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ABSTRACT
In January2004,theBig BearSolarObservatory(BBSO)wasequippedwith ahigh-orderadaptiveop-

tics (AO) systembuilt in collaborationwith theNationalSolarObservatory/SacramentoPeak(NSO/SP).
Thehardwareis essentiallythesameastheAO systemoperatedat theDunnSolarTower (DST) incor-
poratinga97actuatordeformablemirror, aShack-Hartmanntypewavefrontsensorwith 76subapertures,
andanoff-the-shelfDigital SignalProcessor(DSP)system.However, theopticaldesignis quitedifferent
andhasto accommodatethe BBSO 65cm vacuumre�ector andthe downstreampost-focusinstrumen-
tation. In this work, we will describethe optical design,demonstratethe open-and closed-loopAO
performance,andpresentimagereconstructionsto illustratetheimagequality thatcanbeachievedwith
thenew AO system.

Subjectheadings: Sun:photosphere— instrumentation:adaptive optics— techniques:specklereconstruction

1. Intr oduction

Ground-basedimagingis severelylimited by wave-
front phasedeformationsinducedby the Earth's at-
mosphere. For most solar observatoriesthe spatial
resolution thus achieved in the visible wavelength
rangeis associatedwith diffraction limited apertures
of � 10cm only. This is opposedby the fact that a
spatialresolutionof a theorderof thetenthof 1arcsec
correspondingto or smallerthan the pressureheight

1The National Solar Observatory is operatedby the Associa-
tion of Universitiesfor Researchin Astronomyundera cooperative
agreementwith theNationalScienceFoundation,for thebene�t of
theastronomicalcommunity.

scaleof thesolaratmosphereis neededto answerfun-
damentalquestionsthat arise in our struggleto un-
derstandtheSun. It is thereforemandatoryto correct
thewavefrontdeformationsin real time which allows
for a higherdynamicrangeandsensitivity, for larger
exposuretimesandthushighersignal-to-noiseratios.
Real-timemethodscover imagemotion stabilisation
systemslike correlationtracker systems(seee.g. von
der Lueheet al. 1989; Schmidt& Kentischer1995;
Ballesteroset al. 1996), and the much more com-
plex Adaptive Optics (AO) systemsdesignedto also
compensatefor higher orderwavefront deformations
(Acton & Smithson1992; von der Lüheet al. 2003;
Berkefeld et al. 2003; Scharmeret al. 2003; Keller
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et al. 2003;Rimmeleet al. 2004).
Although devised to provide diffraction limited

imaging in practisethe performancecanvary over a
broadrangefrom virtually no improvementto almost
diffraction limited. Theperformanceis compromised
mostly by technical insuf�ciencies and limitations
(e.g.the�nitenessof thetemporalresponseof theAO
system,WFS light levels,spatialWFSsampling,and
numberof degreesof freedom)but alsobecauseof me-
teorologicalconditionsprevailing at theobservingsite
suchas the distribution of the strengthandheightof
turbulence(anisoplanasie)in theatmosphereabovethe
siteandthecorrelationof turbulenceandwind speed.
In particularthepowerdistributionof turbulenceplays
animportantrolebecauseit determinestheanglereso-
lution andde�nestheFriedparameterr0 (Fried1966).
As a resultcontemporaryAO systemsusuallyoperate
in a partial modeimplying a residualwavefronterror
causedby a differencebetweenthe incoming wave-
front andthemirror shape.Irregularitiesof themirror
shapeon spatialscalessmaller than the controllable
domainfurtheraddto theresidualwavefronterrorbut
arein mostcasesof negligible contribution. It seems
naturallythat thedeterminationof this residualwave-
front error (seee.g. Löfdahlet al. 2000)isan impor-
tant taskthatnot only leadsto a betterunderstanding
of the performanceof an AO systembut mostof all
can lead to a fully compensatingsystem. However,
dependingon thestrengthof theanisoplanaticeffects
the compensationof an AO systemremains�eld de-
pendentandtypically decreaseswith increasingradial
distancefrom the lock structure. In this context the
applicationof imagereconstructiontechniquesare a
usefultool to measuretheresidualwavefrontandmin-
imize theeffectsof anisoplanatism.To this endimage
reconstructiontechniquesareroutinelyappliedto AO
supportedobservations (e.g. Löfdahl & Scharmer
2003).

