
To appearin Proc.SPIE4853-52, InnovativeTelescopesandInstrumentationfor SolarAstrophysics, Keil & Avakyan,eds.,Waikoloa,Hawaii, USA, August2002.

Adaptiveopticssystemfor the newSwedishsolar telescope
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ABSTRACT

The 1-meterSwedishsolartelescopeis a new solartelescopethatwasput in operationon the islandof La Palmain the
CanaryIslandsat theendof May 2002.Thegoalof this telescopeis to reachits di� ractionlimited resolutionof 0.1arcsec
in bluelight. This hasalreadybeenachievedby useof a low-orderadaptiveoptics(AO) system.This paperdescribesthe
AO systeminitially developedfor the former50-cmSwedishVacuumSolarTelescope(SVST)andfurther improvedfor
thenew telescope.Both systemsusea combinationof bimorphmodalmirrors andShack–Hartmannwavefront sensors.
Uniqueto thesesystemsarethat they rely on a singleworkstationor a PCto do all thecomputationsrequiredto extract
andpre-processtheimages,measuretheir positionsusingcrosscorrelationtechniquesandfor controllingthedeformable
mirror. This is in thepresentsystempossibleby usingtheperr instructionavailableon Compaq'sAlpha architectureand
in thenew systemusingthepsaddbwinstruction,availableon Pentium4 andAthlon processors.We describeboth these
systemswith anemphasison theperformance,theeaseof supportandupgradesof performance.

We also describethe optimizationof the electrodegeometryfor the new 37-electrodebimorphmirror, suppliedby
AOPTIX Technologies,Inc.,1 for controlling Karhunen–Lo�eve modes. Expectedperformance,basedon closed-loop
simulations,is discussed.
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1. INTRODUCTION

The1-meterSwedishsolartelescope2,3 is designedto bethehighestresolvingsolartelescopein theworld at thetime of
deployment. In particular, its goal is to reachits di� ractionlimited resolutionof 0.1 arcsecat 430 nm, a wavelengthof
particularimportancefor viewing bright pointsassociatedwith magnetic�eld. Achieving this resolutionover extensive
periodsof time requiresexcellentseeingandan adaptive optics (AO) systemwith at least30 electrodes.Suchan AO
systemof relatively low orderwill givesmallerresidualwavefronterrorona1-metersolartelescopethanwasthecasefor
theprevious50-cmsolartelescopewithout adaptiveoptics.

In thispaperwedescribetheAO systemdevelopedfor thenew solartelescope,which is intendedfor usein verygood
seeing.It is designedto bea low-costsystemthatis simpleto develop,maintain,calibrateanduse.Sectiontwo describes
there-imagingsystemincludingthetip-tilt system,thescienceCCDs,andthepresentAO system.Sectionthreedescribes
thenew 37-electrodebimorphmirror andthemethodusedto optimizetheelectrodegeometrywith respectto correctionof
Karhunen–Lo�eve(KL) modesandthewavefrontsensor.

2. DESCRIPTION OF THE CURRENT AO SYSTEM

2.1.Optical setup

The1-meterSwedishsolartelescopehasanopticalsystemconsistingof 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 305mm fusedsilica lensanda 300mm Zerodurmirror.2,3 This optical systemis in vacuum,
with the1.1-meterlensactingasvacuumwindow. Eight mm insidethe focal planeof theSchupmannsystemis located
a 50 mm �eld lensthatalsoservesasexit vacuumwindow. ThecombinedAO andre-imagingsystemis locatedoutside
thevacuumsystemon theoptical tableandincludesa tip-tilt mirror with CCD usedto measurethepositionof solar�ne
structure,thewavefrontsensorandthescienceCCDs,seeFig. 1.

Furtherauthorinformation: G.B.S.: E-mail: scharmer@astro.su.se , WWW: www.solarphysics.kva.se/ , Postaladdress:
Institutefor SolarPhysics,AlbaNova UniversityCenter, SE–10691Stockholm,Sweden
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Figure1. Theschematicdrawing shows thelayoutof theopticson theopticaltable.Thebeamfrom thetelescopeis nearlyverticaland
is re�ected �rst o� thetip-tilt mirror andtheno� theadaptive mirror throughthere-imaginglens(L1). Shown arealsothelocationsof
thebeamsplitters,two scienceCCD:s,theAO wavefrontsensorandthecorrelationtracker CCD usedto controlthetip-tilt mirror.

