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ABSTRACT

We reporton the useof a new joint phasediversespecklecode,animplementatiorof a methodwherea singleobjectand

individual phasesare estimatedrom several pairs of phasediversedata. The codewas usedon 430.5nm G-banddata
collectedwith the newly installedSwedishl-metersolartelescopén La Palma,equippedvith alow-orderadaptve optics

system.We describethe algorithmbrie y, shov wavefrontstatisticsandobjectestimategrom the processin@nddiscuss
the results. We demonstrate resolutionof 0.12 arc secondgor a time sequencenda large eld of view, which is a

break-throughor groundbasedsolartelescopes.
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1. INTRODUCTION

Seeingis the primary obstacleto obtaininghigh resolutiontime-seriesolarobsenationsfrom the ground. Turbulencein
theatmospheralongtheline of sightrandomlydistortsthe wavefronts. Theresultis blurring andgeometricalistortions
in the collectedimages.PhaseDiversity (PD) methods$~2 canestimatethe un-aberratedbjectaswell asthe aberrations
responsibldor theblurring. This is accomplishedby useof simultaneousmagestakenin di erentfocuspositionswhere
informationaboutthe objectandthe instantaneouwavefrontat the time of exposureareencodedn linearly independent
ways. We referto techniqueswhereseveral pairsof PD datawith a commonobjectare usedto make a singlerestored
frame, as phase-diersespeckle(PDS) methods A small numberof atmospheriaealizationsis su cient for good
restorationssigni cantly reducingthe amountof dataneedeccomparedo specklemethods.This easeghe datastorage
requirementdor a given samplerate, and increaseghe chancesf collecting only good datain eachsampleinterval.
Anotherappealingoropertyof phasediversitymethodss thatthetotal wavefrontof the opticalsystemjncludingtelescopic
aberrationsis estimatedandcorrectedor.

We have almost10 yearsexperiencewith developingandusingphasediversitymethoddor restoratiorof imagesfrom
our previous solartelescopethe 0.5 m SwedishVacuumSolar TelescopgSVST). Although the wavefront sensingwas
doneon a PD pair by PD pair basis,we could make partitionedphasediversespeckle(PPDS)reconstructionswherea
singleimagereconstructiowasmadefrom several pairswith separatelyestimatedvavefronts®®

The SVSTwasdismountedrom our obsenatoryin August2000,to makeroomfor thenewv SwedishD = 1-metersolar
telescop€;® rst openedwith thefull aperturein May 2002. The wavefront RMS scalesas D5 andalthoughadaptie
optics(AO)1% will partly correctthe wavefronts,we expecteddatafrom the new telescopeo requirehigherorderpost-
factocorrectionghandatafrom the SVST. We knew from experiencé thatjoint phasediversespeckle(JPDS)*? where
thewhole PDSdatasetis jointly processedindertheassumptiorthatthe objectis thesameworksbetterfor toughercases
andcanestimatehigherorderaberrations\We thereforedecidedto developsucha code.

We believe that PD methodsare more promisingthan specklemethodsfor large eld of view (FOV) AO corrected
images.Thisis becauseurrentspecklemethodslependnKolmogoror statisticswhich areinvalidatedoy AO correction.
It is possiblethat specklemethodscould be adaptedto accommodaté\O correctedstatisticsbut we believe it will be
di cultdueto anisoplanatism.

Here we describework in progressthe rst attemptat restoringa large datasetfrom an AO correctedl-m solar
telescopavith thenew code.
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Institutefor SolarPhysics AlbaNava University Center SE-10801 Stockholm,Sweden



2. JOINT PHASE DIVERSE SPECKLE METHOD

Thenew codeusedor restoringhedatapresentedhereis basednanalgorithmthatis describedn Ref.13. It is formulated
guitegenerallyasantechnigudor solvingtheinverseproblemof jointly estimatinghecommonobjectandtheaberrations
in a seriesof imagesthatdi eronly in the aberrations.With no extra informationbeyond the forward imageformation

model,including unknonvn aberrationdrom the phasein the generalizecpupil transmissiorfunction, it is a Maximum-

Likelihood(ML) Multi-FrameBlind Decorvolution (MFBD)* method.Constraininghe PSF<to be physicalby requiring

thatthey comefrom anunderlyingparameterizationf the phaseover the pupil is a powerful technique.Although such

methodsdo work,'>1¢ methodsusingmoreinformationwork better!” Datasetsusedin Phase-DierseSpeckle(PDS)

interferometryhassuchextrainformationin theform of two (or more)imagingchannelswith aknown di erencen phase.
This informationis enteredin the form of linear equality constraintgto the optimizationof a metric, that measureshe

mismatchbetweerthe obseneddataandimagesbasedn the estimatedjuantities.

