchharderor outright
impossibleto implement;unfortunatelyintensitiesaremeasuredt the mostbusy part of the control
system:ihecentroidingsectionwhereary additionaltasks(like noisedeterminationwouldincrease
the alreadydemandingconstraintson computationaload at this stage. Therefore,it is desirableto
nd indirectmethodsof noiseestimation;aswill be seenthisis ratherunproblematidor open-loop
measurementsyt signalmodi cationsintroducedoy the closed-loosystenmposearestrictiononthe
useof this method.

3.2.1 Open-loopnoiseestimation

Open-loopnoiseestimationcanbe donein severalwaysif the gradientsignalof eachsubaperturés
recorded.Thenoiselevel is thenderivableby

1. identi cation of unlikely gradientcon gurationsassuminga speci ¢ turbulencemodel (Gen-
dronandLena,1994),which, however, deliversonly a globalnoiseestimateaveragedover the
wholetelescopeupil,

2. a 't tothenoise oor in thePSDof anindividual gradientsignal(HarderandChelli, 2000),

3. ananalysisof theauto-caarianceof a gradientsignal(GendronandLena,1995).

0.11

Variance [px?]
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0.08
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Figure 3.9: Auto-covarianceof a gradientssignal; noiseand signalcontributionsare indicated.
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Sincedifferentsubaperturebave differentnoiselevels,methodLl is unsuitabldor PSFreconstruction;
method2 is ableto nd thesedifferencesbut operatesn Fourierspacemakingareal-timeimplemen-
tationimpossible sincedatawouldfor adurationof time have only to becollected(low computational
load)but thenFouriertransformedand tted almostinstantaneouslthigh computationaload). Addi-
tionally, usingthe PSDis affectedby the problemsof calculatingFouriertransformson nite duration
signals. This leaves method3, which deliverssubapertur@oiseaswell andcanbeimplementedn
real-time(seebelaw).

Principle and results

Method 3 restson the assumptiorthat the signalcanbe interpretedas a superpositiorof two com-
ponents:a slowly decorrelatingatmosphericsignal, causedby the currentmodal con guration of
turbulencein the pupil plane,anduncorrelatedhoise,a combinationof photonnoise,sky background
noiseandreadoutnoise;the centrallimit theoremmakesGaussiamoisea sensibleapproximatiorto
thetype of noiseinvolved. Now, sincetheauto-c@ariancefunctionof white noiseconsistf a Dirac
peakatatimelagof zero,andtheatmospherisignaldecorrelatesmoothly thesignalauto-cowariance
looksasdepictedn Figure3.9. GendrorandLena(1995)shavedthattheatmospherisignalcloseto
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Figure3.10: Parabola tted to the r st4 lagged pointsof a gradientauto-cosariancefunction; noisevalueis
indicated.

the origin of the auto-covariancedecayswith  ; sincethe maximumof this auto-cewarianceis also
attime lag zero,linearcontritutionscanberuledoutandit is sufcient to t afunctionof theform

(3.4)

to the rst few points of the auto-cwariance,where denotesthe time lag. If denotesthe
auto-cwariancefunctionof the th gradient,ts estimatechoisevariances thensimply givenby

(3.5)



3.2. NOISEESTIMATION IN OPEN-AND CLOSED-LOOPOPERATION 57

N0 T I o e 8 B

& 1.5 —

mQ [ N

o L

[}

€ 1.0 ,

©

S 3 |

>

[} [ |

0 L ]

2 05+ ]
0.0iuuuuw “““““ [, [ [, [ ]

10 20 30 40 50
Gradient No.

Figure3.11: Estimatechoiseonthe subapertuesof the KS28array of ALFA.

Additionally, the noiseat differentsubaperturesanalsoberegardedasuncorrelatedsothat
(3.6)

is the desiredestimateof the noisecovariancematrix. Figure3.10shaws the algorithmin action;as

is clearlyvisible, arelatively good t is obtainedwith only 4 pointsused;in fact, tting to morethan

5 or 6 pointsis dangerousascanbe seenin Figure 3.9, wherethe auto-coariancefunction curves

away from the parabolashapequite soon,startingat atime lag of about20 ms.

Applying the methoddescribedabore to a setof ALFA gradientmeasurementsecordedusingthe

KS28arrayanda samplingfrequeng of Hz yieldstheresultsshavn in Figure3.11;thegradients
noiseis plottedfor thex- andy-directionsalternatingly Otherthanthesystematialifferencedetween
horizontaland vertical noisevariance,the actualmagnitudeof noiseis not very differentbetween
subaperturesyhich is a consequencef the uniform illumination exploited by the keystonedesign.
Therearetwo possibleexplanationgor the systematicalljnighernoisein x-Gradientseitheracoma
aberrationwithin the sensormptics(invisible for the correctionsinceit would alsobe presenduring

calibration)and/orCCD chagetransferinef ciency, causedy asmearingf chage by thefastread-
outregisterin thex-direction(Kaspey2000).

Checkingthe algorithm' s consistency

In orderto checkthe accurag andthe consisteng of the noiseestimation,the following testwas
carriedout: recordedgradientmeasurementaere cut into two piecesof equallengthandthe noise
estimatedndependentlyon both parts. In total, 14 (open-loop)measurementgonsistingof 18000
samplesper gradienteach,were usedfor the calculation;the datawas collectedusing the KS28
array again,but differentillumination levels were used. Figure 3.12 shaws the results. Eachpoint
representa pair of noiseestimation®btainedrom the rst andsecondoartof agradienttime series,
plotted againsteachother; the straightline indicatesthe location of noiseratios of one. The plot
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Figure3.12: Comparisorof noisevarianceestimationsrom subsamplesthe dashedine indicatesa ratio of
1. Thehistogramof observedatiostogetherwith a tted Gaussiaris depictedn theinset.

only seeminglyimplies higher estimationinaccurag at higher noise levels, sincethe higher base
value exaggerateshe distancefrom the centerline;actualestimationaccuray is estimatedrom the
histogranof noiseestimatiorratiosobtained.The subplotin Figure3.12shawvs this histogranwith a
tted Gaussianwhichimpliesaone distribution of around , meaninghaton averageestimates
areconsistentvithin 8 percent.

Realtime implementation

As alreadymentionedin chapter3.1, the setupof the ALFA control systemlimits the numberof

recordablegradients After this limit is reachedtheloop hasto be stoppedandthe datadovnloaded.
This of coursemakes continuousmeasurementgnpossibleand leadsto considerablalelayswhen
adjustingtheloop to atmosphericonditions. Thereforeit would be highly desirableto eitherreduce
the amountof datato berecordedor, if online adjustmentsarenecessaryeven performonline data
analysiswith the lowestcomputationaload possible. The noiseestimationprocesss partedinto two

tasks,oneto be carriedout at eachtimestep the otheraftera given numberof sampless acquired.
Theauto-coarianceatlag of adiscretetime seriesof length  is givenby

— (3.7)

wherethe arethemeasuredaluesattimestep and is themeanof the series.Theoreticallythe
meanof a gradientis zero,but trackingerrorsor a drift in thetip-tilt systemoftenintroducea slight
bias,soit is wisenotto dropit for thecalculation.Expandingequation3.7 gives

— N (3.8)
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wherethe approximatiorwasdonein neglectingthe in uence of “cutting” of the seriesat  on the
meanvalue.With this formulationthe algorithmis clear:

1. Decideonanumber of time stepsusedfor anindividual noiseestimatiorandanumber
of lagsusedfor it (asseerabore, 4 areusuallysufcient).

2. For eachgradientjnitialize memoryto store : for each , andregistersto store
thepast valuesof thegradient

3. Repeauntil timestepsarereachedUpdatethe sumsandthe pastvalues

4. For each , calculatethe auto-coarianceaccordingto Equation3.8 usingthe sumsand
storetheresults clearmemoryandstartover at step2.

If e.g.amaximumlagof andasamplesizeof areselectedthe memoryrequiredfor informa-
tion storages reducedby a factorof . Notethatthe storedvaluefor is the varianceof
the measuredyradientshenceall dataneededor the calculationof  accordingto equation2.57is
deliveredby this algorithm.Unfortunatelythis algorithmcannotbeimplementednto the ALFA sys-
tem,sinceit isimpossibleto accesgradienimeasurementst otherplaceshanthecentroidingcontrol
board;calculatingin the controlboard,on the otherhand,is prohibitedby computationademands.
Thislimitation will beaddresseth future updatesf the system.

3.2.2 Closed-loopnoiseestimation

Thenoiseestimationusedin the preceedingectionrestedon theassumptiorthatnoisein subsequent
measurements uncorrelated While true in open-loop this requiremenis not metin closed-loop;
noiseis consideredpart of the measuremeriy the control systemandhasthereforeconsequences
on the shapeof the DM. This feedbacksubsequentlgausedemporalcorrelationsin the noiseof a
subaperture.

To illustratethis behaior, a pure

noisesignalwas fed into a sim- LOR T
ulationof the ALFA control sys- s FY B
tem(seeAppendixC); theresponse Tt 1
for loop delaysof one and two _ osl b
timestepss shavnin Figure3.13. 2 i 1
It isclearlyvisiblethattheassump- ¢ ., [ A
tion of uncorrelatedhoisedoesnot E I " ]
holdarymore. Thismakestheap- < o2f A\ .
plication of the parabolamethod I A ]
for noiseestimatiordangerousgs- 0.0 *— - I T—
peciallysincethenearorigin pro- i -
portionalityof theauto-cwariance B S P s
functionto is not necessarily Lag [timesteps]

truein closed-loopKasper(2000)
proposedto use only the differ- Figure 3.13: Effect of closed-loopcontmol on noisecorrelation. In-

e put signal (asteriskand solid line), outputsignalsfor loop delayof 1

enceof the rst two valuesof th (trianglesanddashedine) and 2 (diamondsand dottedline).

auto-cevariance,
asanestimateof noise.While that preventsthe potentialmis tting of a parabolaijt introducesa sys-
tematicerror dependingon the behaior of the underlyingsignal, and the autocorrelatiorfunction
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of the measurementoise. A small modi cation of this approach(subsequentlyalled the direct
differencemethod, howvever, canconsiderablyimprove the accurag of closed-loopgradientnoise
estimationsThis modi cation looksasfollows

(3.9)

where is the loop delayin cycles'. This approximatiorwasfound duringan ARMA analysis
(Hamilton, 1994) of gradienttime seriesandbecome<learif it is assumedhata gradientsignal
attime canbedescribedy

(3.10)

where denoteghenoisecontritution attime , and is aconstantlescribingthein uence of past
measurementsn the momentaryone. Of course, is looselyrelatedto the loop gain, but the exact
relationdepend®ntheactualimplementatiorof thecontrolsystem.Since,in closedoop ,
theauto-cwarianceis givenby

(3.11)
Using Equation3.10,this canbe expandedo

(3.12)
Sincenoisewill only becorrelatecatalag in this equationjt is possibleto write

(3.13)

(3.14)
Isolating in theseconcdequatiorandputtingit into the rst thenresultsin

(3.15)
This is alreadynearlyidenticalto equation3.9 for , save the factorof 2 in the denominator;

originally, this factorwasfound empirically but it canbe mathematicallyfoundedby the following
algumentationstrictly speakinggequation3.10doesnot operateon the individual x- andy-gradients
of asubapertureyut on thegradientsutvector  of the th lensletspoP,

(3.16)

wherethenoisevectoris takenfrom aradially symmetricGaussiarlistribution with avarianceof

Parting this equationto its individual componentgivestwo equationsof type 3.10with noiseterms
and . Themagnitudeof thenoise,however, is notequalto  but hasto becalculatedasthe

xly-directionalexpectatiorvaluegiventheradial distribution:

(3.17)

“Roundedo the nearestnteger.
5In amodalcontrolsystemthe controlloop effectively shortenghe displacementectorpresenin eachsubaperture.
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Figure3.14: Assessmemf noiseestimatioraccuracyfor thedirectdifference(left) andtheweighteddifference
appmad (right) for loop delaysof onecycle(top) andtwo cycles(bottom).

andlikewisefor . Thismeansthatfor equatior3.10to bevalid onanindividual direction,thenoise

contritution hasto bemultipliedby , leadingto the desiredfactorof 2.