Thedistancebetweenthe�eld lensandadaptive mirror, matchedby thefocal lengthof the �eld lens,determinesthe
pupil diameter. During designof thesystem,it wasdecidedthat theoptimumpupil diameterfor theadaptive mirror was
around34mm. A smallpupil diameterleadsto high resonancefrequency of theadaptivemirror, makestheoverallsystem
compact,reducesinternalseeinge� ectsandthedimensionsof theoptical componentswhich alsohelpsimprove optical
quality. The manufacturerof the bimorphmirror, AOPTIX TechnologiesInc.,1 concludedthat a 34 mm pupil diameter
would allow correctionof up to 60 KL modeswhich is consideredthe upperlimit for future developmentsof this AO
system.

Following theSchupmannfocusis �rst thetip-tilt mirror, thentheadaptive mirror andthere-imaginglens,wherethe
pupil imageis on theadaptive mirror. Thereasonfor having thetip-tilt mirror �rst is that thediameterof theSchupmann
focal planeis smallerthanthepupil diameterso thebeamdiameterincreasesfrom theSchupmannfocal planeto there-
imaginglensandthis allowsa smallertip-tilt mirror thanif it wereplacedbehindtheadaptivemirror. There-imaginglens
is locatedafter theadaptive mirror to allow changesof the imagescalewithout a� ectingthetip-tilt andadaptive mirrors.
It is to benoted,though,thatchangesof there-imaginglensrequireschangesof thewavefrontsensoroptics.Thepresent
re-imaginglensis a 55 mm diametercementedapochromatictriplet which, becauseof its shortfocal length,providesa
nearlyperfectly�at focal curvethroughoutthevisiblepartof thespectrum.

The tip-tilt andadaptive mirrors fold the beamfrom nearlyvertical to horizontal,or approximatelyby 90� . This is
arrangedsuchthat thetip-tilt mirror de�ects thebeam60� andtheadaptive mirror by 30� . With anangleof incidenceof
15� on theadaptive mirror, thepupil imageis nearlycircular (sincecos15� = 0:97). The re-imaginglensmagni�es the
imageby approximately2.2 times,producingan imagescaleof 0.041arcsecperpixel on our EastmanKodakMegaplus
1.6and4.2scienceCCDs.

The tip-tilt andadaptive mirrors plus the re-imaginglenswill be mountedon a rotatingstagethat allows the beam
to be de�ectedto eithera combinedspectrographandspectro-polarimeteror to an optical tableintendedfor re-imaging
throughbroad-bandandnarrow-band�lters. For re-imaging,the following beamincludesa dichroic beamsplitter and
severalbeamsplitter cubesto divide the light amongup to four scienceCCDs,thewavefrontsensorandthecorrelation
trackerCCD.Thebeamsplitterdivertinglight to thewavefrontsensoris closeto the�nal focalplaneof thebeamre�ected
by thedichroic.

TheSchupmannfocus,locatedbeforetheadaptivemirror, is usedfor obtainingacontrolmatrix for theadaptivemirror
andfor co-aligningandco-focusingthescienceCCDs.
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(a)19 electrodes (b) 37electrodes

Figure 2. The �gure comparesthe geometriesof the old 19-electrode(a) andthe new 37-electrode(b) bimorphmirrors, to the same
scale.Figure(b) alsoshows the37-elementhexagonalmicro-lensarraysuperimposedin grey. Thepupil diameteris thesamefor the
two mirrorsandindicatedby thethick circle in (a)anda grey circle in (b).

2.2.Deformable mirr or

Theoptimummodesfor compensatingatmosphericseeingareKL modesin thesensethat thesmallestpossibleresidual
wavefronterrorcanbeachievedwith a givennumberof correctedmodes.4 For example,perfectcorrectionof the30 �rst
KL modesis equivalentto approximately50 correctedmodesfor a mirror providing zonalcorrection.4 Low-orderKL
modeshave theadvantageof beingsimilar to purefocus,coma,astigmatismandsphericalaberrationwhich arelikely to
appearin solartelescopesfrom misalignmentof theoptics,imperfectionsin themirror cellsandtemperaturegradientsin
thetransmittingoptics,suchasvacuumwindows (if present),andre-imaginglenses.Designingthedeformablemirror to
compensateZernikeor KL modes,allowsgoodcorrectionalsoof such�x edor slowly varyingtelescopeaberrations.

Bimorphmirrorshave theattractive propertythat they easilyproducelow-orderaberrationswith largeamplitudeand
thathigher-orderaberrationsareproducedwith loweramplitude.This makesthemideally suitedfor compensatingseeing
from atmosphericturbulenceandvery likely alsofor compensatingtelescopeaberrationsaswell aswavefronterrorsfrom
polishing.Bimorphsproducesmallamountsof high-ordermirror modesandthereforealsosmallamountsof aliasingfrom
high to low-ordermodesin thewavefrontsensor.