The paperis organisedas follows. In Sect.2 we
brie�y describethe telescopeand discussone of the
majorproblemsrelatedto thetelescopethathadto be
solved �rst: the pupil stability. Section3 andSect.4
arededicatedto the optical layout of the Coud́e light
pathand the AO imagingsystem,anda detailedde-
scriptionof the AO components.In Sect.5 we show
�rst observationsandapplyspeckleimagerestoration
techniquesin order to demonstratethe imagequality
thatcanbeachievedwith theexistingsystem.Wealso
brie�y discusstheproblemsusuallyencounteredwhen
applyingspeckletechniquesto alreadyAO corrected
datasets. In Sect.6 resultsof a preliminary perfor-
mancestudybasedon a comparisonbetweenthesub-
apertureshift valuesin open-andclosedloop, repsec-
tively, arepresented.Potentialproblemareasandfu-
turechallengesarepointedoutin Sect.7. Weconclude
in Sect.8.

Fig. 1.Ð Schematicsketchof theopticallayoutof the
65cmre�ector.

2. The 65cm Vacuum Re�ector at BBSO

Thetelescopeis basedon a typical Gregory-Coud́e
design. A simpli�ed sketch of the optical layout is
shown in Figure 2. The focal length of the primary
telescopemirror TM1 is 2500mm resulting in a f -
ratio of f =3:85. The focal length of the secondary
mirror TM2 is 232mm leadingto an effective focal
lengthof 32500mm anda �nal f -ratio of f =50. The
eccentricityof thesecondarymirror is 0.8571428and
its curvatureis 0.021538461cm� 1. Thisresultsin a13
timesmagni�cation anda correspondingimagescale
of 6.3arcsecmm� 1 in theCoud́efocus.A 59.9mmdi-
ameterpupil imageis formedcloseto thefolding mir-
ror in thehatsection,which hasbeenusedin thepast
asthetip-tilt mirror for aspottracker. Thepupil image
containsthe secondaryobscuration,which is 20% of
the diameterof the entranceaperture,and the spider
patternfrom thefour supporttrussesof thesecondary
mirror andtheheatstopassembly.

2.1. Pupil wander

Several factorscandegradetheperformanceon an
AO systemlike, for example,themeteorologicalcon-
ditionsof theobservingsiteandfactorsrelatedto tech-
nical aspectsof the AO systemitself. However, the
most importantand fundamentalfactor is omitted in
many discussions:a stablepupil imageon the DM.
Shapechanges,spider rotation, as well as drift and
wanderof the whole pupil imageon the deformable
mirror canseverelyimpacttheperformance.

The 65cm telescopeshowed a large pupil wander
acrossthe DM during the causeof the observations,
whichdramaticallyhamperedtheperformanceandop-
erationof theAO system.Thepupil wander– or better
“wobble”,sincethemovementresultsfrom thesuper-
positionof a linear shift anda rotation– observed in
theCoud́e room is very largecomparedto othertele-
scopesthatsuffer from thesamedegradation.For ex-
ample,thepupil wobbleat theDST is lessthan1mm
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for a77mmdiameterpupil overtimeintervalsexceed-
ing 1h. The pupil wobble at BBSO is threeto four
timeslargerovera timeperiodof just 15min or less.

Experimentsperformedto visualiseand describe
thephenomenon() monitoredthepupil imageduring
a wholeobservingdaycorrespondingto a time period
of about7h. The experimentsdemonstratedthat the
pupil wanderis primarily causedby a misalignment
of theright ascensionanddeclinationaxisof thetele-
scope.Sincetheright ascensionanddeclinationaxes
do not properlyintersect,the two �at folding mirrors
insidetheCoud́eboxchangetheir respectivepositions
duringthedayandwith changingdeclinationthisleads
to a misalignmentof theopticalandmechanicalaxis.
As a consequence,correctalignmentis only tempo-
rary until declinationchangesmake thewobbleagain
unacceptable.In principle,theCoud́eboxshouldonly
addan inevitable rotation to the incomingbeam,but
the misalignmentof the two �at mirrors dramatically
aggravatestheshift of thepupil. Thepupil shift in the
morningandafternoonis about75% of the diameter
of thecentralobscuration.Thepupil rotationis about
0.26� min� 1, which is verycloseto theexpectedvalue
of 0.25� min� 1 dueto the Earth's rotation. Tempera-
tureeffectsplay only a minor role for thepupil stabil-
ity andrathercontribute to the focusissues,meaning
that therelative positioningof primaryandsecondary
mirror changesduringtheday.