Furthermore the methodcanbe generalizedo higherloop delays: the rst termis just the direct
differencemethodvalue,with the secondermtakingtherole of a correctie factor thatestimateshe

in uence of the noisefeedbaclon thedecayof theauto-caariancefunction,resultingin equatior3.9

(subsequentlgalledthe weighteddifferencemethod.

A simulationwas usedto comparethe noise estimationaccurag of the direct differenceand the

weighteddifferenceapproachesA recordedopen-loopgradientle with avery low noiselevel was
augmenteavith pureGaussiamoiseof increasingnagnitudethemodi ed gradientle wasthenused
asinputto a ALFA closed-loogsimulation,usingthe correspondingnteractionmatrix obtainedfrom

the ALFA observingrun. The closed-loopgradientsorming the outputof the simulationwerethen
subjectedo the two differentnoiseestimationapproachesFigure 3.14 shavs a comparisorof the

resultsfor loop delaysof 1 and2 cycles. Thereis acleartendeng of noiseoverestimationn thedirect
differenceapproachpestvisible at high noiselevels; the resultis an averageoverestimatiorof the

noiseactuallypresenby about9%. Althoughthe weighteddifferencemethodshawvs a higherspread
of estimatesat high noise,the noisefoundis on averageonly 1.1% lower thanthe expectedvalue,
clearlyabig improvementover thedirectdifferencemethod.The differencesarelesspronouncedor

aloop delayof 2, with the rst methodoverestimatingat anaverageof 3.8% andthe nev methodby

1.0%.
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1. Thehistogramof observedatiostogetherwith a tted Gaussiaris depictedn theinset.

It shouldbe notedthat the weighteddifferenceapproachs not suitablefor loop delayshigherthan
2, wherethe directdifferencedeliversbetterresults. This, however, is not a strongrestriction,since
high loop delaysdo only appearat very high correctionfrequenciegat about600 Hz for ALFA). For
futuresystemsadelayof closeto 1is expectedo betherule ratherthantheexception,sincehardware
speedof DSPsareconstantlyincreasing.

Estimation Consistencyand Real-Time Implementation

Finally, a similar consisteng checkasfor the open-loopcasewas carried(see gure 3.15out and
againfoundthevaluesfrom the sub-serieso be consistentvithin 8%.

A big advantageof the presentednethodis the factthat the real-timeimplementatiorpresentedor
theopen-loopdatacanalsobeusedwithoutchangesTheknowledgeof the rst threeautocorrelation
coefcients of eachgradientis sufcient to reliably estimatehenoiselevelsin closed-loopoperation.
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3.3 Obtaining atmospheric parameters

Theperformancef anAO systemis stronglyin uencedby themomentarycon gurationof theatmo-
sphericturbulenceparameters , and . It is thereforehighly desirablgo achieve accurateestimates
of thesequantities which canbe usedto optimizethe settingsof the AO's adjustableparametersr
helpin theinterpretatiorof scienti ¢ dataobtainedusingthe AO.

This sectiondealswith measurementsf atmospherigarameter®btainedby SCIDAR and from
simultaneousbserationswith ALFA/OmegaCassaddressinghefollowing questions:

shapeof atypical CalarAlto turbulencepro le
temporalstability of boththe Friedparameter andtheisoplanaticangle

andthe consisteng andreliability of parameteestimategrom open-andclosed-loopcontrol
systemdata.

Furthermore the knowledge of the pro les is essentiafor off-axis PSFreconstructionas
discussedn chapter2.3. The resultsof this sectionhave beenpartially publishedin (Weil3 et al.,
2002a)and(Weil3etal.,2002b).

3.3.1 Measurementsand Datareduction

As describedn Chapter2, SCIDAR obserationshave to bedoneon brightvisualbinaries.Tables3.1
and 3.2 give the essentiallataon the starsusedfor the measurementgresentedhere. Note thatthe

| ObjectName| RA | Dec | \ \ [ | [m] |
Del 20:46:39.2| +16:07:27.0| 4.76 | 1.13 9.6 186
95Her 18:01:29.9| +21:35:42.5| 4.3 | 0.1 6.6 284

Table3.1: Binariesusedfor SCIDAR atmospheri@ro ling

vertical resolutionof SCIDAR measurements relatedto the angularseparation
componentandthepixel sampling

in the SCIDAR analysigplaneby

of the binary's
. OnAugust31,

| ObjectName | GuideStar [ RA | Dec | | Exp.time[s] | Filter |
Del HD 197963| 20:46:38.9| +16:07:26.9| 5.14 1.00 K+Br
IC 1396 HD 206267| 21:38:57.6| +57:29:30.5| 5.83 0.84 K

Table3.2: Guidestarsusedfor ALFA/OmeggaCassmeasurements

2000,bothinstrumentsverepointedto the sametamgetduringall obserationsof 95Herand Del; on
Septembed, 2000,howvever, SCIDAR measurementserecarriedouton Del while ALFA/Omega
Cassobsenred the openclusterIC 1396,about40 degreesaway from the SCIDAR binary, in order
to checkfor possibledependenciesf atmospherigparameter®n the viewing direction. Elevation
angledfor bothobjects hawever, werenearlyidentical.
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SCIDAR Data

The datareductionprocesdor SCIDAR databasicallyfollowed the lines alreadyexplainedin sec-
tion 2.1. Eachof the measurementsonsistsof 2048 pupil imagesrecordedat a temporalsampling
frequeng of 383 Hz, which wereusedto calculatethe mean-normalizeduto-coarianceof thescin-
tillation in the SCIDAR analysisplane. With the help of SCAVENGER (seeappendixB) a pro le ac-
cordingto equation2.28wasextractedandtheinverseproblemof equation2.29solved by conjugate
gradientdn orderto obtainan estimateof the momentary -pro le; thispro le wasthenscaled
to the zenithdirectionfrom the actualbinary elevation. With this result,estimate®f theatmospheric
parametersverecalculatedusingequation2.7for  andequation2.13for

Of courseSCIDAR measurementare affected by noise, mostnotably by a samplingerror in the
obsenration planeandphotonnoiseampli ed by theintensi er. While the photonnoiseis quitesmall
for agivendistanceange(Prieuretal., 2001),thesamplingerroronewasfoundto beof signi cance.
The samplinggoal of the usedsetupwas m/pixel on the SCIDAR camera.Measuringthe
sizeof the pupil imagefor several partsof a singlerun revealeda variationon the orderof aboutone
pixel, giving m/pixel, effectively constitutinga heightsamplingerror.
This error might be causedoy vibrationsor e xure of the SCIDAR instrument;although,at about
1%, it seemgelatively small,it translatego anerrorof around5% in the determinatiorof — and
from pro les throughuncertaintiesn theknowledgeof . Finally, the contrikution of errors
in the solutionof theinverseproblemwastakeninto accountby assigninghe noiseestimate®f the
conjugatggradientinversionprocesdo eachpointin the pro le.

OmegaCassbData

OmaaCassmagesof DelphiniandIC 1396wereusedo estimate and usingthecon guration
aslistedin table3.2.

By measuringhe FWHM of eachbrightstarin the eld of view of open-loopmages(two for Del,
four for IC 1396) wasobtainedusing

(3.18)

with the errorestimatedy the Fried parametedifferencedetweerthe stars.Additionally, 15 single
exposuresespectiely, spreadingver atime of approximatel\25 secondslueto readoutelay were
takenfrom a setof 60 imagedotal to exposea possibletime dependencef
Theisoplanaticanglewasestimatedrom closed-loogmagesby asimilar proceduredetermininghe
Strehlratio  of eachstar(againtwo for Del but this time only three® for IC 1396),and tting the
resultsto

— (3.19)

where s thedistanceof the th starfrom the guidestar its Strehlratio,and  the Strehlratio
of the guidestar; the estimationerror is naturallygiven by the tting error Notethatthereis some
debateonthevalueof theexponentin this equationwith atheoreticavalueof for perfecton-axis
correction. For low-order correction,however, Roddier(1999)amguedthat shouldbe usedwith

theexactvaluedependingnthe numberandtype of correctednodes.

5The guidestarwasoverexposedandthusnotusable.
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Loop Data

Gradientsvererecordedn bothopen-andclosed-loopmagingmode.In all casestheKS28arrayand
asamplingfrequeny of 300Hz wasused with aclosed-loomainsettingof 0.50nthe rst dayand0.4
(dueto worseseeing)on the second.Thus,the 18000gradientsetsin eachmeasurementorrespond
to 60 second®f obseration. Open-loopdatawasstraightforvardly processedthy estimatingnoiseas
describedn the previous chapterandusingequation2.57,while closed-loopdatawas rst subjected
to the ALFA loop simulationto obtainthe varianceof the mirror modeswith noiseestimatedrom
the gradientswith the weighteddifferencemethod. With this information,  was then estimated
accordingo equatior2.74.

3.3.2 Surveyof SCIDAR Measurements

The measurementgresentedereare from two 50 minute sectionsof the August31 (subsequently
Day 1) and Septembed, 2000 (Day 2) measurementshey were selectedsincethey offer a fairly
continuouscoverageof this periodof time, wererecordedn generalized8CIDAR mode(makingthe
groundlayervisible) andcoincidedwith gradientmeasurementat the ALFA system.

Overview

Figure3.16shavs a suney of theselectedSCIDAR resultsof August31,2000. The centerplot gives
thecolorcoded pro les overtime, while thetop andbottomplots shaw thevaluesof the Fried
parameter at500nm andtheisoplanaticangle at2.2 m, asderivedfrom thepro les. Seeing
conditionsduringthe measuremenvereexcellentwith 0.6” FWHM in V-Band. The samequantities
on Septembed, 2000areshavn in gure 3.17;on this day the seeingwas moretypical for Calar
Alto with anFWHM of 1.1" in V-Band.