Thepresent19-electrodedeformablemirror wasdesignedby AOPTIX for correctingapproximatelythe�rst 15Zernike
modes.The secondmirror, which is presentlyin theprocessof beingdelivered,wasdesignedby the authorsto correct
approximatelythe�rst 30KL modes(seeSection3.2for details).Figure2 showsthegeometriesof thepresent19-electrode
mirror andthatof thenew 37-electrodemirror with the37 micro-lensessuperimposedin grey. The geometryof the37-
electrodemirror wasobtainedfrom optimizationsdescribedin Section3. Notethegoodmatchbetweentheelectrodeand
micro-lensgeometries.

2.3.Wavefront Sensor

The wavefront sensoris of Shack–Hartmanntype andbuilt from commerciallyavailablecomponentsin orderto reduce
cost.

The potentiallymostexpensive part of the wavefront sensoris the CCD. Basedon analysisof open-loopwavefront
sensordata,it wasdecidedthata frame-rateof 1 kHz would beadequate.Closed-loopperformanceon theSVSTveri�ed
this in normaloperationbut alsodemonstratedtheneedfor improvedbandwidthin higherwind speed.This improvement
waslaterobtainedby rewriting thecodein orderto reducetime-delay(seeSection2.7).

3



Of thecommerciallyavailableCCDs,wechosetheDalstarCA-D6,whichprovides955fr/sec.ThisCCDhas260� 260
pixelswhicharereadout in 4 separate65� 260pixel channels.Theimagesizeis a little largerthanrequired.By ensuring
thatthemicro-lensimagesarere-imagedon thepartof theCCDwhich is �rst readout it is possibleto processsub-images
on the�y asthey arewritten to memory.

In orderto provide a goodmatchto theZernike or KL modesof thebimorphmirror, thenearlycirculararrangement
of hexagonalmicro lensesis superiorto thatof squaremicro lenses.Simulationshaveshown, asexpected,thata modi�ed
hexagonalgeometrywheretheoutermostring of micro lensesis displacedto the perimeterof the pupil, would give the
bestperformance,but thecostof sucha solutionwastoo high andstandardmicro lensesfrom AdaptiveOptix Associates
Inc.5 werechosen.

Thewavefrontsensoropticswasdesignedandveri�ed with Zemax.TheconstraintsweretheF-ratioof there-imaging
optics,thepixel sizeof theCCD(10� m) andthedesiredimagescaleat thefocalplaneof theCCD.A satisfactorysolution
wasfound basedon availablelensesandmicro lenses.The opticsconsistsof a �eld lens,a secondlensto compensate
mismatchin the focal lengthof the �eld lensandan f = 40 mm, 0.625mm periodmicro-lensarray. Thedesignallows
thesamemicro-lensarrayto beusedfor eitherre-imaging� ve (for the19-electrodemirror) or seven(for the37-electrode
mirror) micro lensesacrossthepupil diameter. The�eld lensis di� erentfor thetwo designsasarethepositionsof thetwo
lenses.Themicro lensarraycanbeata �x edpositionrelative to theCCD.Theimagescaleon theCCDis 0.3arcsec/pixel
for the19micro lensand0.43arcsec/pixel for the37micro lenssetups.

2.4.Control matrix and wavefront calibration

A goodmatchbetweenthe deformablemirror andthe wavefront sensorallows straightforwardandaccuratecalibration
procedures.

To measurethe control matrix, a large pinhole for usewith solar light or a small pinhole for usewith a laser is
insertedat the primary focus, beforethe deformablemirror. With the presentmirror, for eachof the 19 electrodes,a
low-frequency sawtooth wave of relatively large amplitudeis output during approximately1 s while the AO software
determinesall Zernikes2–19, for eachframe. This stepof the calibrationtakes a total of 20 s and resultsin 19,000
wavefrontmeasurementswhicharestoredondisk. Whenthedatahasbeenstored,ano� -line reductionprogramwritten in
ANA6 (anIDL-lik ebut non-commerciallanguage)processesthedata.Theprocessingconsistsof usingleast-squares�ts to
determinethebestlinearrelationbetweeninput voltageandoutputZernikesfor eachof the19 electrodes.By using1000
measurements,low-noisemeasurementsareachievedwhicharelimited in practiceby any smallseeingchangeswithin the
AO setupduring1 second.This processingtakesapproximately10 s, by takingadvantageof thehigh speedof thesame
workstationasusedto controltheAO system.