2.2. Pupil stability

To suppressthe pupil wobble andensurea stable
beamover an acceptabletime period (the whole ob-
servingday andlonger)we proceededasfollows. In
a �rst step,theCoud́ebox hadto bemodi�ed in order
to easethe alignmentprocessby addingremotecon-
trol actuators(Picomotoractuatorsby New Focus)to
the�x edCoud́e mirror TM5. TheotherCoud́e mirror
TM4 is mountedon a computer-controlledrotational
mountandcanbe�ipped outof thelight pathto direct
the light to the optical benchesmountedunderneath
thetelescopetank.Alongwith this,the20-yearold �at
mirrorswerereplacedby new mirrorsfrom LinosPho-
tonics with higheroptical quality (l =10) andcoated
with protectivesilver (96% re�ectivity in theNIR). In
asecondstepanew alignmentprocedurehadto bede-
veloped. The procedureis easyto perform and can
be�nished within anhourwithout sunlightbeforethe
actualobservingrun. The procedureinvolvesa laser
alignment�xture on the west telescopefork and an
alignmentopticsinsertedbehindthepolaraxleapprox-
imatelyat thelocationof thetip-tilt mirror (Figure2).
A videocamerais attachedto thealignmentopticsand
thepupil wandercanbe monitoredwhile slewing the
telescopefrom Eastto West. The threeactuatorsof
the New Focusmountare thenadjustedto minimise
thepupil movement.

3. Optical Design

In thefollowing, weconcentrateon theopticallay-
out of the AO systemandpost-focusinstrumentation
illustratedin Figure2 asoriginally designedby Did-
kovsky et al. (2003). The bestlocationto start is the
Coud́e focus, which allows us to describetelescope
andAO system/post-focusinstrumentationastwo sep-
aratesystems.The �rst pupil imageP1 forms 3.5 m
(diameter59.9mm) in front of theCoud́e focusright
insidethehat sectionnearthe folding �at TM3. The
lens L1 re-imagesthe pupil onto the �rst active ele-
ment in the light path, the tip-tilt mirror TT, which
alsoactsasafolding mirror feedingthelight vertically
down into theCoud́e laboratoryon thesecond�oor of
the observatorybuilding. The pupil imageP2 on the
TT hasa diameterof 250mm. The lensL2 formsan
imageof the sunat the �lter wheelpositionFS1 and
changesthebeamfrom an f =50 at theCoud́e focusto
an f =13at the�lter wheelposition.The�lter wheelis
remotecontrolledandcurrentlyaccommodatessix po-
sitionsincludinga grid target,a pinhole,anadjustable
iris, a closedposition to interrupt the light path,and
two openpositions.The lensL3 formsanotherpupil
imageP3 (60mm diameter)on the deformablemir-
ror DM. Thesunis (almost)collimatedafterL3. The
�at mirror M1 folds thelight from verticalto horizon-
tal onto an optical breadboardtable. After the DM
the light beamfalls ontoa dichroicbeamsplitterplate
BS1thatdividesthelight pathinto two beamsfeeding
on the onesidethe Wave Front SensorWFS andthe
Visible-light ImagingMagnetographVIM , andon the
othersidetheInfraRedImagingMagnetographIRIM .
Thevisible partof thespectrumis re�ected,while the
infraredpartis transmitted.For thepurposeof our ex-
periment,we replacedBS1 by a �at folding mirror.
After thebeamsplitterplate(mirror) L4 formsan im-
ageof the sun,which is relayedby the negative lens
L12 just behinda 10/90% beamsplitterBS2to a �eld
stopFS2. In addition,L12 formsavirtual imageof the
pupil P4at about4m beforeL12. The50/50% beam-
splitter BS3 is usedto direct light to a high-cadence
CCDcamerafor broad-bandobservationsin combina-
tion with VIM . After FS2 the light beamentersan-
othertransferopticsL13 andL14 to provide theright
imagescalefor the Hartmann-Shacktype wavefront
sensorWFS consistingof anadjustable�eld stopFS4,
a lens L15 forming a pupil imageP6 on the lenslet
arrayLA , a re-imaginglensL16 collimating the sun
light, anda detectorCCD2.