The structureof turbulenceon both daysshavs a strongdominationof the groundlayer This is
expected sincethe thermalinteractionof air andsurfaceaswell asobstaclesaandthe geographyof
the site are a sourceof turbulenceevenin low winds. Thereare, however, two notabledifferences
of the groundlayer con gurationson the two days: while the maximum valueis only about
15 on Day 1, it reachesa peakvalue of 6.0 on Day 2. Additionally,
turbulentactvity seemgo be con ned to theimmediategroundlevel onthe rst day, extendingonly
to around500 m (coincidingwith the instrumentakesolution),it clearly exceedsl km in heighton
thesecondday Theconsequencef thesedifferencess directly visiblein the  estimatesvonfrom
thepro les, yielding 17.5 2.7cmonDay 1 andonly 10.2 0.01on Day 2. Turbulenceeaseff at
about10km from groundlevel, which, takinginto accounthatthe CalarAlto obseratoryis situated
atapproximately2.2km, correspondso thetypicaltropopausidevel. Theturbulencebetweerground
level andtropopausehowever, is very differentonthetwo days.Day 2 exhibitsavery simplestructure
with basicallyonly groundandtropopausidayerspresentyhile for Day 1 awholeregion of relatively
strongturhulentactiity canbeidenti ed, rangingfrom 3 to 10 km above ground.Within thisregion,
at distanceof 3, 6 and9 km respectiely, variationof turbulencestrengthis strongestsometimes
morethandoublingfrom the underlyinglevel of actvity. The moststableof thesedisturbancess at
6 km, which seemdo steadilybuilt up duringthe obsenration period,while boththe 3 km and9 km
layersshaw only intermittentpresenceAll in all, theDay 2 turbulencestructures muchmorestable,
whererelatively weakvariationsoccuronly in layersalreadypresent.The only interestingfeatureis
theslow ascentanddescentf thetropopausidayerbetweer® and10 km, a phenomenomhatmight
berelatedto atmospherigravity waves(the Brunt-\aisala periodof tropospheriavavesis typically
around10 minutes(Nappo,2002)).
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SCIDAR Results August 31, 2000
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Figure3.16: Overviav of SCIDARresultsfor August31,2000.Legendon theright of gure3.17.
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Figure3.18: Histogramsof the differencein subsequenneasuementof 30 secondspart; dataobtained
on August31, 2000(left) and Septembef, 2000(right). A Gaussiantted to both histagramsis depictedby
thedashedine.

The differentstructuresof the atmospherid¢urbulencedo not leadto muchdifferentisoplanatican-
gles,with : "onDayland ” " on Day 2. Thestrongheightdependencef  (cf.
equation2.13)thusimpliesthatturbulentactivity in the upperpartof thetropospherenustbe higher
onDay 1 thanon Day 2; in fact,integrating from 3 to 15km on bothdays,revealsthatthetur-
bulencecontentin this region is on averagea factorof 1.4 higheronthe rst comparedo the second
day

Usuallyit is expectedhatthegroundlayerdominateshevalue  while thehighestayersarerespon-
siblefor muchof . Theatmospheristructureon Day 2 shavs exactly this behaior; a calculation
of the Fried parametewith integrationreachingonly to 5 km alreadyaccountdor 74% of the total,
while asimilar calculationfor theisoplanatianglestartingat5 km is nearlysufcient, sincethevalue
thusobtaineds 98% of thetotal. If the samecalculationis carriedout for theatmospheren Day 1,
the rst 5 km give only 34%to 42% of the whole atmosphere . Additionally thein uence of the 3
km turbulenceis non-ngligible for , reducingthe contrikution of the upperpartof theatmosphere
from 98%to 90%.

Temporal Statisticsof the Fried Parameter

Anotherinterestingfeatureof the SCIDAR measurementis thatthey allow to examinethetemporal
behaior of the derved atmospherigparametersSince  entersthe PSFreconstructioralgorithmat
variouspointsthe knowledgeof temporaldevelopments crucialin orderto determingust how long
it canberegardedasstable.

Sincesinglepro le measurementareroughly 30 secondsapartduringa SCIDAR obsenration, this
time periodhasbeenusedfor theexamination.Figure3.18shavs histogram®f therelative difference
between estimates80 secondsapart. Also shawn are Gaussianstted to the histograms.The fact
thatthis Gaussianarenotcenteredn zerore ects suggestshereis a predominantlyincreasingrend
presenbn onbothdays.Moreinterestinghowever, is the tted standardieviation, whichamounts
to 12.8%on Day 1 and 14.9%on Day 2. Assumingthat measuremengrroron is independent
of the variations,thesevaluesreduceto 11.0%and13.1%on the rst andsecondday respeciiely.
This resultprecautionggainstusingthe sameFried parametefor PSFreconstructiorpurposedor a
periodmuchlongerthansometensof secondsAlthoughtwo daysaretoo smalla sampleto deducea
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Figure3.19: Histogramsof the differencein subsequenneasuementof 30 secondspart; dataobtained
on August31, 2000(left) and Septembef, 2000(right). A Gaussiantted to both histagramsis depictedby
thedashedine.

generaktatementit seemghatthetemporalariationof ~ doesnotstronglydependnseeingand/or
structureof theturbulence atleastfor goodandmedianobservingconditions.

Temporal Statisticsof the Isoplanatic Angle

Thesameconsideratiormson hasbeencarriedout onthe estimate®f theisoplanaticangle.Figure
3.19shaws theresults.Again, the decenteringf the Gaussiame ects anincreasingrendon Day 1
anda slightly decreasingneon Day 2’. The standardieviationsfound arenot muchdifferentfrom
thatof the Friedparametewith (measurememoisereducedyaluesof 13.1%onthe rst and11.8%
on the secondday; theseresultsare even moreimportantthanthat for the Fried parametersince
canbe estimatedrom sourceotherthanSCIDAR aswell, while s only reliably accessibldrom
the  proles. For example,the useof balloonprobemeasurementsf the turbulencepro le for
off-axis PSFreconstructioris completelyruled dueto this shorttimescalevariations.Additionally, it
castgdoubton theamgumentatior(Fuscoetal., 2000)thataverageatmospheri¢urbulencepro les are
sufcient for off-axis PSFreconstruction.

3.3.3 SimultaneousFried Parameter Measurements

Figure 3.20 shaws the resultsof all Fried parametemeasurementfom the differentinstruments
for the two selecteddays. As canimmediatelybe seen,the  estimategaken from Omega Cass
images(triangles)agreevery well with the SCIDAR measurement&iamonds)on bothdays. Even
whenSCIDAR estimatesremissingthe valuesgainedfrom theimagesseento Il thegapssensibly
andnicely, which givescon dencein thereliability of parallelSCIDAR measurementfor assisting
AO. More important,however, arethe estimateobtainedfrom the ALFA control system.While the

"The estimate®f the secondday arein uenced by outliers,which stemfrom spuriousspikesin the  pro les caused
by light scatterednto the SCIDAR instrumentby clouds.

8This is an importantresult, sinceit establisheshat domeseeingon the 3.5 m andthe 1.23 m telescopesannotbe
muchdifferent. Sincethesemeasurementsheredone,a ventilationsystemwasinstalledat the 3.5 m telescopeit would
beinterestingio repeathe measurements orderto assessheimpactof theventilation.
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Figure 3.20: Comparisonof  estimatesrom August31, 2000 (top) and Septembed, 2000 (bottom)as
derivedfrom SCIDAR (diamonds)Omega Cassimages(triangles),open-loop(squaes),andclosed-loofd lled
squaes)ALFA gradients.

OmegaCassvaluesustsenedasagaugeor thecoincidencef measurementsn thetwo telescopes,
the comparisorof SCIDAR andALFA estimateaimsatareliability checkfor thelatter

Estimateof  from open-loopgradientdata(opensquaresshav a slight overestimatioron Day 1
thatis evenmorepronouncean Day 2. Thisis in starkcontrasto the excellentagreemenof closed-
loop gradientFried parameteestimateq lled squares)with the SCIDAR data, exhibiting only a
hint of underestimatioron Day 2. The explanationfor this factlies in the way centroidingis done
on the SHSCCD: during calibrationa squareregion with a sizeof 3” by 3" aroundeachreference
positionis determinedwith only pixels lying within this region takeninto account.An examination
of the open-loopgradientsrevealedthat they are biased,i.e. they shav a constantoffset from the
referencepositionvarying from measuremenio measuremenfrom 1” to 2. Sincethe starimage
sizeon the SHSis seeinglimited, this offset, togethemwith seeingdisk size,leadsto a PSFthatlies
partially outsidethe centroidingarea;gradieniengthsarethereforeunderestimateth turn leadingto
anoverestimatiorof . This alsoexplainswhy overestimatioris worseon Day 2, sinceseeingon
this daywasnearlydoublethatof Day 1.

Of courseclosed-looentroidingis not affectedby this problem,sincethe correctionplacegshe SHS
PSFsnearthereferencepositions.

It is not clearwhat s the reasonfor the slight underestimatiomf  from closed-loopgradientson
Day 2: it mighteitherhint to asystemati@rroror beaconsequencef thedifferentviewing directions
onDay?2.
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Figure 3.21: Comparisonof  estimatesfrom August31, 2000 (top) and Septembed., 2000 (bottom)as
derivedfrom SCIDAR (diamonds)and Omeya Cassimages(triangles).

3.3.4 Simultaneouslsoplanatic Angle Measurements

A comparisorof theisoplanaticanglescalculatedrom the SCIDAR measurement&liamonds)and
deducedrom closed-loopOmeaya Cassimages(triangles)is shavn in gure 3.21. At animagesam-
pling of 0.08” theestimatiornof the Strehlratiosprovedto bedif cult, asisre ectedby thelargeerror

barsaccompaying the estimategspeciallyon Day 2. For thisreasontheisoplanag resultsareof

reducedvalue. Leaving thatrestrictionaside the OmegaCass estimatesrealmostalwayshigher
thanthoseof the SCIDAR measurementdRememberingection2.4, this is no surprise.In fact, the

estimatesreremarkablycloseto the minimumvaluede ned by the SCIDAR pro les. Moreover, the

temporalvariationsof the isoplanaticangleare moving largely in parallelbetweenthe instruments,
againemphasizinghein uence of turbulence uctuations onimagequality.

3.3.5 An Intermediate Summary

Theresultspresentedn this sectionsened the purposeto shav that the derivation of the Fried pa-
rameterfrom closedloop ALFA datais consistentvith independentlybtainedresults. Additionally
it deliveredinformationon the temporalbehaior of the atmospherewhich turnedout to be rather
morevariantthanexpected;changesn the spatialdistribution of layersposea potentialproblemfor
off-axis PSFreconstructionthus pro les usedfor this purposeshouldnot be offsetfrom an
obsenrationby morethana few minutes contraryto theassumptionsf earlierworkson this subject.
Also,thechange®f and ontimescale®f sometensof secondplacelimits ontimefor whicha
PSFwill sensiblybereconstructable.
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Finally, the generallygood agreemenbf Fried parameterand isoplanaticangle measurementbe-
tweenthe SCIDAR instrumentandALFA/OmegaCasgusti es theuseof SCIDAR measurementer
reconstructiorpurposes.
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3.4 PSFestimation

In the precedingsectionsthegroundveork for theapplicationof PSFreconstructioonthe ALFA AO
systemwaslaid. With the availability of a reliable noise-estimatiormethodand the knowledge of
, all quantitiesneedfor the reconstructioraregiven. First, the quality of on-axisPSFrecon-
structionfor bright andfaint guidestarswill be examinedin K-Band; thenattentionis turnedto an
assessmemtdf brightandfaint guidestaroff-axis PSFreconstructionTheseexaminationswill shav
the feasibility of the algorithmsfor the ALFA system. Finally, a photometrywill be carriedout in
orderto shav improventspossiblewhenusinglocally reconstructe®SFsfor theexamination.

