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ABSTRACT

The 1-meterSwedishsolartelescopés a new solartelescopghatwasputin operationon theisland of La Palmain the
Canarylslandsattheendof May 2002. The goalof thistelescopés to reachits di ractionlimited resolutionof 0.1arcsec
in bluelight. This hasalreadybeenachieved by useof alow-orderadaptie optics(AO) system.This paperdescribeshe
AO systeminitially developedfor the former50-cm SwedishVacuumSolar TelescopgSVST) andfurtherimprovedfor
the new telescope Both systemausea combinationof bimorphmodalmirrors and Shack—Hartmanmwavefront sensors.
Uniqueto thesesystemsarethatthey rely on a singleworkstationor a PCto do all the computationsequiredto extract
andpre-processheimages measureheir positionsusingcrosscorrelationtechniquesndfor controllingthe deformable
mirror. Thisis in the presensystempossibleby usingthe perr instructionavailableon Compags Alpha architectureand
in the new systemusingthe psaddbwnstruction,available on Pentium4 andAthlon processorsWe describeboththese
systemawith anemphasi®n the performancethe easeof supportandupgrade®f performance.

We also describethe optimizationof the electrodegeometryfor the new 37-electrodebimorph mirror, suppliedby
AOPTIX Technologies)nc.,! for controlling Karhunen—L@ve modes. Expectedperformance pasedon closed-loop
simulationsjs discussed.
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1. INTRODUCTION

The 1-meterSwedishsolartelescopé? is designedo be the highestresolvingsolartelescopén the world at the time of
deployment. In particular its goalis to reachits di ractionlimited resolutionof 0.1 arcsecat 430 nm, a wavelengthof
particularimportancefor viewing bright pointsassociatedvith magnetic eld. Achieving this resolutionover extensve
periodsof time requiresexcellent seeingand an adaptie optics (AO) systemwith at least30 electrodes.Suchan AO
systemof relatively low orderwill give smallerresidualwavefronterrorona 1-metersolartelescopghanwasthe casefor
theprevious50-cmsolartelescopevithout adaptie optics.

In this paperwe describehe AO systemdevelopedfor the new solartelescopewhich is intendedfor usein very good
seeing.It is designedo be alow-costsystemthatis simpleto develop, maintain,calibrateanduse. Sectiontwo describes
there-imagingsystemincludingthetip-tilt systemthescienceCCDs,andthe presentAO system.Sectionthreedescribes
thenew 37-electrodedimorphmirror andthe methodusedto optimizethe electrodegeometrywith respecto correctionof
Karhunen-Lewe (KL) modesandthewavefrontsensor

2. DESCRIPTION OF THE CURRENT AO SYSTEM
2.1.Optical setup

The 1-meterSwedishsolartelescopéhasan optical systemconsistingof a 1.1-meterfusedsilica singletlenswith a clear
apertureof 97 cm, two 1.4-meteroptical ats anda 60 mm eld mirror re-imagingthe entrancepupil on a Schupmann
corrector consistingof a 305 mm fusedsilica lensanda 300 mm Zerodurmirror.>2  This optical systemis in vacuum,
with the 1.1-meterensactingasvacuumwindow. Eight mm insidethe focal planeof the Schupmanrsystemis located
a50mm eld lensthatalsosenesasexit vacuumwindow. The combinedAO andre-imagingsystemis locatedoutside
the vacuumsystemon the optical tableandincludesa tip-tilt mirror with CCD usedto measurehe positionof solar ne
structurethewavefrontsensomandthe scienceCCDs,seeFig. 1.

Furtherauthorinformation: G.B.S.: E-mail: scharmer@astro.su.se , WWW: www.solarphysics.kva.se/ , Postaladdress:
Institutefor SolarPhysics AlbaNova University Center SE-1081 Stockholm,Sweden
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Figure 1. Theschematiaraning shavs thelayoutof the opticson the opticaltable. The beamfrom thetelescopés nearlyverticaland
isre ected rst o thetip-tilt mirror andtheno theadaptve mirror throughthere-imaginglens(L1). Shovn arealsothelocationsof
thebeamsplitters,two scienceCCD:s,the AO wavefrontsensorndthe correlationtracker CCD usedto controlthetip-tilt mirror.