4. The AdaptiveOptics Subsystems

An AO imaging systemis a complex optical and
electronicsystembasedonthecombinationof awave-
front sensor(WFS) measuringthe wavefront defor-
mations,a processorunit mappingtheWFSmeasure-
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Fig. 2.Ð Schematicsketchof theoptical layoutof thetheCoud́e light pathandtheAO system.Left: Coud́e feedon
Domeetage.Right: Light pathdown into theCoud́e laboratoryandon theopticaltable.

mentsinto real-timecontrolsignals,anda deformable
mirror (DM) whosefacesheetcanbemodi�ed athigh
speedin responseto the electricalsignalssentby the
processorunit. In thefollowing thesecomponentsare
reviewedin moredetail.

4.1. ImageMotion Compensation:Tip-Tilt Unit

Thelow-ordercompensationsystemincorporatesa
tip-tilt mirror and the control electronics. The Piezo
tip-tilt platformis afastandcompacttilt unit manufac-
turedby PolytecPI providing preciseangularmove-
mentof thetop platformin two orthogonalaxes. The
tilt rangeis � 1mrad with sub-mrad resolution. The
platformis designedfor mirrorsupto 50mmdiameter
andfeaturesangularstability overa wide temperature
range.The tip-tilt mirror is locatedin thepupil plane
andcurrentlyalsoactsasa � 45� folding �at feeding
the light vertically down from the Dome�oor to the
Coud́elaboratory. Thissolutionreducesthenumberof
opticalsurfacesandallowsfor fastimagemotioncom-
pensationwith high bandwidth. In principle, theDM
cancompensatefor imagemotionaswell, but this re-
ducesthebandwidthanddynamicrangeavailablefor
higher-ordercompensation.

4.2. Higher-Order Compensation: Deformable
Mirr or System

The higher-ordercompensationsystememploys a
�e xible mirror, whosesurfaceshapecanbe modi�ed
at high speedandin responseto appliedelectricalsig-
nals. The mirror �gure is controlledby a numberof
actuatorsthat pushand pull on the back of the mir-
ror membraneto �atten theturbulence-inducedwave-
front phaseaberrations.Theidealpositionof theDM
is in or closeto the pupil plane,which is the conju-
gateplaneto theturbulent layercloseto thetelescope
aperture.TheDM is a continuous97 actuatorsystem
(leadmagnesiumniobate)manufacturedby Xinetics.
The 2mm thick mirror surfacemadeof silver-coated
ULE glass,which hasbeenpolishedandthenbonded
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Fig. 3.Ð Geometryand numberingschemefor the
wavefrontsensorsubapertures(left) andtheactuators
(right).

ontoa grid of actuators.Theactuatorgrid is spacedin
� 7mm increments(centre-to-centre)accordingto the
numberingschemeshown in Figure3 (right).

The voltagesapplied to the actuatorsare in the
rangefrom � 40V to + 70V accessiblethrough65536
digital dataunits.Theactualvaluesarein the� 32768
rangeproviding a mechanicalstroke of 4mm with a
maximuminter-actuatordisplacementof 2mm corre-
spondingto 50V. In orderto preventpotentialdamage
of the mirror surface,the Zenerdiodecircuitry is ac-
tivatedif themaximuminter-actuatordisplacementis
reached.The� 32768digital dataunitsaremappedto
� 40V while the+ 32786valuesaremappedto + 70V.

4.3. The Wavefront Sensor

The currently usedwavefront sensor(WFS) is a
correlating Hartmann-ShackWFS. The Hartmann-
ShackWFS is sensitive to the gradientof the wave-
front phaseacrossthe pupil. The wavefront phase
itself is obtainedby usinga modalphasereconstruc-
tor.

A lensmatrix( f � 24mm)placedin thepupil plane
creates76imagesof thesamesolarsurfaceregioncov-
eringthepupil. Thegeometryis visualisedin Figure3
(left). The76 imagesdiffer only by theinducedphase
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aberrationscorrespondingto the location inside the
pupil plane/aperture.Becauseof thedesignof thetele-
scope,thecentralobscurationof thesecondarymirror
pod shadows the four centrally locatedsubapertures.
Thesesubaperturesaremaskedoutby zeroingthecor-
respondingxy-shiftsbeforethewavefront reconstruc-
tion is done.Thespiderstructureis not takeninto ac-
count.