3.4.1 Data Reduction

Thegoalof this sectionis to comparehe shapeof PSFsreconstructeffom WFS measurementsith
thoseextractedfrom NIR, more speci cally K-Band, images,taken simultaneousiyto closed-loop
data.This comparisoris complicatedoy the undersamplingf the diffractionlimited PSF, dueto the
long-lastingmalfunctionof the Omega Cassopticswheel(cf. section3.1).

All imagesweresubjectedo areductionprocedureconsistingof the following steps:

1. A seriesof dome at eld imageswith increasingexposurgime wereusedto constructat, bad
andnoiseframesof the OmegaCasscameratheseframeswereassumedo be constanduring
thenight.

2. Badpixel correctiorwasperformedoy addingamedian Itered versionof theimage multiplied
by the bad pixel mask,to the original image, which in turn was before multiplied with the
invertedbadpixel mask.

3. Whereavailable, a sky backgroundrame, treatedfor bad pixels the sameway as described
above, wassubtracted.

4. Finally, pixel sensitvity variationswereaccountedor by dividing by the at eld.

Keepingtheresultsof section3.3in mind, thenumberof framesto be co-addedvaschosersuchthat
theintegrationtimespan(startof theintegrationof the rst coaddedmageto the endof thelast)did
not exceed30 seconds.Table 3.3 lists the obsered objectstogetherwith someimportantimaging
parameters

| Object | Type | airmass| Filter | Sky | Total ExposureTime[s] | Total Obs.Time[s] |
95Her binary 1.06 | K+Br 540 1920
Del binary 1.07 | K+Br X 833 3320
M92 | glohularcluster| 1.64 K X 460 1200

Table3.3: Objectsobservedor PSFreconstructiorpurposes.

Table 3.4 lists the guide starsand loop parametessettingsmaintainedduring the obserations. A
total of 24000gradientsetswasrecordedalongsidesachclosed-loopexposure correspondingo 80
secondgor 300 Hz and 320 secondsgor 75 Hz loop operationfrequeng'®. Of course the number

%0Oneof thereasondor the large differencebetweerexposureandobseration time is the needto stopthe controlloop
in orderto dovnloadrecordedgradients.
Availablespacevasnotfully exhaustedn the75Hz case sincetheclosedoop-exposuredastedonly about90seconds
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| Object| GuideStar | Brightnes§ ] | Loop Frequeng [Hz] | Loop Gain |

95Her HD 164668 5.08(7.08) 300 0.4
Del HD197963 5.14(7.14) 300 0.5
M92 | CSI+43-171569 13. 75 0.2

Table 3.4: Guidestars and loop settingsfor the objectsgivenin table 3.3. Thenumbes in bracketsare the
actualbrightnesson the SHS which is lower sincetheND2.0 Iter wasemployed.

of gradientswasabridgedbeforereductionto alength tted to the integratedobservingtime of the
images. Fromthesegradientsall quantitiesneededor on-axisPSFwere obtainedby the following
steps:

1. Noise estimationwas doneusing equation3.9, giving the diagonalelementsof the gradient
noise covariancematrix . Off-diagonalelementsof this matrix are nggligible, as
they could only be causedoy strongvariationsof the sky backgroundor transpareng which
can safely be assumedo be small in the visual band. Transformingthe noise accordingto

gave thenoisecovarianceon theresidualcontrolledmodes .

2. Thenext stepwastherecovery of thevarianceof the mirror modes . SinceALFA's
control systemis digital, thesecan be determinedby feedingthe recordedgradients into a
software versionof the control algorithm (seealso appendixC). The modal coefcients thus
recoveredhave thento be doubled(mirror re ection) in orderto recover . With thesegiven,

wasestimatedollowing theiterative algorithmdescribedn section2.3 usingequatior2.74.

3. Finally, with theFriedparameteandnoiseknown, thecrucialmatrices and
weredeterminedaccordingto equation?.73,scalingthe theoreticaKL modalvariancematrix
with  asobtainedn thepreviousstep.

In principle, the resultsso obtainedcould be useddirectly to estimatethe systemOTF (andthusits
PSF)following equation2.68. But just the supposedlyeasiespartin this equationposeghe biggest
problem,namelytheunaberratedystenOTF . Dueto theundersamplinghe ber imagecannot
bereliably usedto estimatethe contrilution of residualaberrationsthis oweslargely to the factthat
the exact positioning of the PSFon the 0.08"/pixel grid is not knowvn and that the OTF obtained
from the PSFcarriesno informationbeyond a frequeng of approximately . The only way
to overcomethis limitation wasto measureghe ber imagePSF5s Strehlratio and constructingan
accordingmodalcovariancematrix. This wasdoneby takinga9 9 matrix, with its (0,0), (1,1) and
(2,2) entries,correspondingo tip,tilt andfocusvariance setto zero,astheseaberrationgansafely
assumedo beabsenin ber imaging. The remainingdiagonalentrieswerethensetto equalvalues
suchthat wasequalto the measuredbstrehlratio. The correspondingTF
was nally takentorepresent . While this approachsenesto correctfor possibleoverestimation
of the Strehlratio by thereconstructiomprocessy limiting its maximumto thatfoundonthe ber, it
is not suitableto accountfor asymmetriepresenin thereferencedPSFE

A similar problemoccurswhencomparinghereconstructedo the extractedPSFs;if thereconstruc-
tion wascarriedout suchthatit directly delivereda PSFresolutionof 0.08"/pixel, the shapewould
be by de nition symmetricin the sensethatthe peakPSFintensitywould be locatedexactly on the
vertex of four neighboringpixels. To avoid this, thereconstructiormandcomparisorprocessvasdone
thefollowing way:
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1. ThePSFdeliveredby thereconstructioralgorithmwasresohedat 0.04"/pixel.

2. Fromthis PSF slicesin x- andy-directionweretaken,andeachpixel in theseslicespartedinto
20 pixelswith constanintensity

3. Theoverresoledsliceswerethenshiftedandat eachstepregriddedto a 0.08"/pixel resolution
by summingtheintensitiesn 40 sequentiabins.

4. The resultingundersampledSFswere then comparedto PSF slicestaken from the image
PSFsselectingthe reconstructedPSFsuchthat the summedquadraticdifferencebetweenthe
measuremerdndthereconstructiowasminimal.

As shavnin chapter.3,off-axis PSFreconstructiomequiresanadditionaltermin the OTF. Thisterm
wascalculatedoy selectinga nearbyor synchronous measuremerdbtainedwith SCIDAR and
calculating asgivenby equation.77and2.78.

The next two sectionsshav comparison®f selectedsamplesof imagePSFsto their corresponding
reconstructedPSFE

3.4.2 On-axis PSFReconstructionResults

The comparisonsare donefor x- andy-cuts of both PSFsalong with a a radially averagedPSFE
Contraryto otherworksonthistopic, bothPSFsarenormalizedo onein orderto exposeerrorsin its
anks. Thequality of peak tting is assesselly comparingthe Strehlratiosof thereconstructe@nd
the extractedPSF, givenin atableaccompaying eachplot.

Bright Guide Star - Good Seeing

The rst comparisonis doneon a 25 secondexposureof 95Herrecordedduring a period with V-

Bandseeingof 0.6”. Loop gainat this time was0.4. Theresultsareshavn in gure 3.22andtable
3.5. As canclearly be seen,the reconstructiorguality is quite good, with the absolutedifference
betweenthe PSFsnowhereexceeding0.1. This becomeseven clearerwhenlooking at the OTFs:

at lower frequenciesthe erroris well belov 1% growing to 10-15%at higherfrequencies.There
are several possiblesourcedor the high-frequeng deviations, the mostobvious beingthe insecure
knowledgeof theunaberratedystemPSF Looking at theresidualsjt seemghaterrorsmostly shaw

up at the location of the rst diffraction ring in the x-andy-cuts, and are much lesssererein the

radially averagedoro le. Thismighthintto anasymmetnofthe ber PSFwhichis notaccountedor

by themodelingasdescribedabore.

The Strehimeasure@ndthereconstructetrehlratiosalsoagreeremarkablywell, with the slightly

higher Strehlgiven in the reconstructiorcorrespondindo the deviations of the OTF to the upside.
The FWHM agreemenis alsoquite good, especiallytaking into accountthe inherentinaccurag of

measuringts valueon a 0.08"/pixel array

\ | Measurement Reconstruction

StrehlRatio[%] 40.8 1.6 42.4
FWHM [“] 0.15 0.01 0.14

Table3.5: Stehland FWHM valuesgivenby theimage andthereconstructiorof theguidestar PSFfor 95Her
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Figure 3.22: Comparisorof measued (solid) and reconstructeqddashed)PSFand OTF cutsfor 95Her at a
V-Bandseeingof 0.6”. Thedifferenceof ead pair of curvesis alsoshown(dash-dotted).

Bright Guide Star - Median Seeing

The secondexamplewastaken on Del on the sameday approximatelyone hour later Seeinghad
atthis time degradedto 0.9” in V-Band,but still a highercorrectionquality wasobtaineddueto the
higherloop gain settingof 0.5, ascanbe seenfrom the slightly higher Strehlratio of around45%.
Figure3.23andtable3.6 shawv theresultsfor thiscase.On rst inspectionthereconstructiomuality
is very good,evenbetterthanfor the rst example.Still, the differencebetweerthe PSFsis nowvhere
higherthan 0.1, and strongestcloseto the rst diffraction ring, further hinting to an unaccounted
asymmetnof the ber PSFE Additionally, thedeviationsarevery similar betweerthis starandthe rst
example.Thisis anencouragingesult,asit rulesoutanon-stationargrrorcontritution unaccounted
for by thereconstructiorprocessLooking at the OTF comparisonthe agreemenbetweerthe y-cut
andradially averagedoro les is very goodandgenerallycloseor evenbelov 10%.

Finally, the measuredandreconstructedbtrehlratiosand FWHMs arevery close,with both recon-
structedvalueslying within one of themeasure@nes.

Faint Guide Star - Median Seeing

The last on-axis PSFexampleis taken from an obseration of M92 on Septembei, 2000. The
conditionsfor this obseration werevery differentfrom the previous examplesin brightnessaswell
asairmasg(cf. table3.3). Dueto theseconditionsthe KS7 arraywasusedwith aloop frequeng of
75Hz andaloop gainof only 0.2. As thisloop setupclearlyrepresentsa casewith aloop delayof less
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Figure3.23: PSFand OTF comparisorfor Del at a V-Bandseeingof 0.9”. Samdegendas gure 3.22.