We usean isoplanaticimage formation model with additive Gaussiamoise. Gaussiamoise PD is a good model
for low-contrastobjectslik e the solarphotosphereThe optical systemcanthenbe characterizedyy a generalizegupil

Pj = Ajexpfi jg 1)

where ; is the phaseandA; is a binaryfunctionthatspeci esthe geometricakxtentof the correspondingupil. A data
framed; canthenbe expressedsthe corvolution of anobject, f, anda point spreadfiunction (PSF),s; = jF *fP;gf. In
the Fourierdomainwe get

Dj(u) = F(u) Sj(u) + Nj(u); 2

whereS; is the OTF, N; is anadditive noisetermwith Gaussiarstatisticsandu is the 2-D spatialfrequeny coordinate.
For brevity, we now dropthis coordinate.

We parameterizeéhe unknonvn phasedy expandingthemin a suitablebasis,f g allowing for a known part of the
phase, j, to be exceptedrom the expansion,

U
=t m m 8] ®3)
m
We usedKarhunen-Loe (KL) functionsasa basisfor expandingthe unknavn wavefronts. We madeapproximateKL
functionsassumsof Zernike (Z) polynomialsby diagonalizinga 2000 2000submatrixof the atmosphericovariance
matrix,'® usingthe proceduredescribedn Ref.19.

The Gaussiamoiseassumptiorallows usto usetheinverseWiener Iter estimateof the object,

P
i DjS;
F=p—— (4)
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to derive a metricin a form that doesnot explicitly involve the object andthathasbeenshawn to correspondo a ML
estimateof the phaseg. With aslightsimpli cation of the secondermdueto theuseof KL functions,we follow Ref. 20
andwrite themetricwith two regularizationparameters, o and s, as
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where isthevectorofall ;»and nistheexpectedvarianceof modem. WhenminimizingL, the opj termin Q hasthe
e ectof establishingstability with respecto perturbationsn theobject. Its usein Eq. (4) suggestsetting opj to something
proportionalto the inverseof the signalto noiseratiosof theimagedataframes. The otherregularizationparameter \y,
stabilizesthewavefrontestimates.

The codeis new andwe arestill exploring regularizationstratgies. Here, no wavefront regularizationis used,i.e.
wt=0. It is possibleto setthis parameteby examiningthe relationbetweenL andthe RMS of the wavefront?! When
this is implementedjt will probablyallow higherorderexpansionof the wavefronts. For the objectregularization,we



useda o setto approximatelythe noiseto signalratio (NSR),de ned asthe averageof theratiosof the noiseandimage
variances.This wasfoundto work reasonablyvell whentestedwith a smallnumberof datasets. Comparedo running
with opj = 0O, therestoredobjectsarebetterresohedandthe estimatedvavefrontsare morespatially consistentWe are
working on analgorithmfor setting on; automaticallyfor eachJPDSdataset,thatwill allow it to besetoptimally onaper
iterationbasis.

Minimizing theerrormetricgivesa MFBD solution.Applying alsoLECsdescribinghedatacollectionmodelinvolved
in PDSgivesajoint inversionof the JPDSset. Thedetailsof this MFBD with LECsalgorithmaredescribedn Ref.13. The
actualnon-linearminimization problemcan be treatedwith standardnethods.We usedthe BFGS method??> a Newton
methodthat needsonly gradientsto be calculatedbut builds up an approximateinverseHessianfrom the gradientsin
previousiterations.

3. DATA COLLECTION AND OPTICS

The datapresentecherewere collectedon 15 July 2002 with the recentlyinstallednenv Swedishsolartelescopé&™ in
La Palma, CanariesSpain. A Shupmanrcorrectore ectively removesary chromaticaberrations.The diameterof the
un-obstructedperturels 96 cm. Thetelescopés equippedwith a correlationtracker andan AO systemwith a Shack—
Hartmann(SH) wavefront sensofWFS) with 19 hexagonalmicrolensesontrolling a 19-electrodebimorphmirror, cor-
rectingZ modes2—15and 19.°-! The automaticframe selectionsystemwas setto storethe bestfour framescollected
every 20 sinterval. Theaveragecadencef therestoredsequences 22 s.