Wealsoconsiderit importantto beableto calibratethezero-pointwavefront(“�atten themirror”) withouthaving to rely
on externalwavefrontsensorsor theoreticalcalculationsof theelectroderesponse.Our experiencewith the19-electrode
suggeststhatthemirror canbe�attenedto between�= 40and�= 30RMSby usingonly apinholenearthewavefrontsensor
focusasreference.

2.5.AO computer

Whereasthe implementationof earlynight-timeAO systemsrequiredtheuseof DSPsto handlethe tasksof processing
micro-lensimages,performingmatrix multiplicationsandoutputtingvoltagesto the deformablemirror, we recognized
thatDSPshave a numberof disadvantagesandthatgeneralpurposemicroprocessorshaddevelopedto thepoint wherea
singlesuchprocessormaybeableto do all theprocessingrequiredevenfor an AO systemrelying on cross-correlations
to measurethepositionsof thesub-images.A comparisonbetweenDSPsandgeneralpurposeprocessorsis discussedat
depthin Refs.7,8 andwill notberepeatedhere.It su� cesto summarizethisdiscussionasfollows.

Advancesin computerarchitecturesuchascachesandsuperscalarpipelinedexecutionunits have renderedgeneral
purposemicroprocessorsas e� cient per clock tick as DSPs.9 At the sametime the clock speedof generalpurpose
microprocessorshaveout-pacedDSPssuchthattheuniprocessorperformanceof moderngeneralpurposemicroprocessor
greatlyexceedsthatof currentDSPs.While a numberof DSPscanbecombinedto mitigatetheadvantagesof thegeneral
purposemicroprocessor, suchcombiningentailscommunicationoverheadsandcomplicatesalgorithms.

To maximizeperformance,DSPstend to exposethe internalarchitectureof the processorto a muchgreaterextent
thandoesa generalpurposemicroprocessor. As a consequence,it is di� cult to write e� cient compilersof languages
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Table 1. CPU time spenton varioustasksin the AO codein � s, given for useon extendedtargets(cross-correlations)on Alpha and
Athlon platforms. Timing is for 19 sub-images,18 Zernikesanda 19-electrodebimorphmirror. Eachsub-imagehas16 � 16 pixels
exceptthereferencesub-image(24� 24 pixels).Cross-correlationsaredoneby evaluatingall possible� 4 pixel shifts.

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

like C to DSPsandso they areoften programmedin assemblylanguage.Furthermore,thereis limited compatibility in
programcodeof successivegenerationsof DSPsdueto theinternalarchitecturechangesthataccompany new generations.
Generalpurposemicroprocessorson theotherhandarecarefulto maintaincompatibilitybetweensuccessive generations
at thebinarymachinecodelevel andbetweendi� erentarchitecturalfamiliesthroughtheprovisionof high-level language
optimizingcompilerswhichallow e� cientapplicationsto bewritten in a highly portablemanner.

Crucialto anAO systemfor asolartelescope,is theability to docross-correlationsextremelyfast.BoththeAO system
and the correlationrelieson the sumof absolutedi� erencesalgorithmto yield a correlationfunction the minimum of
which is obtainedby quadraticinterpolation.Without theavailability of multimediaextensionsin the form of dedicated
instructionsto performparallelmanipulationof multiple integer dataitems,suchan AO systemwould be muchmore
di� cult to developthanwasthecase.In thepresentsystem,we areusingthepixel error instruction(perr), availableon
HP's (formerlyDEC)Alphaplatforms.This instructioncomputesthesumof absolutedi� erencesof eightpixelspresented
in two 64-bit inputoperandsona full eightbitsperpixel andcanbeissuedat therateof onepermachinecycle for thefull
sumof absolutedi� erencescalculationover8 pixelsin currentAlpha implementations.At 566MHz clock frequency, this
impliesthatup to 4:5 � 109 absolutedi� erencescanbeevaluatedpersecond.For thecurrentsystemwith 19micro-lenses,
thecross-correlationscouldin principlebecarriedoutwithin 100� s, in practiceabout200� sarerequiredwith thepresent
codeandclock frequency anddatacacherelatedstalls. Reducingthe numberof shifts from � 4 to � 3 after closingthe
servo-loopwould reducethis time from 200� s to 120� s.