The distancebetweerthe eld lensandadaptve mirror, matchedby the focal lengthof the eld lens,determineghe
pupil diameter During designof the system,it wasdecidedthatthe optimum pupil diameterfor the adaptve mirror was
around34 mm. A smallpupil diameteldeadsto highresonancérequeng of theadaptie mirror, makesthe overall system
compactreducednternalseeinge ectsandthe dimensionsof the optical componentsvhich alsohelpsimprove optical
quality. The manufcturerof the bimorphmirror, AOPTIX Technologiednc.,! concludedthata 34 mm pupil diameter
would allow correctionof up to 60 KL modeswhich is consideredhe upperlimit for future developmentsof this AO
system.

Following the Schupmanifocusis rst thetip-tilt mirror, thenthe adaptve mirror andthe re-imaginglens,wherethe
pupil imageis on the adaptve mirror. Thereasorfor having thetip-tilt mirror rst is thatthe diameterof the Schupmann
focal planeis smallerthanthe pupil diameterso the beamdiameterincreasegrom the Schupmanriocal planeto there-
imaginglensandthis allows a smallertip-tilt mirror thanif it wereplacedbehindtheadaptive mirror. There-imaginglens
is locatedafterthe adaptve mirror to allow change®f theimagescalewithouta ectingthetip-tilt andadaptve mirrors.
It is to be noted,though,thatchange®f there-imaginglensrequireschange®f thewavefrontsensoioptics. The present
re-imaginglensis a 55 mm diametercementedapochromatidriplet which, becausef its shortfocal length, providesa
nearlyperfectly at focal curvethroughouthevisible partof thespectrum.

Thetip-tilt andadaptve mirrors fold the beamfrom nearlyvertical to horizontal,or approximatelyby 90 . This is
arrangedsuchthatthetip-tilt mirror de ectsthebeam60 andthe adaptve mirror by 30 . With anangleof incidenceof
15 onthe adaptire mirror, the pupil imageis nearlycircular (sincecosl5 = 0:97). The re-imaginglensmagni esthe
imageby approximately?.2 times, producinganimagescaleof 0.041arcseqer pixel on our EastmarKodakMegaplus
1.6and4.2scienceCCDs.

The tip-tilt and adaptie mirrors plus the re-imaginglenswill be mountedon a rotating stagethat allows the beam
to be de ectedto eithera combinedspectrograpland spectro-polarimeteor to an optical table intendedfor re-imaging
throughbroad-bandand narrav-band lters. For re-imaging,the following beamincludesa dichroic beamsplitter and
several beamsplitter cubesto divide the light amongup to four scienceCCDs, the wavefront sensorandthe correlation
tracker CCD. Thebeamsplitterdivertinglight to thewavefrontsensois closeto the nal focal planeof thebeamre ected
by thedichroic.

The Schupmantiocus,locatedbeforetheadaptie mirror, is usedfor obtaininga controlmatrix for theadaptive mirror
andfor co-aligningandco-focusinghe scienceCCDs.



(a) 19 electrodes (b) 37 electrodes

Figure 2. The gure comparegshe geometrief the old 19-electrodga) andthe newv 37-electrodgb) bimorphmirrors, to the same
scale.Figure(b) alsoshavs the 37-elementexagonalmicro-lensarray superimposedh grey. The pupil diameteris the samefor the
two mirrorsandindicatedby thethick circlein (a) andagrey circlein (b).

2.2. Deformable mirr or

The optimummodesfor compensatingtmospheriseeingare KL modesin the sensethatthe smallestpossibleresidual
wavefronterrorcanbe achievedwith a givennumberof correctednodes? For example perfectcorrectionof the 30 rst

KL modesis equivalentto approximately50 correctedmodesfor a mirror providing zonalcorrection*  Low-orderKL

modeshave the advantageof beingsimilar to purefocus,coma,astigmatismandsphericalaberrationvhich arelikely to
appeaiin solartelescope$rom misalignmenbf the optics,imperfectionsn the mirror cellsandtemperaturgyradientsn

thetransmittingoptics,suchasvacuumwindows (if present)andre-imaginglenses.Designingthe deformablemirror to

compensat&ernike or KL modesallows goodcorrectionalsoof such x edor slowly varyingtelescopeberrations.