The datawerecollectedwith a MegaPlusl.6 camerawith a KAF 1600CCD from EastmarKodakat animagescale
of 0:041arcsecondperpixel. The exposuretime was6 ms. Mountedin front of thecameravasa 1.2 nmwide 430.5nm
G-band Iter anda PhaseDiversitybeam-splitteimirror device that putstwo simultaneousmageson the sameCCD with
afocusdi erenceof 8.85mm, correspondingo 1.14wavespeak-to-pealin the G-band.

Inthe26 40arcsecondrQV is abouthalf of a large sunspotaswell assomegranulation. The processedubsets
from betweenl3:03UT and13:31UT.

4. PROCESSINGAND RESULTS

We used128 128 pixel sub elds with a modi ed Hanningwindow with an 8 pixel cosineincline from zeroto unity,
correspondindo anundisturbed=OV of 5 5 arc seconds.This shouldmake the isoplanaticapproximatiorvalid. The
framesweredividedinto sub elds on a 64-pixel grid, allowing ampleoverlapfor seamlessnosaicking.

We found that the quality of the nal restoredobjectimprovedif we basedit on the focuseddataonly, ratherthan
focusedaswell asdiversity data.Althoughthe diversitydatais essentiato theinversionsjn orderto provide information
ontheaberrationsthedefocused SFsappeato belesswell determinedhanthefocusednesandcanthereforepreferably
bediscarded.

In Fig. 1 we shov restoredmagestogetherwith the raw datafrom the focus channelfor threecasespnegood,one
intermediateand onebad quality. The bestrestoredmageis of courseobtainedfrom the bestraw databut the greatest
improvementis probablyin the intermediatecase,where ne detail is restoredthatis not easyto seein the raw data.
Note alsothatthereappeargo be signi cant improvementin the worstdata,althoughonewould have to examineframes
adjacenin time to believe in someof the ne structure.Although of little valueby themseles,suchlow quality frames
cansometimese usefulfor maintainingvisual continuity in movies madefrom long time sequencesf restoredmages.
Althoughwe have notyettriedit, it is unlikely thatour old PD codewould be ableto make a successfuinversionsof the
worstdata.

We shaw the full FOV?3 of the goodimagein Fig. 2. Notethe ne detailsvisible in and aroundthe intergranular
lanesandin thepenumbraA power spectrunfor a256 256-pixel sub eld from thelower left partof the FOV is showvn
in Fig. 3(a). In Fig. 3(b) we shav angularaveragesof power spectrafor all three examplesfrom Fig. 1. For all the
imagesthereis power to or beyondthereciprocalof the Rayleigh1:22 =D limit, indicatingthatthe informationcontent
isdi ractionlimited, althoughthe deviationsfrom a power law indicatethatthey arenot fully restored.Theworstimage
deviatesfrom the power law from about0.3D= andthe bettertwo imagesfrom about0.6D= .



(a) Goodquality data (b) Intermediataguality (c) Badquality

Figure 1. Imagequality beforeand after restoration. Top row: Restoredmages. Four bottomrows: correspondingmagesfrom the
focuschannel.Not shovn: correspondingmagesfrom diversity channel.Note thatthe FOVs in (a), (b), and(c) areseparatedn time
andspaceanddo notshav thesamestructuresTick marksarel arcsecondapart.



Figure 2. Full FOV of oneof the bestmosaicledimagesin theset?® Tick marksare1 arcsecondapart.
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Figure 3. Paver spectraof restoredobjectimages.

We now turn to the estimatedvavefronts.We will shav somestatisticsalthougha detailedanalysiswill have to wait.
Onereasonfor this is a small errorin the pre-processingf the raw data,that were not intensity normalizedproperly
However, the restoredmageslook so goodthat we believe the wavefront dataare probablynot grosslyin error. Also,
modelmismatchusuallymakesthe PD algorithmtry to compensatéy introducingerrorsin the wavefrontestimatesthis
would mostlik ely make the RMS wavefrontsover-estimatedWith thisin mind,in Fig. 4 we shaw statisticsfor asub eld
roughly correspondingo the5 5 arcsecond=OV of the AO system$ SHWFS.In Fig. 4 (a) we shav the averageRMS
of thewavefrontsfor eachframe.In Fig. 4 (b) we show the averagewavefrontandin Fig. 4 (c) thevariances.