Whendevelopingthepresentsystem,it wasexpectedthattheAlphaworkstationswouldsoonbeavailablewith 1 GHz
clock frequency. But Compaqhave announcedthat they will be phasingout work on the Alpha processorin favor of
thenew Itanium64 bit processor. Migrating to Itaniumis a viableoptionsinceItaniumhasa similar sumof di� erences
instruction(psad1). We havehowever, alreadyportedourcodeto thePentiumandAthlon platformsto investigatewhether
theseplatformarealsoviable. ThePentium4 architectureimplements8 bit sumof di� erenceinstruction(psaddbw) that
canoperateon either8 (64 bit) or 16 (128bit) 8 bit pixelsin oneinstruction.TheAMD Athlon processorimplementsthe
64 bit variantonly, but our experiencehasshown thattheAthlon processorcanachievesimilar performancewith 8 pixels
per instructionthat the Pentium4 achieveswith 16 pixels per instruction. The sub-imagepositionestimatein Table 1
comparesthetimespentin theoptimizedcodeonAthlon andAlphaprocessors.

2.6.Computational performance

Table1 summarizesthe CPU time spenton varioustasksin the AO code. As canbe seenin this table,only half of the
computingtime is spenton cross-correlations.Theremainderof thetime is dominatedby thetime neededto unpackthe
DALSA 16 bit words(2 pixelsperword) aswell asperforming�at-�eld anddarkcorrections.This timing alsoincludes
an evaluationof the minimum,maximumandaverageintensitiesfor eachsub-image.Thesevaluesareusedin a rather
elaborateschemewhichaimsatmonitoringilluminationchangesfor thedi� erentsub-imagesandcontinuallyadjustingthe
DC levelsof thesub-imagessuchthatthey areequalfor all sub-images.Testsandsimulationsmadewith our correlation
tracker haveshown thatsuchillumination changesfrom thin cloudscansigni�cantly degradetheaccuracy of theposition
estimatesfrom thecross-correlationsunlesscompensatedfor. Theimportanceof this normalizationin AO however, is not
equallyobvious.

5



Thetiming for theAO systemwhenrunonanAthlon 1400MHz systemwith fastDDR memoryis shown in thesame
table.This is a simulationsystemreadingsavedimagesfrom disk andnotdoingany mirror control.

The time neededto processone full frame is 435 � s on an Alpha 566 MHz and422 � s on an Athlon 1400MHz.
Already in September2002,2.6 GHz Athlon processorsareavailable.10 It is evident that both systemsare capableof
runningtheAO system.We concludethatinexpensiveworkstationsquiteclearlyhavethecapacityto handleall aspectsof
thecomputationsrequiredby adaptiveopticssystemsfor low-latency (1–2kHz framerate)AO systemsusing50 or more
sub-aperturesfor night-timeuseandaround35sub-aperturesfor usewith solartelescopes.

2.7.Computational aspects

Crucial to theperformanceof anAO systemis its closed-loopbandwidth.This bandwidthcritically dependson thetime
delayof theAO system.11 This time delaycomesfrom theexposureof theCCD, theread-outtime of theCCD andthe
computationaldelay. As illustratedin Ref.11, thebandwidthof theAO systemcandropfrom 25%to 5% of thesampling
frequency whentheread-outtime of theCCD plus thetime for computationsis increasedfrom zeroto two frames,with
8% correspondingto the typical caseof 1 framedelay. While usinga CCD with higherframeratewill reducethe time
delay, this is anexpensivesolutionsincein ourcaseit would requirea CCDthatis notavailablecommercially.

The260� 260-pixel CCDusedfor ourAO systemis oversized.Whenusedwith 37micro lenses,therequirednumber
of pixels is about180� 200pixels. By placingthesub-imagesoptimally on theCCD 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-imagesis doneon the �y . In the previous code,this wasnot done: The
processingwas donein two steps,�rst readingthe imageinto memoryand then subsequentprocessing. By using a
referenceimagefor cross-correlationsfrom thecurrentframe,computationaldelayswereun-necessarilylarge. In thenew
code,a referenceimageis chosenfrom thepreviousframeallowing all processingona sub-imageto bedoneassoonasit
is availablein memory. This is checkedby continuouslymonitoringhow many lineshavebeenDMA'd to systemmemory
suchthatprocessingcanstartwithin micro-secondsaftera givensub-imageis in memory. This makesit possibleto �nish
all computationswithin approximately0.1msafterreadingthelastsub-image.

Anotherpossibility, which hasnot beenimplemented,for improving thebandwidthfurther is to reducetheexposure
time of the CCD and control it suchthat the exposureis madeimmediatelybeforethe CCD is being readout. Our
expectation,however, is thatthebandwidthof theAO systemwill beadequatewithout this improvement.