Bimorph mirrors have the attractive propertythatthey easilyproducelow-orderaberrationsvith large amplitudeand
thathigherorderaberrationsareproducedwith lower amplitude.This makesthemideally suitedfor compensatingeeing
from atmospheri¢urbulenceandvery likely alsofor compensatingelescopaberrationgswell aswavefronterrorsfrom
polishing.Bimorphsproducesmallamountf high-ordemirror modesandthereforealsosmallamountof aliasingfrom
high to low-ordermodesn thewavefrontsensor

Thepresentl9-electrodeleformablemirror wasdesignedy AOPTIX for correctingapproximatelythe rst 15Zernike
modes. The secondmirror, which is presentlyin the processof beingdelivered,was designedby the authorsto correct
approximatelthe rst 30KL modegseeSection3.2for details).Figure2 shovsthegeometrie®f thepresentl9-electrode
mirror andthat of the new 37-electrodemirror with the 37 micro-lensesuperimposetih grey. The geometryof the 37-
electrodemirror wasobtainedfrom optimizationsdescribedn Section3. Notethe goodmatchbetweerthe electrodeand
micro-lensgeometries.

2.3. Wavefront Sensor

The wavefront sensolis of Shack—Hartmantype andbuilt from commerciallyavailable componentsn orderto reduce
cost.

The potentially mostexpensve part of the wavefront sensoris the CCD. Basedon analysisof open-loopwavefront
sensowdata,it wasdecidedthata frame-rateof 1 kHz would be adequateClosed-loopperformanceon the SVST veri ed
thisin normaloperationbut alsodemonstratethe needfor improvedbandwidthin higherwind speed.Thisimprovement
waslaterobtainedby rewriting the codein orderto reducetime-delay(seeSection2.7).



Of thecommerciallyavailableCCDs,we chosethe DalstarCA-D6, which provides955fr/sec. ThisCCDhas260 260
pixelswhicharereadoutin 4 separat®&5 260pixel channelsTheimagesizeis alittle largerthanrequired.By ensuring
thatthe micro-lensimagesarere-imagedn the partof the CCDwhichis rst readoutit is possibleto processub-images
onthe y asthey arewrittento memory

In orderto provide a goodmatchto the Zernike or KL modesof the bimorphmirror, the nearlycirculararrangement
of hexagonalmicro lenseds superiorto thatof squaremicro lenses Simulationshave shavn, asexpectedthatamodi ed
hexagonalgeometrywherethe outermostring of micro lensess displacedto the perimeterof the pupil, would give the
bestperformancebut the costof sucha solutionwastoo high andstandardmicro lensesrom Adaptive Optix Associates
Inc.> werechosen.

Thewavefrontsensowopticswasdesignedandveri ed with Zemax.Theconstraintaverethe F-ratioof there-imaging
optics,thepixel sizeof theCCD (10 m) andthedesiredmagescaleatthefocal planeof the CCD. A satisictorysolution
wasfound basedon availablelensesand micro lenses. The optics consistsof a eld lens,a secondensto compensate
mismatchin the focal lengthof the eld lensandan f = 40 mm, 0.625mm periodmicro-lensarray The designallows
the samemicro-lensarrayto be usedfor eitherre-imaging ve (for the 19-electrodemirror) or seven(for the 37-electrode
mirror) micro lensesacrosghe pupil diameter The eld lensisdi erentfor thetwo designsasarethepositionsof thetwo
lensesThemicrolensarraycanbeata x edpositionrelative to the CCD. Theimagescaleonthe CCD s 0.3 arcsefpixel
for the 19 microlensand0.43arcsefpixel for the 37 micro lenssetups.

2.4.Control matrix and wavefront calibration

A goodmatchbetweenthe deformablemirror andthe wavefront sensorallows straightforvard and accuratecalibration
procedures.

To measurethe control matrix, a large pinhole for usewith solar light or a small pinhole for usewith a laseris
insertedat the primary focus, beforethe deformablemirror. With the presentmirror, for eachof the 19 electrodesa
low-frequeny sawvtooth wave of relatively large amplitudeis outputduring approximatelyl s while the AO software
determinesall Zernikes 2—-19, for eachframe. This stepof the calibrationtakes a total of 20 s andresultsin 19,000
wavefrontmeasurementshich arestoredon disk. Whenthe datahasbeenstored,ano -line reductionprogramwrittenin
ANAZ® (anIDL-lik e but non-commercialanguageprocessethedata. Theprocessingonsistof usingleast-squaress to
determinethe bestlinearrelationbetweerinput voltageandoutputZernikesfor eachof the 19 electrodesBy using1000
measurementtow-noisemeasuremen@reachiezedwhich arelimited in practiceby any smallseeingchangesvithin the
AO setupduring 1 second.This processindgakesapproximatelyl0 s, by taking advantageof the high speedof the same
workstationasusedto controlthe AO system.