\ | Measurement Reconstruction

StrehlRatio[%] | 45.7 2.00 47.6
FWHM [] 0.14 0.01 0.13

Table3.6: Stehland FWHM valuesgivenby theimage andthereconstructiorof theguidestar PSFfor  Del.

thanonecycle,ita alsosenedasatestbedor thenoiseestimatiormethoddevelopedin section3.2.In

fact, it turnedout thatno PSFreconstructiorwas possibleunlessthe weighteddifferenceestimation
wasused. Thereasorfor this wasthatthe measurementsn M92 wereassociatedavith a fairly high

noiselevel; the overestimatiorof noiseby boththedirectdifferencemethodandthe parabolanethod
in conjunctionwith the noiseampli cation by the controlloop leadsto negativevariancesn equation
2.74. This physicallysenselesgesultmakesanestimationof by theiterative processdescribedn

section2.3impossible.

ThePSFreconstructiomesults,usingthe weighteddifferencenoiseestimationrmethod,areshavn in

gure 3.24andtable3.7. Theagreemenof the PSFx-cutsis clearlyvery bad,while thatfor they-cut
andtheradiallyaveragedcutaresurprisinglygood. Thisdiscrepang, however, canbeeasilyexplained
by anon-commorpathaberration Figure3.25shavs acontourplot of theguidestarandanearbystar

which bothclearlyexhibit acomaaberration As will beseerater, this comaalsoappear®n off-axis

starsfurtheraway andseemso be of constanstrength.As the only non-commorpathaberrationsn

the ALFA systemcanoccurafterthedichroid,the mostprobablesxplanationds a decenteringand/or
tilting of the OmegaCasscamerawell possibleatanairmasf 1.64correspondindo a zenithangle
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of 52 degrees.Theotherpossibility a staticcomaintroducedby the ALFA SHSdueto e xureof one
of its componentss ruledout by boththe eld-independentharacteof the comaandthe absencef
signi cant staticcomatermson the mirror modes.
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Figure3.24:PSFandOTF comparisorfor M92 at a V-Bandseeingof 0.8” (1.1” whenscaledbytheairmass).
Samdegendas gure 3.22.

| Measurement Reconstruction

StrehlRatio[%]

132 1.9

13.3

FWHM []

0.24 0.02

0.22

Table3.7: Strehland FWHM valuesgivenby theimage andthereconstructiorof the guidestar for M92.

Ignoring the x-cut deviations, the y-cut of the PSFE that shouldbe largely unafectedby the coma,
shawvs remarkableagreementvith the reconstructed®SFcut; this is evenmoretrue of the OTF, with
relative error stayingcloseto 10% upto frequencie®f

While therelative errorin the Strehlratio estimationis muchhigherthanin the bright starcasesthe
FWHM agreements betterthanbefore,especiallytaking into accountthat a higher FWHM is ex-

pectedonthemeasuredPSFsdueto coma.This partlyre ects thatthefaintguidestarPSFsarebetter
sampledwith about2.5 samplesper FWHM insteadof 1.6 for the bright starandgood correction
case.
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Offset ["]

Figure 3.25: Contourplots of the guide star and a nearbystar for M92; offsetsare from the centerof the
Omea Cassdetector Comais clearly visible on bothstars.

3.4.3 Off-axis PSFReconstructionResults

PSFreconstructiorfor starsfar avay from the guidestarin principle requiresthe knowledgeof the

on-axisPSF Earlierworks (Fuscoetal., 2000)have arguedthatthis stepcould be skippedandperfect
correctionon theguidestarassumedWhile this agumenteadsto satisactoryresultsfor very bright

guide stars(andassociatedjood correction),it is proneto fail for faint guide stars. As canbe seen
from equation2.76the canbasicallybe regardedasa modi cation of the residualmodal
variance , save high ordercontritutionswhich arecomparatiely small. Therelative strength
ofthe  andthe thusdetermineghe quality of the off-axis PSE Especiallyfor poor correction
andlow Strehlratios achiezed using a faint guide star residualaberrationson the correctionaxis
arecomparatiely high andarethusdominantfar away from the guide star leadingto an effective

isoplanaticanglemuchhigherthanits theoreticavalue(seebelow).

Anothercaveatin off-axis PSFreconstructioris theselectiorof theappropriate pro le. During

the preparatiorof thiswork it hasbeennoticedthatthe quality of thereconstructed®PSFcanbevery

sensitve to evenweakvariationsof the uppertropospherecarehasthereforebeentakento only use
atmospherigro les eitherrecordedin parallelor - if not available - within a time window of 10

minutesfrom the obseration.

Bright Guide Star - Good Seeing

The rst exampleis takenfrom the sameexposureof 95Herasexaminedbefore,this time usingthe
secondcomponentt a distanceof 6.6” from the guidestar Theresultsareshavn in gure 3.26and
table3.8. Note thatthe FWHM is not reportedfor off-axis stars,sinceit is generallydifferentin x-
andy-directiondueto the elongationin the directionof theguidestar

On rst inspection the reconstructiorquality is quite similar to the the on-axiscase;with the short
distanceanda prevalentisoplanaticangleof 11.7”, this is not unexpected.Well insidetheisoplanatic
patch thedifferenceshouldbe smallascanalsobe seenfrom the Strehlratio of approximately38%
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Figure 3.26: PSFand OTF comparisonfor the secondcomponenbf 95Her at a distanceof 6.6” from the
guidestaranda seeingn V-Bandof 0.6”. Samdegendas gur e 3.22.

\ | Measurement Reconstruction
[ StrehiRatio[%] | 38.1 1.8 | 390 |

Table3.8: Strehlratiosgivenby theimage andthe reconstructiorfor the off-axiscomponenof 95Her

thatlost only about3% ascomparedo the guidestar

Looking atthe PSF, therelatively strongdeviation ontheleft diffractionring region of thex-cutis still
presentwhich establisheshe presencef an unresoled asymmetrypresenton the calibrationPSE
They-cutandradial averagePSFs however, areestimatedemarkablywell. Thisis alsore ectedin
the OTF comparisonswith absolutesrrorsaboutthe sameorderasfor the on-axiscase;therelative
errorsare higher reachingabout15%, which is mostly a consequencef the generallylower OTF
valuesfor anoff-axis star

Bright Guide Star - Median Seeing

The next exampleis alsolocatedwithin the isoplanaticpatch,but at a larger distanceof 9.6". It is
takenfrom thesameexposureof Del asfor theon-axiscase.Thestrongelin uence of off-axisterms
onthePSFcanbeimmediatelyseerfrom thehigherdropin the Strehlratio of nearly10%. Theresults
of thereconstructiorprocessareshavn in gure 3.27and3.9.

The x-cut of the PSFshaws the expectederror at a position of -0.3” from the PSFcenter This
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Figure3.27:PSFand OTF comparisorfor theseconccomponenof Del at a distanceof 9.6” fromtheguide
staranda seeingn V-Bandof 0.9”. Samdegendas gure 3.22.

\ | Measurement Reconstruction
| StrehlRatio[%] | 34.2 2.2 | 36.5 |

Table3.9: Strehlratiosgivenby theimage andthe reconstructiorfor the off-axiscomponenof Del.

time, however, thereare also strongerdeviations presenton the y-cut andthe radial averageof the
PSFE Althoughthe overall reconstructiorguality is still satishctory thesedeviationscouldhint ona
systematicerror originatingin the unknavn outerscaleof turbulenceduring the obserations. This
assumptioris furtherstrengthenetly thefactthattherelative OTF reconstructiorerroris signi cantly
higherthanin the previous examplesover nearlythe whole spatialfrequeng range:anerrorin the
estimationof the contrikution of low spatialfrequeng modes]ike tip, tilt, andfocus,which aremost
affectedby the outerscale would shav exactly this behaior. Interestingly Fuscoetal. (Fuscoetal.,
2000)foundasimilar discrepang in their studiesof theanisoplanati®SkE

Faint Guide Star - Median Seeing

Thelastexampleis an off-axis staron the M92 image. This starlies far outsidethe isoplanaticangle

of 11.7” prevalentatthetime, especiallywhenscaledo the correspondingirmasswvhich resultsin a
of only 5.5”. Theresultsof thereconstructiorareshavn in gure 3.28andtable3.10.

The x-cut of the measured®SFis still contaminatedy a a comacontritution to the right side of
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Figure3.28: PSFandOTF comparisorfor theseconccomponenbf M92 at a distanceof 15.3” fromtheguide
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CHAPTERS3. APPLICATION TOALFA

x—cut

10.0
1-05
4-1.0
i-15
3 -2.0
125
1-3.0

y—cut

10.0
i-05
4-1.0

< 1-15
"\—;—2,0

1-2.5
1-3.0

radially averaged

\ ‘\, Ve

10.0
1-05
1-1.0
i-15
320
4-2.5

-15 -1.0 05 00 05 10 15
Distance from maximum ["]

0.2 0.4 0.6
Normalized Frequency [D/\]

staranda airmass-scaledeeingn V-Bandof 1.1”. Samdegendas gure 3.22.

Table3.10: Strehl ratios givenby theimage andthereconstructiorfor the off-axisexamplefromM92.

\ | Measurement Reconstruction

| StrehlRatio[%] |

7.6 141 |

93 |

Logarithm of Optical Transfer Function
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the peakintensity emphasizinghe eld independentharacteof thisimagingaberratiorduringthe

obsenration. They-cutsandradialaveragef reconstructedndmeasuredPSF however, againagree
remarkablywell consideringthe dif cult conditions;the strongestdeviations originate from high

frequenyg bumps, which are a consequencef the comparatiely low SNR for the fainter staras
comparedo the bright starexamples.Thesehigh spatialfrequeng deviationsarealsoclearlyvisible

in the OTF comparisonsywherestartingfrom around , theerroris closeto or evenhigherthan
the actualvalue of the OTF. In the lower frequeng range,the reconstructedTF shawvs the same
tendenyg of underestimatioasin the previous casesgausedy the calibrationPSFuncertaintiesand
beingmorepronouncedn this casedueto thelower underlyingmagnitudeof the OTF.

While thedifferenceof themeasure@ndreconstructe&trehlratiosis relatively highfor thisexample,
it still lies safelywithin  of themeasuremergrror

Altogether the PSFreconstructiorresultspresentedereare very satistctory especiallygiven the
dif culties associateavith theundersamplingf the measurementst shouldbe notedthatthe selec-
tion of the examplesis representate in the sensethatthey arenot taken from particularlygoodor
badcasesbut werechosersuchasto shawv thetypical quality of reconstructiomnderthegivensetof
circumstances.

We arecon dent thatif a properlysampledcalibrationPSFwasavailable,the small low-frequeng
estimationerrorsof the OTF would belargely accountedor. This assumptions foundedon the fact
thatthestrongestleviationsof thePSFshapesloalwaysappeaatthesamdocation,namelyto theleft
of thex-cutandto theright of they-cut peaks.This clearly pointsto a staticnatureof the deviations,
in contrastto the resultsfound by Harderand Chelli (2000)in their work on PSFreconstructiorfor
SHSsystemswho foundnon-stationarylifferenceghatstronglyimpairedthe quality of their ts. As
of writing (March 2003), measurementat CalarAlto areundervay to provide very high-resolution
(0.04"Ipixel) imagesalongsideNFS data.