2.8.Correlation Tracker

Bimorphmirrorscanbeusedfor excellenttip-tilt correctionprovidedthatthestroke is small. For largerstroke,unwanted
higher-orderaberrationsareproducedwhich degradeoverall performanceof theAO system.It wasthereforedecidedto
usea separatetip-tilt mirror. Theupgradedcorrelationtracker runsa slightly modi�ed versionof theSVSTsoftwareon
a CompaqAlpha (500MHz) system,trackingspotsandsmallporesusinga quadcell algorithmandon granulationusing
crosscorrelation.12

Thecrosscorrelationalgorithmcorrelatesa64� 64pixel referenceimagewith a48� 48live imagegeneratinga13� 13
“correlation” function(i.e.using� 6 shift) in thesamewayastheAO system.

The bandwidthof the new CT hasincreaseddramaticallyover the SVST system,primarily becausea small 40 mm
tip-tilt mirror with piezoactuatorsis usedinsteadof theprevious200mm mirror which wascontrolledby dc-motors.In
addition,theCCDwasupgradedfrom aDalsaCA-D1 runningat800Hz to aDalstarCA-D6 CCDrunningat955Hz. The
new tip-tilt mirror systemuses13bit D/A converterskindly suppliedby theKiepenheuerInstitutefor SolarPhysics.

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

In designingthe new AO system,we optimizedthe bimorph mirror electrodegeometryfor bestperformancewith the
new Swedishsolartelescope,usingour optimizedmodalSH algorithm13 with 37 hexagonalmicro-lenses.Thenumberof
electrodeswasvariedfrom 35to 40.

In this optimization,attentionwaspaid alsoto the tail of high-orderun-measurablemodesthat areproducedby the
mirror whenapplyingvoltagesto producelow-ordermodes.In addition,theneededelectrodevoltageswasbalancedover
thedi� erentelectrodessuchthatsaturationof theelectrodevoltagesdoesnot limit performancein goodseeing.
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(a) Zernike polynomials (b) Karhunen–Lo�eve functions

Figure 3. Comparisonbetweenthe �rst 50 Zernike andKarhunen–Lo�eve polynomials.Theorderingfollows Noll18 andrunsfrom top
to bottom,left to right. NotethattheZernikepolynomialsin generalshow steepergradientsandmoresmall-scalefeaturesneartheedge
of thepupil thanis thecasefor KL polynomials.Thisdi� erencegivesabettermatchto turbulenceinducedseeing,bimorphmirrorsand
SHwavefrontsensorsfor KL polynomialsthanfor Zernikes.

3.1.Atmospheric Karhunen–Lo �eve functions

As pointedoutearlier, KL functionsaretheoptimalbasisfunctionsfor compensatingphaseaberrationsfrom atmospheric
turbulence,a factthat follows from their diagonalcovariancematrix, seee.g.Ref.4. However, therearealsoreasonsthat
have to do with how thesensorandthebimorphmirror work. As foundin Refs.14,15 andcon�rmed by our simulations
that KL functionsaresensedmuchbetterthanZernikesby hexagonalSH sensors,dueto the fact that the KL functions
have smallergradientscloseto thepupil perimeterandthatstructurescloseto theperimeterextendfurther into thepupil
area(seeFig. 3). For thesamereason,bimorphmirrorscanmoreeasilyproduceKL thanZernikemodes.In thefollowing
we thereforerestricttheanalysisto KL functions,althoughwe performedinitial testsalsowith Zernikepolynomials.

We constructedapproximateKL functionsaslinearcombinationsof Zernike polynomialsby diagonalizingtheatmo-
sphericcovariancematrix, a proceduredescribedin Ref. 16. We includedZernike modesup to Z 2000in this procedure.
Weusedtheexpressionfor theZernikecovariancesgivenin Ref.17. OurKL functionsarenumberedasthelowestincluded
Zernikepolynomials,accordingto thenumberingschemeof Ref.18 (seealsoFig. 3).

Analysisof theSH sensorwith 37hex micro lensesindicatesthatit canwell senseKL modes2–36,43–45,and55.
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Electrodering in/out Orig. Opt.
Center o 0.212 0.242
Innerring i 0.253 0.285

o 0.482 0.461
Middle ring i 0.524 0.503

o 0.812 0.782
Outerring i 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 tablecomparedthe original electrode
radii to thosefoundby theoptimizationproceduredescribedin thetext. Theelectrodelayouts,asusedby theoptimizationprocedure,is
shown for thetwo con�gurations.This is not thegeometrychosenfor thenew bimorphmirror.