We alsoconsideiit importantto beableto calibratethezero-pointwavefront(* atten themirror”) withouthavingtorely
on externalwavefrontsensoror theoreticalcalculationsof the electroderesponse Our experiencewith the 19-electrode
suggestshatthemirror canbe attenedto between=40and =30 RMS by usingonly apinholenearthewavefrontsensor
focusasreference.

2.5. A0 computer

Whereaghe implementatiorof early night-time AO systemsrequiredthe useof DSPsto handlethe tasksof processing
micro-lensimages,performingmatrix multiplicationsand outputtingvoltagesto the deformablemirror, we recognized
that DSPshave a numberof disadwantagesandthatgeneralpurposemicroprocessorbaddevelopedto the point wherea
singlesuchprocessomay be ableto do all the processingequiredevenfor an AO systemrelying on cross-correlations
to measurehe positionsof the sub-imagesA comparisorbetweenDSPsandgeneralpurposeprocessorss discussedt
depthin Refs.7,8 andwill notberepeatedere.lt su cesto summarizehis discussiorasfollows.

Advancesin computerarchitecturesuchas cachesand superscalapipelined executionunits have renderedgeneral
purposemicroprocessorgs e cient per clock tick asDSPs? At the sametime the clock speedof generalpurpose
microprocessorbBave out-paced SPssuchthatthe uniprocessoperformancef moderngeneralpurposemicroprocessor
greatlyexceedghatof currentDSPs.While anumberof DSPscanbe combinedo mitigatethe advantage®f the general
purposemicroprocessgisuchcombiningentailscommunicatioroverheadsndcomplicatesalgorithms.

To maximize performance DSPstendto exposethe internal architectureof the processoto a much greaterextent
than doesa generalpurposemicroprocessor As a consequencst is di cult to write e cient compilersof languages



Table 1. CPU time spenton varioustasksin the AO codein s, given for useon extendedtargets(cross-correlationsyn Alpha and
Athlon platforms. Timing is for 19 sub-images18 Zernikesanda 19-electrodebimorphmirror. Eachsub-imagehas16 16 pixels
exceptthereferencesub-imagg24 24 pixels). Cross-correlationaredoneby evaluatingall possible 4 pixel shifts.

Task Alpha566MHz  Athlon 1400MHz
UnpackingDALSA 16 bit data 79 122
Flat- eld, darkcorr, max,min, averageintensities 119 46
Sub-imagepositionestimatecross-correlation 200 220
Positionto Zernike matrix multiply 0.2 0.4
Zernike to voltagematrix multiply 9 2
Miscellaneous 25 32
Total time 435 422

like C to DSPsandsothey areoften programmedn assemblylanguage.Furthermorethereis limited compatibility in
programcodeof successie generation®f DSPsdueto theinternalarchitectureehangeshataccompag new generations.
Generalpurposemicroprocessoren the otherhandare carefulto maintaincompatibility betweensuccessie generations
atthebinary machinecodelevel andbetweendi erentarchitecturafamiliesthroughthe provision of high-level language
optimizingcompilerswhich allow e cientapplicationgo bewrittenin a highly portablemanner

Crucialto anAO systenfor asolartelescopeis the ability to do cross-correlationextremelyfast. Boththe AO system
andthe correlationrelies on the sum of absolutedi erenceslgorithmto yield a correlationfunction the minimum of
which is obtainedby quadraticinterpolation. Without the availability of multimediaextensionsn the form of dedicated
instructionsto perform parallel manipulationof multiple integer dataitems, suchan AO systemwould be much more
di cultto developthanwasthe case.In the presenisystemwe areusingthe pixel errorinstruction(perr), availableon
HP's (formerly DEC) Alpha platforms.This instructioncomputeghe sumof absolutedi erence®f eightpixelspresented
in two 64-bitinputoperand®na full eightbits perpixel andcanbeissuedattherateof onepermachinecycle for the full
sumof absolutedi erencegalculationover 8 pixelsin currentAlphaimplementationsAt 566 MHz clock frequeng, this
impliesthatupto 4:5 10° absolutedi erencesanbe evaluatedpersecond For the currentsystemwith 19 micro-lenses,
thecross-correlationsouldin principlebecarriedoutwithin 100 s, in practiceabout200 sarerequiredwith the present
codeandclock frequeny anddatacacherelatedstalls. Reducingthe numberof shiftsfrom 4 to 3 afterclosingthe
seno-loopwould reducethistime from 200 sto 120 s.