While theoverall quality of thereconstructiomoesnotfully reachthatfoundon CWSbasedsystems,
we suspecthatmuchof this differencewould disappeafor adequatelysamplediata.

3.4.4 Photometric Reduction

As a last step,the PSFsreconstructedver the whole eld of view will now be usedto perform
photometryon two binariesand the outer fringes of the M92 glohular cluster Again dueto the
undersamplingf the images this proved to be quite dif cult; sincethe exactplacemenbf the PSF
ontheimagegrid is a priori unknavn, the CLEAN decowolution, deliveringvery accurataesultson
simulatedmageg(cf. section2.4),couldnot be successfullyapplied.

Instead,it wasnecessaryo usea generalizatiorof the methodof the precedingsectionto achiere
satishctoryresultsthatconsistef thefollowing steps:

1. First, a grid of reconstructedP SFswas calculated usingthe gradientand atmospheridurbu-
lencedata,thatspandrom theguidestarP SFto the mostdistantpointin the eld of view. This
calculationwasdoneataresolutionof 0.04"/pixel andat PSFdistancestepsof 1” startingwith
attheguidestar

2. Then, measuredPSFswere extractedfrom the imagesat the locationsof the starson which
photometrywasto beapplied.

3. Then,by interpolationandrotation,the appropriateestimatedSFfor eachof the photometry
locationswasgenerated.
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4. ThereconstructedPSFwas tted to the measuredPSFby rst subdviding eachpixel of the
estimationinto a 20 20 grid of identicalintensity of 1/400 of the original pixel intensity;
subsequentlythis new gird was shifted stepwiseover the whole rangeof 20 pixels in both
directions,at eachstepprojectingto a resolutionof 0.08"/pixel by summingintensity within
40 40subarray®f thegrid. For eachresultingundersample®SFthe following quantitywas

minimized
(3.20)
where is the intensity of the measuredPSFat pixel : its associatedhoise (with
assumedo follow Poissonstatistics),  theintensityof the reconstructedPSF
at location , Whichis linearly tted to the measuredPSFvia ("peakintensity”) and

("background”).

5. Finally, theprojectionfor which  asde nedin thepreviousstepwasminimalwasconsidered
asthebest .

Multiplicationof with thetotalbrightnes®f thenormalizedeconstructe® SFthengave anestimate
of the ux ontheselectedstar It shouldbenotedthatfor mostof theexamplesgivenhere thismethod
is overly complicatedsincethe separatiorbetweenstarsis large enoughto safelyassumehattheir
PSFsarenotoverlappingmakingaperturgphotometrypossible . Thepurposeof this section however,
is to revealandcheckimprovementsn photometricaccurag whenusingalocally reconstructe@®SF
asopposedo a global one. The adwantagesof this approachwill cometo passin obserationsof
denseclustersand nearbygalaxies wherethe mutualdistancesf the interestingobjectsarefar too
smallto applyaperturgphotometry

Bright Guide Star: Del and 95 Her

The rst photometryexamplearethe bright binaries Del and95Her; open-andclosedioop images
of the systemsareshavn in gure 3.4.4. As seenin the previous sectionspoth the on- andoff-axis

reconstructioruality wasvery goodon bothstars thusaconclusie improvementof the photometric
estimationis expectedin both cases. Table 3.11 shaws the resultsof the photometry where OL

Apertue arethe resultsobtainedfrom a two minute open-loopexposurewith aperturephotometry
(which is usedasa reference) CL on-axisthe valuesobtainedwith usingthe reconstructean-axis
PSFon both stars,and CL local the resultsgiven by tting the locally reconstructedPSFs. As can
be seenthelocal resultsareclearly superioy reducingthe photometricerrorfrom morethan10%to

3.5%for 95Herandfrom morethan25%to 3.9%for Del; while the errorsof the local methodare
comparabléor both stars,the much highererror usingthe global PSFon Del in partre ects the
higherdistancebetweerthe guidestarandthe secondcomponenbf the binary

\ | OL Aperture| CL on-axis| CL local |  from | from Grid |
95Her 1.73 1.93 1.79 11.7 18.8
Del -2.39 -1.75 -2.30 15.2 21.5

Table3.11: PhotometryResultfor 95Herand Del.

In this context it is alsointerestingto comparethe isoplanaticanglesas calculatedirom the -
pro le presentduring the obserationsand that inferred from the reconstructiorgrid via equation
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Figure 3.29: Open-(left) and closed-loop(right) images of 95Her (top) and Del (bottom).Intensitys dis-
playedin invertedlogarithmicscalefor bettervisibility.
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Figure3.30: PSFgrid usedfor photometryon M92 spanningfromon-axis(left) to a distanceof 40”; stepsize
is 1", resolution0.04"/pixel.

3.19. Theresultsof this comparisorarealsoshavn in table3.11. Again, the practicalvalue of the
isoplanaticangleis muchhigherthanthe theoreticalone, by a factorof 1.6 for 95Herand 1.4 for
Del.

The higher factorin the caseof 95Heris easily explainedby the performancedifferencesof the
correction:while the Strehlratio of the guidestarwas42%for 95Her it reached18%for Del. The
closerthe performanceof theloop lies to perfecton-axiscorrection however, the morethe effective

isoplanaticangleapproachess theoreticaminimumgivenfrom the atmospherigro le andequation
2.13. A practicalconsequencef this behaior is that, if aninterestingobjectis locatedfar from

the correctire beacon,the on-axiscorrectionperformancecan be deliberatelydegradedto enlage
the isoplanaticpatchsize. Somework to nd an optimum betweenon-axiscorrectionquality and
isoplanatiopatchsizehasbeendoneby Chassa{1992).

Faint Guide Star: M92

The next examplewasdoneon a correctedmageof the outerregionsof M92; with its high airmass
andlow loop frequeng, this examplerepresentsan extremecasein the sensethatits operatingat

the very limits of ALFA's possibilities. The open-andclosed-loopmagesusedfor the photometry
areshovn in gure 3.4.4. Note thatthe comais clearly visible on several starsof the closed-loop
image. As seenbefore,the on-axisStrehlratio achiezed wasonly about13%in this case.This has

| Distancefrom GS["] | OL Aperture| CL on-axis| CL local |

4.13 1.18 1.25 1.21
8.75 1.26 1.38 1.31
8.93 1.15 1.25 1.20
12.98 1.48 1.53 1.50
16.19 N/A 0.87 0.78
18.36 N/A 1.07 0.88
2241 0.55 0.59 0.58
22,71 0.04 0.19 0.10
30.87 0.66 0.75 0.58

Table3.12: PhotometryResultfor M92

a strongeffect on the differencebetweerthe effective isoplanaticangleandits theoreticaiminimum;
asnotedwhenassessinghe off-axis reconstructioraccurag of M92 before,theisoplanaticangleas
calculatedrom the pro le scaledto the airmassof 1.6 wasonly 5.5”; usingthe Strehlratios
of thedecomolution grid shawvn in gure 3.4.4andequation3.19, however, givesaneffective  of
26.6", nearly vetimeshigher

The resultsof the photometry estimatingthe magnitudedifferenceof several starsat variousdis-
tanceswith respecto the guide star areshavn in table3.12. Again, the estimatesbtainedby the
local methodare consistentlysmallerthanthosetaken from the on-axisPSFE Additionally, with the



3.4. PSFESTIMATION 87

30 TT T T T T T T T [T T T T T T T T T[T T T T T T T T T [T T T T T T T I T [T T T T T T I T T[T TTT T 7T

20

(@)

O

L L L L L B B N L R L B B
L]

RS IR SN NN R N

—10

Distance from guide star ["]

—20

730 cnr b b b b b

—30 —20 —10 0 10 20
Distance from guide star ["]

W
(@)

BO LI B \\.\\\\\\\ L

20

(@)

\
O O
UL L L L L L L L BN L L R B B B
.
-

Distance from gquide star ["]

[
)
O

730 e b b b b b

—30 —20 —10 0 10 20 50
Distance from gquide star ["]

Figure 3.31: Open-(left) and closed-loop(right) images of M92 centeed on the guide star  Intensityis
displayedn invertedlogarithmicscaleandthe guidestar maskedoutfor bettervisibility.
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exceptionof the two mostdistantstars,the differencebetweenthe open-loopaperturephotometry
resultsandthe local estimatesarearounda value of 3-5%, while that of the global methodvary be-
tween4 and 10%. The variation of the on-axisestimateshowever, doesnot follow the expected
behaior, whichwouldimply agrowing errorwith growing distance Thustheresultsobtainedor the
faintguidestarcannotberegardedasconclusve; neverthelessthe factthatthe magnitudedifference
estimationby the local reconstructioris always smallerthanfor the global caseindicatesthat less
intensityis lost by applyingoff-axis PSFs.



Chapter 4

Conclusion

Thegoalof thiswork wastheadaptionandimplementatiorof a PSFestimationalgorithmfor ALFA,
allowing to reconstructhe optical propertiesof the systenfrom wave-frontsensoisignals.This abil-
ity is highly desirable sincethe scienti ¢ evaluationof dataobtainedwith AO assistancés severely
complicatedby anisoplanag andthevaryingnatureof the PSE

With theoriginal algorithmdevelopedfor usewith curvaturesystemssereralmodi cationsandadap-
tionshadto be carriedout; e.g. the aliasingbehaior of Shack-Hartmansystemss quite different
from that of curvaturesystems Anothertaskwasthe calculationof the correlationfunctionsneeded
duringtheapplicationof thealgorithmbothfor theanalyticalshapeof the Karhunen-Loee functions
andthe measuredhapeof the deformablemirror.

The next stepconsistedf carryingout simulationsthatwere usedto testthe routinesdevelopedfor
the PSFreconstructiortaskon ALFA aswell asto assesshe quality reachabléeby this estimation
method.It wasshavn thatphotometricresultson a simulatedstar eld canbe dramaticallyimproved
usinglocally reconstructe®SFs.

One of the unsolhed problemsin the applicationof PSFestimationmethodto SHS systemswas
the low quality of gradientnoiseestimatesbtainableduring close-loopoperations.Section3.2 in-
troduceda new methodthat operatesdirectly on the gradientmeasurementime seriesand delivers
superiomresultsespeciallyfor the caseof low-delayloop con gurations.As reliablenoiseestimation
is crucialfor the applicability of thereconstructioralgorithm,theimportanceof this resultcannotbe
overestimated.