3.2.Badness
A given mirror electrodegeometry– ascharacterizedby the inner andouterradii of the electroderings, aswell asthe
numberandpositionof theelectrodeswithin eachring – canbeevaluatedasfollows.

We calculatedthe responsefor an electrodeof eachtype (onein eachring of electrodes)from a thin platemodelof
the bimorph mirror. This is doneby solving the Poissonequationwherethe RHS of the equationis unity within the
electrodeareaandzerooutside.This equationwassolvednumericallyusingFourier transformtechniques.Theresulting
mirror responseis expandedin thephasemodebasisset(up to M = 200modes).Theresponsesof theotherelectrodes
in thesamering werecalculatedby rotatingtheresponseof this electrode.Theresulting“mirror response”matrix is then
multiplied with the inverseof its largestsquaresubmatrix,with zeroedresponsesfor unmeasurablemodes.This givesa
matrix, which describestheactualaberrationscreatedby eachof thecontrolledmodes,i.e. thecross-talkmatrix. We can
thenevaluatetheresidualvariancein percentof whatis expectedfrom Kolmogorov statistics,takinginto accountalsothe
“noise” of unwantedhigh-orderaberrations.

Thebadnessnumberis thevarianceof theresidualwavefrontweightedwith atmosphericstatisticsfor theKL modes,
includingalsothevarianceof theunwantedhigh-ordermodes.

Note that for eachmode,thereis an optimumgain,which is lessthanunity, becauseturningup thegain to improve
correctionof thismodealsoincreasestheamplitudesof thehigh-ordermodes.Theoptimumgainfor eachmodeis obtained
to sub-pixelaccuracy from theanalysisandcanbeusedto discriminatebetweenwell-correctedandbadlycorrectedmodes.
In theoptimization,modeswith gainlessthan0.7wereconsideredbadlycorrectedandthereforeswitchedo� .

3.3.Mirr or ElectrodeOptimization
Preliminaryexaminationof badnessspace,i.e. how the badnessnumbervarieswith respectto variationsin the radii,
indicatedthat the badnessis a smoothfunction andthat a global multi-dimensionaloptimizationshouldwork. In order
to avoid unphysicalelectrodecon�gurations,a largebadnesspenalty(severalordersof magnitudelarger thanthe typical
badnessvalues)wasgiven to con�gurationswith a distancebetweenrings or rings with widths smallerthan0.02%of
the pupil radius. The resultingdiscontinuitiesmadethe problemlesssuitedfor ordinary, gradient-basedoptimizations
algorithms.We thereforeusedtheDownhill Simplex Methodin Multidimensions.19

We startby trying to �nd anelectrodegeometrythatcanrealizethemeasurableKL modesaswell aspossible,while
producingaslittle aspossibleof un-measurablemodesthatwill degradeperformancedirectlyandthroughaliasing(cross-
talk). For thecaseswe tested,it convergedto a functionvaluetoleranceof 10� 5 in � 102 iterations.Generallywe started
theoptimizationfrom theradii of adesignproposedearlierby LaplacianOpticsandlabeledESO35,but alsofrom thegrid
optimaandin somecasesfrom othercon�gurations. In orderto verify the optimizationprocedure,we re-optimizedthe
radii of theESO35design.Theresults,shown in Fig. 4, agreequitewell with theinitially determinedradii, derivedfrom
othercriteriathanusedhere.
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3.4.Results

A more carefulevaluationof promisingelectrodegeometrieswasdonewith closed-loopsimulationsinvolving the SH
sensor.

From theory, we calculatedthe wavefront gradientsfor eachmicro-lensand eachKL. This gives a SH “response
matrix”, X = MK , whereX arethe74 measuredx; y sub-imagepositionsfrom the37 micro-lensesandM is a 74 � M
matrix. From M, we extract a 74 � 45 sub-matrixwhich hasthe elementscorrespondingto KL37–42 zeroedout. This
sub-matrixis invertedby SVD to giveK = NX. Wethenmultiply M with R to gettheslopesmeasuredby theSHfor each
of theelectrodes.Multiplication by N givestheKL's “measured”by theSH wavefrontsensorincludingall thecross-talks
from the mirror high-orderaberrations.This correspondsto how we actuallydo our calibrationof the presentadaptive
opticssystem.