Whendevelopingthe presensystemjt wasexpectedhatthe Alphaworkstationsvould soonbe availablewith 1 GHz
clock frequeng. But Compaghave announcedhat they will be phasingout work on the Alpha processoiin favor of
the new Itanium 64 bit processarMigrating to Itaniumis a viable option sinceltanium hasa similar sumof di erences
instruction(psad). We have however, alreadyportedour codeto the PentiumandAthlon platformsto investigatavhether
theseplatformarealsoviable. The Pentium4 architecturdmplements8 bit sumof di erencenstruction(psaddbythat
canoperateon either8 (64 bit) or 16 (128hit) 8 bit pixelsin oneinstruction. The AMD Athlon processoimplementghe
64 bit variantonly, but our experiencenasshavn thatthe Athlon processocanachierse similar performancevith 8 pixels
per instructionthat the Pentium4 achieveswith 16 pixels per instruction. The sub-imageposition estimatein Table 1
compareshetime spentin the optimizedcodeon Athlon andAlpha processors.

2.6. Computational performance

Table 1 summarizeshe CPU time spenton varioustasksin the AO code. As canbe seenin this table, only half of the
computingtime is spenton cross-correlationsThe remainderof thetime is dominatedoy the time neededo unpackthe
DALSA 16 bit words(2 pixels perword) aswell asperforming at- eld anddarkcorrections.This timing alsoincludes
an evaluationof the minimum, maximumand averageintensitiesfor eachsub-image.Thesevaluesareusedin a rather
elaborateschemavhich aimsat monitoringillumination changedor thedi erentsub-imagesndcontinuallyadjustingthe
DC levelsof the sub-imagesuchthatthey areequalfor all sub-imagesTestsandsimulationsmadewith our correlation
tracker have shavn thatsuchillumination changegrom thin cloudscansigni cantly degradethe accurag of the position
estimategrom the cross-correlationanlesscompensatetbr. Theimportanceof this normalizationin AO however, is not
equallyobvious.



Thetiming for the AO systemwhenrun on an Athlon 1400MHz systemwith fastDDR memoryis shovn in thesame
table. Thisis a simulationsystenreadingsavedimagesfrom disk andnot doingany mirror control.

The time neededo processonefull frameis 435 s on an Alpha 566 MHz and422 s on an Athlon 1400 MHz.
Already in SeptembeR002, 2.6 GHz Athlon processorsare available!? It is evident that both systemsare capableof
runningthe AO system We concludethatinexpensve workstationsquite clearly have the capacityto handleall aspectof
the computationsequiredby adaptve opticssystemdor low-lateng (1-2kHz framerate) AO systemausing50 or more
sub-aperturefor night-timeuseandaround35 sub-aperturefor usewith solartelescopes.

2.7.Computational aspects

Crucialto the performanceof an AO systemis its closed-loopbandwidth. This bandwidthcritically dependon thetime
delayof the AO systemt! This time delaycomesfrom the exposureof the CCD, the read-outtime of the CCD andthe
computationatlelay As illustratedin Ref. 11, thebandwidthof the AO systemcandropfrom 25%to 5% of the sampling
frequeny whentheread-outtime of the CCD plusthetime for computationss increasedrom zeroto two frames,with

8% correspondingdo the typical caseof 1 framedelay While usinga CCD with higherframeratewill reducethetime
delay thisis anexpensve solutionsincein our caseit would requirea CCD thatis not availablecommercially

The260 260-pixel CCD usedfor our AO systemis oversized Whenusedwith 37 micro lensestherequirednumber
of pixelsis about180 200 pixels. By placingthe sub-image®ptimally on the CCD chip, the read-outtime is reduced
by about30% which gives an increaseof the bandwidthby nearly 25%. Of even more importanceis to arrangeall
computationssuchthat processingof the sub-imagess doneon the y . In the previous code,this wasnot done: The
processingwvas donein two steps, rst readingthe imageinto memory and then subsequenprocessing. By using a
referencémagefor cross-correlationfom the currentframe,computationatielayswereun-necessariljarge. In the new
code,areferencamageis choserfrom the previousframeallowing all processingn a sub-imageo be doneassoonasit
is availablein memory Thisis checledby continuouslymonitoringhow mary lineshave beenDMA'd to systemmemory
suchthatprocessinganstartwithin micro-secondsfteragivensub-imagés in memory This makesit possibleto nish
all computationsvithin approximately0.1 msafterreadingthelastsub-image.

Anotherpossibility, which hasnot beenimplementedfor improving the bandwidthfurtheris to reducethe exposure
time of the CCD and control it suchthat the exposureis madeimmediatelybeforethe CCD is being readout. Our
expectationhowever, is thatthe bandwidthof the AO systemwill beadequatevithoutthisimprovement.