Thereconstructiorof off-axis PSFsn closedoop requireshe knowledgeof the currentverticalcon-
guration of the atmospheridurbulence. Hence,parallelmeasurementaere carriedout during an
obseration campaigrin August/Septembe2000,usingthe ALFA systemandtheImperial College's
SCIDAR instrument A completesoftwarepackagéiadto bedevelopedin orderto reducethetremen-

dousamountof raw dataprovided by SCIDAR measurementsApart from makingavailable

pro les of the atmospheretheseobserationsalso sened the purposeto cross-checkhe reliability
of the estimationof atmospherigparameterdrom both systemsused;a very good agreementvas
foundfor thesemeasurementsAdditionally, an examinationof the temporalvariationof the essen-
tial quantities and placeda limit on the time that atmospherigparameterganbe regardedas
constant.

Thetasksdescribedabore led on to the actualcomparisorof measurealosed-loopPSFsand OTFs
with their reconstructeccounterparts. This examination,however, was much complicatedby the
long-lastingmalfunctionof the Omega Casscameralimiting the resolutionof theimagesto anun-
dersampledate. In spiteof this limitation, the quality of the reconstructiorwasstill goodon bright

89
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andsatishctoryon faint guidestars. The OTF estimationerrorgenerallywasbelov 10%for the on-
axisandbelaov 25%for the off-axis case additionallythe mostprominentdeviationswhereof a static
naturecould be explainedby theincompleteknowledgeof the calibrationPSFaswell asalow SNR
atthe anks of the measuredSFfor the faint stars. Additionally, the faint starcaserevealedthata
successfuteconstructiorof the PSFwasnot possibleunlessthe nenv noiseestimationmethodwas
used.

Finally, thereconstructe®SFsvereusedn asimple tting schemeo assepossibldmprovementof
photometricaccurag whenusinglocally reconstructe@®SFswhile theresultswerevery encouraging
for the bright guide starcase wherethe magnitudeestimationerror could be reducedo belon 5%,
thefaint starcasewasnotasconclusve, if pointingin theright direction.

Outlook: ThePSFreconstructiorsoftwaredevelopedthroughouthiswork is now capabldo provide
an estimationof a PSFarywhereon the eld of view given only the gradientmeasurementsts
associatednteractionmatrix and, if available,a pro le. It wasdesignedo operateon data
recordedwith a resolutionof 0.04” per pixel. Its routine use,however, is hampereddy the need
to stop ALFA's control systemin orderto download gradientmeasurementafter a relatively short
amountof time; additionally the parallelrecordingof SCIDAR measurements still far from being
routine.

Theimpossibility of directaccesso gradientmeasuremenis the ALFA systemshouldbeaddressed
in ary upgradeor redesigrof the controlsystemaswell astakeninto accountfor future AO systems
plannedon CalarAlto (e.g.PYRAMIR). Thismodi cation would ensurdgheability to reconstructhe
on-axisPSFatall timesduringan AO obsenrationrun.

Obtaining constantcoverageof atmospheridurbulencepro les, the requirementfor off-axis PSF
estimationjs muchharderto addressin the opinionof theauthor SCIDAR in its currentstateis not
up to this taskdueto theimpossibility of real-timeor nearreal-timemeasurementsndthe overhead
of calibrationandstaf requiredfor its operation. Thereare,however, efforts undervay to eliminate
theseadisadantagegMcKennaetal., 2003). Alternatively, measurementsanalsobeobtained
with othermethodsthatmight beintegratedwith the seeingmonitorsalreadyavailableat mary sites.



Appendix A

The TURBULENZ simulation package

The TURBULENZ simulationpackageoriginatedfrom a C programdevelopedby Glindemanret al.
(1993)andextendedby Berkefeld (1998). It simulateshe imagingpropertiesof a layeredturbulent
atmosphereandis con guredby aninput le containingthe following information:

Theobserationwavelength.

An arbitrary numberof turbulent layerswith adjustable , layer height, prevalentwind
speedanddirection,adecorrelatiorcoefcient, andthedesiredouterscale.

An arbitrarynumberof pointsourceglocatedatin nity).

An arbitrarynumberof telescopes;haracterizethy their aperturediameterpositionandimage
planepixel scale.

During the preparatiorof this work, the whole C codewas delugged,speedoptimizedand nally
portedto IDL, in orderto obtaina highersystemndependence.
Theprogramgeneratephasescreensccordingo a Kolmogoro typepowerlaw by spectrakynthesis
in Fourier space;sincethe size of a phasescreenis limited, however, the spectrumis not perfectly
modeledat the low frequeng end,resultingin an effective outerscaleon the orderof the sizeof the
phasemask. This effect is partly alleviated by the additionof so-calledsubharmonicgLaneet al.,
1992),with thegoalof achiering ahigh delity totheKolmogorw law down to thefrequeng de ned
by thedesiredouterscaleof eachlayer.

Deviation from the Taylor frozen o w hypothesids also possiblewith TURBULENZ: the temporal
evolution of the phasescreerpatternis modeledoy a Markov processwith adjustablestrength(Glin-
demanretal., 1993).

Oneof themostimportantcapabilitiesof the packageascomparedo othersimulationenvironments
is the possibilityto includethe simulationof amplitude uctuationsandintensityscintillationscaused
by FresneWdiffractionon the phasegrid of eachlayer (Berkefeld,1998).

In the context of this work, it wasnecessaryo carry out adaptve opticsaswell as SCIDAR sim-
ulationsusing TURBULENZ. While a simpleapproachdescribedn section2.4, was usedfor AO,
SCIDAR simulationsdemanded strongemodi cation. If SCIDAR modeis switchedon, theinput
le mustcontainthefollowing additionalinformation:

Thedistanceof the SCIDAR obsenationplaneto theapertureplaneof thetelescope.

Theidenti cation of two starsusedfor the SCIDAR measurements.
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With this information, the phasepropagationalgorithmis modi ed suchthatit mimics the Rytov
approximatiorwhile retainingthe Fresnediffractioncode:

1. First,the obseration planedistancds addedo the heightof eachlayet

2. Then,for both starsinvolved, the resultingamplitudediffraction patternis calculatedor each
layer

3. Thetotal apertureplanescintillation patternis foundby rst addingthe log-amplitudesof the
individual layer patternsaandthencalculatingthe resultingtotal intensity

4. Finally, thetwo obsenationplanepatternsorrespondingo eachstarareaddedaftershiftingto
the appropriatgositiongiven by the propagatiordistancefrom the apertureto the obseration
plane.

As wasdemonstratedh section2.1, this simulationtechniquedelivers excellentagreemenbf both
"measured” -pro les andwind speeds/directionsith thesimulationparametergseealsoBerke-
feld etal. (2003)).



Appendix B

The SCAVENGER SCIDAR Package

SCIDAR measurementare delivering a tremendousamountof raw datain the form of individual
obsenration planeexposures.Sinceno standarddatareductionpackagesxist, a software package,
SCAVENGER wasdevelopedin the contet of this work.

Thefollowing taskshave to be performedn orderto arrive atanaccuratestimatef the -pro le
of theatmosphere:

Calculationof the mean-normalizeduto-cwarianceof a given numberof obseration plane
exposures.

Extractionof slicesthroughthe auto-cwarianceplanein directionof the line of separatiorof
the starsaswell asperpendiculato thisline.

Calculationof the T-matrix, i.e. the matrix connectingmeasurements the autocorrelation
planewith turbulenceheightandstrengthin theatmosphere.

Inversionof the measuremergquation.

Thefollowing paragraphslescribeghetoolsdevelopedto tacklethosetasks.

Calculation of the auto-covariance function

The calculationof the mean-normalize@uto-c@ariancefunction is straightforvard but hasa high
computationaload; it is the mainreasorwhy real-timeor nearreal-timedatareductionis asof today
impossiblewith SCIDAR systems.

Sincethe actualvalue of the obseration planesamplingis crucial in both determiningthe height
resolutionas well as potentialerrorsin the SCIDAR measuremenprocessthe routine doing the
autocorrelatiordeliversan estimateof this valuethroughthefollowing algorithm:

First, theaverageapertureémageis calculated.

Thenthe resultingimageis binarizedby assigning0 to valuesbelon theimagemedianvalue
andl to valuesaboreit.

Finally, anaverageis taken of the 10 pairsof mostdistantpointsin theilluminatedpartof the
binarizedimage,deliveringthe pixel samplingandits standardieviation.

Note that theseestimatesare only accuratef the measurementare carriedout in non-generalized
SCIDAR mode,i.e. the obseration planecoincideswith the pupil of thetelescope.
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FigureB.1: Sceenshobf theinteractivepro le extractionroutine

Extraction of the auto-covariance pro le

With the auto-cwariancefunction given, the next taskis the extractionof the cutsthroughthe auto-
covarianceplane;for this purpose.an interactve routine was created,asshavn in gure B.1. On
startupthe userhasto selecta auto-coarianceimage,whichis thendisplayedn Cartesiaraswell as
polarcoordinates.

In orderto extractthe cuts,the directionof separatiorof the two component$iasto be found; this
is accomplishedy askingthe user rst for the estimatedadiusof the centralpeak,which is then
maslked out exposingthe fainter off-centercomponents.Then, the userprovides a radial position
wherethecodescandor asecondarynaximum.Takingacutthroughthe polarplot planeatthegiven
position,the codereliably nds thelocationof theline of separatiorand nally extractscutsparallel
andperpendiculato thisline, with theresultof the extractiongiven by their difference.The cutsand
theresultarealsoplottedfor controlpurposesascanbeseenin gure B.1.

Recovery of the -pro le

After theauto-cwariancepro le  hasbeenfound,the measuremergquation
(B.1)

where isthe -pro le and anoiseterm,hasto beinverted. This rst requiresthe numerical
calculationof the  matrix, givenby equation2.29. Apartfrom a brightnesglifferencefactorandthe
heightshift dueto generalize SCIDAR, thevalueof  depend®nthezenithangle theobseration
planesamplingandthe separatiorof thebinary's componentsAll of thesevalueshave to beprovided
by theuserascanbeseenin gure B.2. Thecode rst checksf asuitable -matrix hasalreadybeen
calculated;if not, a subroutineis startedto accomplishthis task,which is very time-consuming.A

possiblefuture updateof the software packageshouldthusinvolve the precomputatiorof a suitable
gridof -matricesfrom whichtheneedednescouldbeinterpolated.

Finally, both and areusedtoobtaina rst estimateof the -pro le by leastsquaresnversion;
this estimateis usedasthe initial guessfor the conjugategradientsinversionof equationB.1. The
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FigureB.2: Sceenshobf theinteractive recoveryroutine

original auto-c@ariancepro le is shavn alongwith the LSQ-estimateand the conjugategradients
resultinthe  -Calculatorwindow ( gure B.2), aswell asestimate®f and atawavelengthof
500nm calculatedrom theresult.

During the developmentof SCAVENGER, carewastaken to make the routinesmostlyindependenof
instrumentand/ortelescopespeci ¢ constantdike CCD size, aperturesize etc. Thus,the package
shouldbe usablewithoutmajorchangegor ary SCIDAR measuremensofar, SCAVENGER hasbeen
successfullyusedto reducedatataken from SCIDAR simulationswith TURBULENZ, measurements
atthe CalarAlto 1.23mtelescopewith Imperial College's SCIDAR instrument(this work), and rst
measurementat the VATT on Mount Grahamwith the LBT SCIDAR instrument(McKennaet al.,
2003).