Having obtainedthe�nal designof ourmirror, we madeadditionalexperimentsto improveit andnotedthefollowing:
Therearetwo main featuresthat somewhat limit the performance.The �rst is theKL37 problemdescribedbelow. The
secondproblemis the geometryof the micro-lenses.The “default” geometryof 37 hexagonalmicro-lenseshasseveral
micro-lensestoo far away from theedgeof thepupil. Simply moving 12 of the18 lensesin theouterring outwards,such
thatthey arecloseto theedgeof thepupil, improvesperformance.

A generalproblemis that themicro lensat thecenterof thepupil cannotsensethecurvatureof thecenterelectrode.
A bimorphmirror with a centerelectrodeandthreeringsof electrodessurroundingit, canthereforeproducehighereven
radialdegreesof aberrationsthanthewavefrontsensorcanmeasure.Speci�cally, themirror canproduce8thorderspherical
aberration,which in our labelingschemecorrespondsto KL37. We have tried severalelectrodegeometriesthatsuppress
KL37, but all thesegeometriesgave unacceptableoverall performance.We therefordecidedto solve this problemby
“adding” information from the bimorphmodel to the SH calibrationsuchthat KL37 canbe identi�ed andsuppressed.
This meansthat thecontrol matrix is basicallyempirical,but that onerow de�ning the voltagescorrespondingto KL37
is addedto theempiricalresponsematrix. Anotherway of doingthis is to calibratethemirror using“modes”of voltages
correspondingto KLs asobtainedfrom bimorphmodelandleaveout themodecorrespondingto KL37.

Thegeometrywe �nally choseis shown in Fig. 2. Notethatthecenterelectrodeis fairly large.Thiswasdonein order
to improve the“stroke”, aslimited by theunwantedhigher-orderaberrations,of KL11 (sphericalaberration),expectedto
be presentfrom temperaturegradientsin the1.1-mfusedsilica lens. This largecenterelectrodehassomewhatnegative
impacton higher-ordercomatermsKL 16 and17 but this is marginal accordingto our calculations.We tried to improve
alsoKL 22,higherordersphericalaberration,but thismadethecenterelectrodeevenlargerwith negativee� ectonseveral
aberrationswith oddradialdegree.

Thebestpossibleperformancewith thisgeometryis 1.26%residualvariancewhenusedwith ourhexagonalmicro lens
array.

3.5.PredictedPerformance

Figure5(a) shows the bestachievableperformanceasdeterminedfrom the optimizationprocedure,correspondingto a
residualvarianceof 1.26%. Note thatnearlyall KL modesup to KL28 arewell correctedandthat partial correctionof
severalhigher-ordermodesarepossible.In Fig. 5(b) is shown amorerealisticpredictionof performance,basedonclosed-
loop simulations. Note that the performanceis somewhat betterduring the �rst iteration thanduring the last iteration,
becausein the�rst iteration,optimumgainswereused,thesegainsweree� ectively setto unity at thelast iteration.Note
alsothatthewavefrontvariancefor somehigher-ordermodesis increasedby correctionof lower-ordermodes.Theresidual
variancepredictedfrom thesesimulationsis 1.5%.

Finally, Fig. 6 shows histogramsof the expectedwavefront variance,basedon the closedloop simulations. This
histogramshows that a signi�cant fraction of short-exposureimagesis expectedto have a residualwavefront variance
approaching1.1%andvery few shouldexceed2%. This histogramis comparedto a histogrampredictingperformance
for the 50-cmSVST, without any adaptive optics. As canbe seen,the performanceshouldin all respectsbe betterfor
thenew 1-metersolartelescopewhenusingthe37-electrodeadaptive opticssystemthanfor theSVSTwithout adaptive
optics.SincetheSVSTfrequentlyachievednear-di� ractionlimited imagequalityoverextensiveperiodsof time, it canbe
predictedwith high degreeof con�dencethatthenew solartelescopeshouldachieve this goalevenmorefrequentlyeven
with therelatively simpleAO systemproposedhere.
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(a) Theoreticalperformance. (b) Closedloop performance.

Figure 5. Predictedbestpossibleperformancefrom theoptimization(a) andclosedloop simulations(b) for thegeometryof thenew
adaptive mirror. Onthex-axisis labeledtheKL-modes,following theorderingshown in Figure3, on they-axisthevariancesin radians
squared,dividedby (D=r0)5=3 (D is thetelescopediameter, r0 is theFriedparameter).Thetheoreticalvariancesfor turbulenceinduced
seeingareindicatedby +, the residualvariancesafter correctionby the AO systemby � for the �rst iterationand5 for the seventh
iteration.Notetheovershootof someuncorrectedhigher-orderaberrations.
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