2.8.Correlation Tracker

Bimorphmirrorscanbe usedfor excellenttip-tilt correctionprovidedthatthe stroke is small. For largerstroke, unwanted
higherorderaberrationsare producedwhich degradeoverall performanceof the AO system.It wasthereforedecidedto
usea separateip-tilt mirror. The upgradectorrelationtracker runsa slightly modi ed versionof the SVST softwareon
a CompadAlpha (500 MHz) system trackingspotsandsmall poresusinga quadcell algorithmandon granulationusing
crosscorrelation*?

Thecrosscorrelationalgorithmcorrelate 64 64 pixel referencéemagewith a48 48liveimagegeneratinga13 13
“correlation”function (i.e. using 6 shift) in the sameway asthe AO system.

The bandwidthof the new CT hasincreaseddramaticallyover the SVST system,primarily because small 40 mm
tip-tilt mirror with piezoactuatorss usedinsteadof the previous 200 mm mirror which wascontrolledby dc-motors.In
addition,the CCDwasupgradedrom aDalsaCA-D1 runningat 800Hz to a DalstarCA-D6 CCD runningat955Hz. The
new tip-tilt mirror systemusesl 3 bit D/A corverterskindly suppliedby the Kiepenheuetnstitutefor SolarPhysics.

3. OPTIMIZA TION OF THE NEW 37-ELECTRODE MIRR OR

In designingthe new AO system,we optimizedthe bimorph mirror electrodegeometryfor bestperformancewith the
new Swedishsolartelescopeysingour optimizedmodal SH algorithm'® with 37 hexagonalmicro-lensesThe numberof
electrodesvasvariedfrom 35to 40.

In this optimization,attentionwas paid alsoto the tail of high-orderun-measurablenodesthat are producedby the
mirror whenapplyingvoltagesto producelow-ordermodes.In addition,the needecklectrodevoltagesvasbalancedver
thedi erentelectrodesuchthatsaturatiorof theelectrodevoltagesdoesnot limit performancen goodseeing.



(a) Zernike polynomials (b) Karhunen—Lewe functions

Figure 3. Comparisorbetweerthe rst 50 Zernike andKarhunen—Leve polynomials. The orderingfollows Noll*® andrunsfrom top
to bottom,left to right. Notethatthe Zernike polynomialsin generakhav steepegradientsandmoresmall-scaldeatureseartheedge
of the pupil thanis the casefor KL polynomials.Thisdi erencegivesabettermatchto turbulenceinducedseeingpimorphmirrorsand
SHwavefrontsensorgor KL polynomialsthanfor Zernikes.

3.1. Atmospheric Karhunen—-Loewe functions

As pointedout earlier KL functionsarethe optimalbasisfunctionsfor compensatinghaseaberrationgrom atmospheric
turbulence a factthatfollows from their diagonalcovariancematrix, seee.g. Ref. 4. However, therearealsoreasonghat
have to do with how the sensorandthe bimorphmirror work. As foundin Refs.14,15andcon rmed by our simulations
thatKL functionsaresensednuchbetterthanZernikesby hexagonalSH sensorsdueto the factthatthe KL functions
have smallergradientscloseto the pupil perimeterandthat structurescloseto the perimeterextendfurtherinto the pupil
area(seefFig. 3). For thesamereasonpimorphmirrors canmoreeasilyproduceKL thanZernike modes.In thefollowing
we thereforerestricttheanalysisto KL functions,althoughwe performednitial testsalsowith Zernike polynomials.

We constructedapproximateKL functionsaslinearcombinationf Zernike polynomialsby diagonalizingthe atmo-
sphericcovariancematrix, a proceduradescribedn Ref. 16. We includedZernike modesup to Z 2000in this procedure.
We usedtheexpressiorfor theZernike covariancegivenin Ref. 17. OurKL functionsarenumberedisthelowestincluded
Zernike polynomials,accordingo the numberingschemeof Ref. 18 (seealsoFig. 3).

Analysisof the SH sensomith 37 hex micro lensesndicatesthatit canwell senseKL modes?2—36,43—-45,and55.



Electrodering infout Orig.  Opt.