Task Automation

The large amountof dataproducedby SCIDAR measurementmales interactve datareductiona
very lengthyandtediousprocedure However, it is possibleto automatedatareductionusing SCAv-
ENGER'S subroutines Strictly speakinguserinteractionis mostly necessaryn the extractionof the
auto-cwariancepro le , while theotherparameterdjk e sampling,defocusetc.,eitherstayconstant
duringanobservingrun or changean a predictablevay (e.g.the zenithangle). Thus,if theseparam-
etersareprovided, the only taskremainingis to nd theline of separatiorbetweerthe components,
whichis accomplishedby thefollowing algorithm:

Selectanauto-cwarianceimagefrom thecurrentrun.
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Map theimageto polarcoordinates.
Masktheinnermostandoutermostadialregionsof the polarauto-coarianceimage.

Finally, identify the line of separatiorby searchingor the angularcut for which varianceis
maximal.

The only additionalinformationto be provided for full taskautomationis the extent of the regions
to be masled; theseparametershowever, are speci c to the instrumentand telescopeused,thus
sacri cing the systemindependenhatureof theinteractve routines.

All the SCIDAR resultspresentedn section3.3 werecalculatedusingthe non-interactie technique,
whichturnedoutto be effective for morethan90% of all auto-coarianceimagesrecorded.



Appendix C

ALFA PSFReconstruction Software

This appendixists the software packageslevelopedduring this work, which arenecessaryo carry
outasuccessfuPSFreconstructiomnthe ALFA systemlt is dividedinto threesectionspreparatory
packageswhich are usually executedonly onceand are only necessaryo be re-runwith system
upgradesetc.,auxiliary packageswhich areusedin the PSFreconstructiorprocessput canalsobe
appliedfor other stand-alongourposesand nally the PSFreconstructiomppackageshemseles. All
of theroutinesworkedarewrittenin IDL in orderto beeasilyportablebetweerplatforms

C.1 Preparatory Packages

C.1.1 Cross-talkmatrix calculation

As notedin section2.2,the cross-talkmatrixis givenby
(C.1)

Theinteractionmatrix of high-ordermodesis not measurablesincethe DM cannotreproduceghose
modes. It is thereforenecessarto simulatethe responseof the SHS to the involved high-order
Karhunen-Loee modes.

For this purposeacompletemodelof the SHSmeasuremergrocessvasimplementedincludingthe
KS7 andKS28 arraysaswell asthe differentavailable centroidingalgorithms(Kaspey 2000). This
simulationis usedto constructhe completetheoreticainteractionmatrix up to agivennumberof KL
modes,from which, togetherwith the measurednteractionmatrix for a given setup,the cross-talk
matrix follows from

C.1.2 Calculation of

Theknowledgeof thefunctions  is mandatoryfor thereconstructiorf bothon-andoff-axis PSFs.
Although they are available in analyticalform for Zernike polynomials,this is not the casefor a
generalmodalset. Additionally, it is alwaysbetterto useactualmeasurementsf the DM shapefor
thecalculationof thefunctionsinsteadof thetheoreticallyexpectedvalues.For this purposearoutine
wasimplementedhatcarriesouta numericalintegration

(C.2)
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giventheshape®f theusedmodes.

Thefunctions  arecalculatedfor all combinationsof an for andfor only for
, sincehigh-ordercontributionsaremodeledrom thetheoreticaKarhunen-Loee covariance

matrix, whichis by de nition diagonal.Low-ordermodeshowever, oftenshav non-zerooff-diagonal

elementsiueto deviationsfrom perfectKolmogore turbulence aliasing,noiseetc.

Oneinput parameteiof the routineis a grid of the shapeof modesused;thus, for modeswhere

interferometrioneasurementsf theactualDM shapeareavailable,theanalyticallycalculatednodes

canbereplacedoy measurementdn practice thisturnedoutto deliver betterresultsduringthe PSF

reconstructiorprocess.

C.1.3 Calculation of

Thecalculationof the  functions,neededor off-axis PSFestimationfollows thesamdinesasthe
calculationof the . Again,anumericalintegrationis carriedout, this time according

S S (C.3)

A potentialproblemis posedby the divergenceof the integrandwith ; asshavn by Chassat
(1992),thelimiting valueis generallynon-zerdfor Zernike polynomials.Thus,in principle sophisti-

catednumericalintegrationtechniquesvould have to be emplgyedin orderto yield sensibleresults;

luckily, ascanbe seenfrom equation2.78, only entersthe PSFestimationprocessn the

form of differencedor equal and . As equationC.3 effectively is just a Fouriertransform,anun-

known valuefor correspondso a constanbiasin realspacewhich canceldn the differences.
Thus,thevalueof theintegrandat cansafelybe setto zerobeforetransforming.

After calculationthe  aretransformedo polarcoordinatesvhich aremorecorvenientfor theuse

in equation2.78.

C.2 Auxiliary Packages

C.2.1 Noiseestimation

Noise estimationis implementedfollowing the methodsdevelopedin section3.2. Thereare two
differentroutines,usingthe weighteddifferenceandthe direct differencemethodsespectiely. The
masterroutineis providedthemeasuredlosed-loogradientandtheloop frequengy; for frequencies
belov 200 Hz, aloop delayof 1 is assumedfor frequenciesup to 500 Hz a loop delayof 2; up to
thisfrequeny theweighteddifferencemethodis usedfor noiseestimationfor higherfrequenciesthe
estimatiorswitchego the directdifferencemethod.

C.2.2 Loop simulation

The simulationof the loop feedbackin closed-loopoperationis fundamentalin the retrieval of the
appliedmirror modesduring a measurement.For this purposea completeimplementationof the
control algorithmin IDL wasdone. Apart from a freely adjustablegain, thereare threeadditional
parametesets, , ,and ,whichareusedto selectspeci c controllermodesdependingntheloop
frequeng andcontrolalgorithm(Wirth etal., 1998).TableC.1liststhevaluesof theparametersised,
wherePI denoteghe standardPl controllerand OPT standsfor the optimal controller(Loozeet al.,
1999).
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Type Pl PI PI OPT
RanggHz] | 0-300 | 301-600| 600 0-300
0.0 0.0 0.2 0.893
(0,0,-0.3)| (0,0,0) | (0,0,0.5)| (-0.077,-0.512,-0.350)
(0,0,0) | (0,0,0) | (0,0,0) (0,0,0.390)

TableC.1: ALFA contol loop parametersets;for the OPT controller, the loop gain hasto be multiplied by
59.48.

By default,theloop simulationselectghePI controllersuitablefor thegivenfrequeng. If theoptimal
controllerwasusedduringa measurementhe parametersave to be adjustedoy hand.

The other crucial input parameterf the loop simulationare the calibration matrix (the gradient
matrix) and the measuredyradients. Its outputis the time seriesof modal coefcients asapplied
to the DM; in orderto obtainthe actualvarianceof the mirror modesit is necessaryo doublethe
valuesobtainedfrom the simulation (due to re ection, the outputis always half the atmospheric
modepresent) Additionally, the rst 50-100simulatedmirror modesshouldnot be usedfor variance
calculationssincethey representheinitial phaseof correctionstartingfroma at mirror andthusare
proneto unnaturabscillations.

As hasbeendonein section3.2,theloop simulationcanalsobeusedo simulateclosed-looperation
startingfrom anopen-loopgradientmeasuremerdgetaccordingo thefollowing algorithm:

1. Setuptheclosed-loomsimulationwith the desiredparametersfrom the rst entryof theopen-
loop gradientset,calculatetheinitial modalinputusingthereconstructioomatrix ~ constructed
from the correspondingnteractionmatrix

2. Calculatethe modal output of the loop, and constructthe correspondingyradientsby direct
applicationof  onthedoubledvalueof the currentmirror modalcoefcients.

3. Subtracthemirror inducedgradientcorrespondingo the desiredoop delayfrom the next set
of open-loopgradientsusetheresultto calculatethe next modalinputto theloop.

4. Startoveratstep?2.

The outputof this algorithmaretime seriesof simulatedclosed-loopgradientsand mirror modes,
which canbe usedto examinethe actualtransferfunctionof theloop for a given setof parameteras
well asfor noisepropagatiorstudies.

C.2.3 Closed-loop estimation

Closed-loopestimatiorof the Friedparameters essentiafor bothcorrectionof aliasingnoiseandthe
scalingof the high-ordermodecontrikution to the PSFE The routineintegratesmostof the resultsof

describedabore andthushasto be invoked providing the gradientmatrix, the closed-loopgradients,
loop gainandfrequeng, aswell asthecross-talkmatrix. It thencallsthenoiseestimatiorroutineand
the loop simulationin orderto getthe mirror modesandthe gradientnoiseestimatesFollowing the
iterative algorithmdescribedn section2.3andusingequation2.58it producesan estimateof
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C.3 PSFReconstructionPackages

The mostimportantpackagesre, of course,thoseusedfor the actualPSFreconstruction.A pre-
requisitefor both on- andoff-axis estimationis the knowvledgeof the calibrationPSF;thusa routine
hasbeenimplementedhattakesa K+Br Itered imageof the ber sourceandconstructsan OTF
estimatewith adequatesampling.Dueto lack of suitableimageshowever, this routinehasnot been
thoroughlytested.

C.3.1 On-axis OTF/PSF calculation
Theon-axisOTF/PSFreconstructiomoutineneedghefollowing input:

theon-axisOTF :

the obserationwavelength

theinteraction(gradient)matrix

thetime-serief closedloop gradients

thetheoreticainteractionmatrix ascalculatedby theroutineof sectionC.1.1,

theloop frequenyg andgain,

thetheoreticakovariancematrix for Karhunen-Loee modes,

andthe  functionsfor themodalsetused.obtainedrom C.1.2.

With this information, the reconstructioralgorithmcalls the auxiliary routinesfor noiseand  esti-
mation,whichin turn areusedto construct and . Togethemwith the  functions
the on-axisOTF is calculatedandsaved to disk, beforea nal Fouriertransformdeliveringthe PSF
for the givenwavelengthat a resolutionof 0.04"/pixel.

C.3.2 Off-axis OTF/PSF calculation
Apartfrom the on-axisOTF, the off-axis PSFreconstructiomequiresadditionalinformation:

the angulardisplacement of the reconstructiorpositionfrom the guide stargivenin polar
coordinates,

the -pro le of theatmospherd¢ogethemwith thevaluesof correspondingo eachpoint
in thepro le,

andthe  functionsascalculatedn sectionC.1.3.

With this information,the anisoplanati¢ransferfunction (ATF) is calculatedandmultiplied with the
on-axisOTF to obtainthetotal OTF; again,theresultingOTF is savedto disk beforethe off-axis PSF
is foundby a Fouriertransformation.

All of theroutinesdescribedibore aremoreor lessadaptedo the ALFA systemcarehasbeentaken,
however, to put speci c parameterdike mirror diametey obstructionratio, etc. into constantssuch
thattheroutinescaneasilypemodi ed for othertelescopeand/orsystemywith the obviousexception
of theclosed-loopsimulation.
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