The performanceds expectedto deteriorateaway from the sensorFOV. Figure 5 shawvs the samequantitiesbut for
a larger FOV. As shawn in Fig. 6, thereis somecorrelationbetweenimage contentand the magnitudeof the restored
wavefronts. Themeasure@dverageRMS is higherin theumbraandinnerpenumbrahanin the outerpartsof thepenumbra
and granulation. Becausehis higher RMS is partly from the umbra,that haslow signalto noise,and partly from the
high-contrastransitionbetweerpenumbraandumbra,we trusttheseresultslessthanthosefrom the outerpenumbraand
granulation We thereforebasethe statistican Fig. 5 onthehalf of the sub eldsthatis outsidethe spot,i.e. thelower half
of Fig. 6 (b).

In the bestframes the RMS of the estimatedvavefrontsis in the 0.10-0.20wavesrangenearthe WFS andsomevhat
pooreroutside. This indicatesgood AO correctionover alarge FOV (visualimpressionagreesandbetternearthe WFS
FOV. Our plannedupgradeof the AO systemto a 37 microlensSH anda 37 mirror electrodeds expectedto malke the
distribution of RMS valuestighterandmove the peakto smallervaluesby afactorof aboutl.5.* Thesmallaveragemodes
indicatethatthereareno signi cant telescopaberrationsthatcannotbe handledby the AO. Althoughsmall, theaverages
of modes4 and22 aresomevhatlargerthanthe others. A slight systematidocus(4) error canbe expectedat this level
because¢hesciencecameréhasto befocusedy eyewith respecto the SH sensoco-focusingonapin-holeattheprimary
focusis hardto do better).A bit moremysterioust may seemthatther* sphericamode(11) is well correctedwhile the
r® sphericaimode(22) is relatively larger. The corresponding modeis not sensedvell by our current19-microlensSH
sensorandis alsonot correctedby the AO. We suspecthat the AO producesZ 22 whenit compensateg 11. Some
slowly varyingsphericaimodessuperimposedn therapidly varyingatmospherievavefrontswould not be surprising due
to heatingof the telescopéens.

Notethattheimagerestorationsliscusse@bove arebasen properlynormalizeddata.We areworking onre-processinghe entire
dataset.
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Figure 4. Wavefront statisticsas measurednear the
FOV of the SHwavefrontsensor
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Figure 5. Wavefront statisticsas measuredutsidethe
spot,bottomhalf of the FOV in Fig. 6.



(&) RMS map. (b) FOv.
Figure 6. WavefrontRMS map.Note highervaluesin theupperpart,correspondingo thelocationof the spot.

The variancesareshown togetherwith the Kolmogoror statisticsfor ro = 20 cm. This rg valueis not measuredjust
shavn for comparisonchosenbecausehe level of the rst uncorrectednodes(16—24)are at aboutthe samelevel (for
WEFS FOV). It is not clearhow to interpretthe variancesof the highestmodes,28-36,that don't follow the expected
statisticsat all. They areprobablylesswell sensedy the JPDSinversionsbut thereis alsoa mismatchbecausahe AO
correctsZ modeswhile the JPDSestimateKL modes.We just notethatthe dataare consistentvith ro = 20 cm, to the
extentthatrg is a usefulconcepffor frameselectedlata.

5. CONCLUSION

We have successfullymigratedfrom PPDSto JPDS althoughsigni cant work remaindn orderto usethe new algorithmto
its full potential.lt clearlyworkswith AO correcteddatafrom 1-m solartelescopet a goodsite. Inversionswill improve
aswe learnto properlysettheregularizationparameters.

It is an importantbreak-throughfor ground-basedolar obsenations,that with the combinationof a 1-metertele-
scope excellentseeinglow-orderAO, andJPDSrestorationve areableto producelarge-FO/ di raction-limitedimage
sequenceat sucha shortwavelengthas430nm.
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