Center o] 0.212 0.242
Innerring [ 0.253 0.285
o] 0.482 0.461
Middle ring [ 0.524 0.503
0] 0.812 0.782
Outerring [ 1.188 1.192
o] 2.035 1.928
(a) Electroderadii/pupil radius (b) Original (c) Optimized

Figure 4. Resultof a trial optimizationof a 35-electrodebimorphmirror, labeledESO35. The table comparedhe original electrode
radii to thosefoundby the optimizationproceduralescribedn thetext. Theelectroddayouts,asusedby the optimizationprocedureis
shawn for thetwo con gurations.This is notthe geometrychoserfor the new bimorphmirror.

3.2.Badness

A givenmirror electrodegeometry— as characterizedy the inner and outerradii of the electroderings, aswell asthe
numberandpositionof the electrodesvithin eachring — canbe evaluatedasfollows.

We calculatedthe responsdor an electrodeof eachtype (onein eachring of electrodesfrom athin plate model of
the bimorph mirror. This is doneby solving the Poissonequationwherethe RHS of the equationis unity within the
electrodeareaandzerooutside. This equationwas solved numericallyusing Fourier transformtechniquesTheresulting
mirror responses expandedn the phasemodebasisset(upto M = 200 modes). Theresponsesf the otherelectrodes
in the samering werecalculatedy rotatingtheresponsef this electrode.Theresulting“mirror response’matrix is then
multiplied with the inverseof its largestsquaresubmatrix,with zeroedresponse$or unmeasurablenodes. This givesa
matrix, which describeghe actualaberrationsreatedby eachof the controlledmodes,.e. the cross-talkmatrix. We can
thenevaluatetheresidualvariancein percentof whatis expectedrom Kolmogoror statisticstakinginto accountalsothe
“noise” of unwantedhigh-orderaberrations.

The badnessiumberis the varianceof the residualwavefrontweightedwith atmospheristatisticsfor the KL modes,
includingalsothevarianceof the unwantedhigh-ordemrmodes.

Note that for eachmode,thereis an optimumagain, which is lessthanunity, becauseurning up the gainto improve
correctionof thismodealsoincreasesheamplitudef thehigh-ordermodes. Theoptimumgainfor eachmodeis obtained
to sub-pivel accurayg from theanalysisandcanbeusedto discriminatebetweernwell-correctecandbadly correctednodes.
In the optimization,modeswith gainlessthan0.7 wereconsideredadly correctedandthereforeswitchedo .

3.3. Mirr or Electrode Optimization

Preliminary examinationof badnesspace,i.e. how the badnessiumbervarieswith respectto variationsin the radii,
indicatedthat the badnesss a smoothfunction andthat a global multi-dimensionaloptimizationshouldwork. In order
to avoid unphysicalkelectrodecon gurations,a large badnesgenalty(several ordersof magnituddargerthanthe typical
badneswalues)wasgiven to con gurationswith a distancebetweenrings or rings with widths smallerthan 0.02% of
the pupil radius. The resultingdiscontinuitiesmadethe problemlesssuitedfor ordinary gradient-basedptimizations
algorithms.We thereforeusedthe Downhill Simplex Methodin Multidimensions!®

We startby trying to nd anelectrodegeometrythatcanrealizethe measurabl&KL modesaswell aspossiblewhile
producingaslittle aspossibleof un-measurablenodeshatwill degradeperformancalirectly andthroughaliasing(cross-
talk). For the caseswve testedjt convergedto a functionvaluetoleranceof 10 °in  1(? iterations.Generallywe started
theoptimizationfrom theradii of adesignproposecearlierby LaplacianOpticsandlabeledESO35 but alsofrom thegrid
optimaandin somecasedrom othercon gurations. In orderto verify the optimizationprocedurewe re-optimizedthe
radii of the ESO35design.Theresults,shavn in Fig. 4, agreequite well with theinitially determinedadii, derivedfrom
othercriteriathanusedhere.



3.4.Results

A more careful evaluationof promisingelectrodegeometriesvas donewith closed-loopsimulationsinvolving the SH
sensor

From theory we calculatedthe wavefront gradientsfor eachmicro-lensand eachKL. This givesa SH “response
matrix”, X = MK, whereX arethe 74 measured; y sub-imagepositionsfrom the 37 micro-lensesandM isa74 M
matrix. FromM, we extracta 74 45 sub-matrixwhich hasthe elementscorrespondindo KL37-42 zeroedout. This
sub-matrixis invertedby SVD to give K = NX. We thenmultiply M with R to gettheslopesmeasuredby the SHfor each
of theelectrodesMultiplication by N givestheKL's “measured’by the SH wavefrontsensoincludingall the cross-talks
from the mirror high-orderaberrations.This correspondso how we actuallydo our calibrationof the presentadaptve
opticssystem.

Having obtainedthe nal designof our mirror, we madeadditionalexperimentdo improve it andnotedthefollowing:
Thereare two main featuresthat someavhat limit the performance.The rst is the KL37 problemdescribedbelon. The
secondproblemis the geometryof the micro-lenses.The “default” geometryof 37 hexagonalmicro-lensehasseveral
micro-lensegoo far away from the edgeof the pupil. Simply moving 12 of the 18 lensesn the outerring outwards,such
thatthey arecloseto theedgeof the pupil, improvesperformance.

A generalproblemis thatthe micro lensat the centerof the pupil cannotsensehe curvatureof the centerelectrode.
A bimorphmirror with a centerelectrodeandthreerings of electrodesurroundingt, canthereforeproducehighereven
radialdegreesof aberrationshanthewavefrontsensocanmeasureSpeci cally, themirror canproduceBthorderspherical
aberrationwhichin our labelingschemecorresponds$o KL37. We have tried several electrodegeometrieghatsuppress
KL37, but all thesegeometrieggave unacceptabl@verall performance.We therefordecidedto solve this problemby
“adding” information from the bimorph modelto the SH calibrationsuchthat KL37 canbe identi ed and suppressed.
This meansthat the control matrix is basicallyempirical, but that onerow de ning the voltagescorrespondingo KL37
is addedto the empiricalresponsenatrix. Anotherway of doingthis is to calibratethe mirror using“modes” of voltages
correspondingo KLs asobtainedrom bimorphmodelandleave outthe modecorrespondingo KL37.

Thegeometrywe nally choseis shavnin Fig. 2. Notethatthe centerelectrodes fairly large. Thiswasdonein order
to improve the “stroke”, aslimited by the unwantedhigherorderaberrationspf KL11 (sphericalaberration) expectedto
be presentfrom temperaturgradientsin the 1.1-mfusedsilica lens. This large centerelectrodehassomeavhat negative
impacton higherordercomatermsKL 16 and17 but this is marginal accordingto our calculations.We tried to improve
alsoKL 22, higherordersphericabberrationput this madethe centerelectrodeavenlargerwith negativee ectonseveral
aberrationsvith oddradialdegree.

Thebestpossibleperformancavith thisgeometryis 1.26%residualvariancewhenusedwith our hexagonaimicrolens
array

3.5. Predicted Performance

Figure 5(a) shaws the bestachievable performanceas determinedrom the optimizationprocedure correspondingo a
residualvarianceof 1.26%. Note thatnearlyall KL modesup to KL28 arewell correctedandthat partial correctionof
severalhigherordermodesarepossible In Fig. 5(b) is shovn amorerealisticpredictionof performancebasedn closed-
loop simulations. Note that the performancéds someavhat betterduring the rst iterationthan during the last iteration,
becausén the rst iteration,optimumgainswereused thesegainsweree ectively setto unity at the lastiteration. Note
alsothatthewavefrontvarianceor somehigherordermodesds increasedby correctionof lower-ordermodes.Theresidual
variancepredictedrom thesesimulationss 1.5%.

Finally, Fig. 6 shavs histogramsof the expectedwavefront variance,basedon the closedloop simulations. This
histogramshaws that a signi cant fraction of short-posureimagesis expectedto have a residualwavefront variance
approachindl.1% andvery few shouldexceed2%. This histogramis comparedo a histogrampredictingperformance
for the 50-cm SVST, without arny adaptie optics. As canbe seen,the performanceshouldin all respectde betterfor
the new 1-metersolartelescopavhenusingthe 37-electrodeadaptie optics systemthanfor the SVST without adaptve
optics. Sincethe SVSTfrequentlyachievedneardi ractionlimited imagequality over extensive periodsof time, it canbe
predictedwith high degreeof con dencethatthe new solartelescopeshouldachieve this goalevenmorefrequentlyeven
with therelatively simple AO systemproposechere.
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Figure 5. Predictedbestpossibleperformancedrom the optimization(a) and closedloop simulations(b) for the geometryof the new
adaptie mirror. Onthex-axisis labeledthe KL-modes,following theorderingshawvn in Figure3, onthey-axisthevariancesn radians
squareddivided by (D=r()>® (D is thetelescopaliameteyr, is the Fried parameter) The theoreticalvariancegor turbulenceinduced

seeingareindicatedby +, the residualvariancesafter correctionby the AO systemby

iteration. Notethe overshootof someuncorrectecigherorderaberrations.
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