The WFS detector is a custom developedhigh-
frameratecamera(� 2500fps for a 200� 200 pixel
imaging area)basedon a 1280� 1024 pixel Photo-
bit PB-MV13 CMOS imaging sensor. The camera
has10 paralleloutputportsfor fastreadout.The en-
tire 200� 200 pixel array is readout in just 400ms.
The numberof pixels per subapertureis softwarese-
lectable.Subaperturesizesof 16� 16and20� 20pix-
elscanbeused.ForadetaileddescriptionseeRichards
et al. (2004).

4.4. Control System

TheDM andtheWFSareconnectedthroughacon-
trol systemconsistingof two parts,a real-timeproces-
sorandagraphicaluserinterface(GUI). TheGUI (Vi-
sualC++)allows to control the subsystemsandgives
accessto importantsystemparameters.Thereal-time
processorunit calculatesthe relative xy-shifts with
subpixel accuracy by cross-correlatingeachindividual
subapertureagainsta reference(subaperture31, see
Fig. 3, left) in the spatialdomain. The reconstructor
subsequentlyrecoversthe actualwavefrontandmaps
themin real-timecontrolsignalsfor theDM. Timede-
laysin thecontrolsystemdeterminethebandwidthof
theAO system.Becauseof theparallelarchitectureof
theproblema Digital SignalProcessor(DSP)system
is usedto senseandreconstructthewavefront. DSPs
featurehigh processingpower andhigh datathrough-
put,which is essentialto achieve low latency andthus
high bandwidth. Further, the DSP approachcan be
easilyexpandedto alargersystemby justaddingaddi-
tionalDSPprocessorboardsandis thusvery �e xible.

TheDSPsystemis anoff-the-shelfsystembasedon
the ADSP-21160SHARC DSP(Hammerhead).The
76 subaperturesof up to 20� 20 pixel size are pro-
cessedby 40DSPsorganizedin clustersof four DSPs.
EachDSPprocessestwo subapertures.TheDM actu-
atorvoltagesareupdated� 250ms after the lastpixel
of the200� 200pixel imagearrayhasbeenread.To-
getherwith thereadouttime of thewhole imagingar-
ray of 400ms this leadsto a latency of 650ms anda
“theoretical” bandwidthof 1540Hz. In practisethe
bandwidthis furtherlimited. Fromstudyingthepower
spectraof Zernike coef�cients we concludethat the
closed-loopbandwidth is 100-200Hz dependingon
thecorrectedZernikemode(seeSect.6).

5. High-Spatial ResolutionImaging

5.1. Observations

The speckleobservationsweretaken in a red con-
tinuum window at 600nm with a 10nm FWHM-
wide interference�lter manufacturedby MellesGriot.
Data acquisition was accomplishedby a a high-
speed,large-format(1024� 1024 pixel) CCD cam-
era (DALSA) with 12-bit digitisation. The �eld-of-
view (FOV) of thespeckleinterferometrychannelwas
79.5� 79.5arcsec2, which correspondsto an image
scale of 0.078arcsecpixel� 1. The diffraction lim-
ited resolutionof the 65cm BBSO vacuumre�ector
at 600nm is de�ned accordingto the Rayleigh cri-
terion qRayleigh= 1:22� l =D = 0:23arcsec.Compar-
ing thediffractionlimit andimagescaleindicatesthat
the speckleimagesare oversampledby about50%.
A total of 80 sequencesof short-exposureimages
(Dt = 10ms) were taken with a 30s cadencefrom
17:26UT to 18:10UT onMay2, 2005.Eachsequence
consistsof a seriesof 100 short-exposureimages,
which wereselectedfrom a total of 200 images.The
frameselectionalgorithmis basedon therms-contrast
of thesolargranulation.Theimageswereacquiredat
a rateof 15 framess� 1.

Thefollowing dataprocessingstepsandthecombi-
nation of specklemaskingimaging, frame selection,
and high-orderadaptive optics (AO) have beendis-
cussedin detail in Denker et al. (2005) for a similar
observingrun at the DST. Therefore,we only give a
brief summaryof theimageprocessingprocedureand
referencetheunderlyingtheory.

5.2. ImageReconstruction

We used the speckle masking method (Weigelt
1977;Weigelt& Wirnitzer1983;Lohmannetal.1983;
deBoer1993)to obtaintheFourierphasesof theob-
jectandappliedit to AO correctedimages.TheFried-
parameterr0 wasderivedwith thespectralratio tech-
nique (von der Luehe1984). To measurethe Fried-
parameter, the observed spectralratiosarecompared
with tabulatedtheoreticalvaluesof thespeckletrans-
fer function(STF, Korff 1973)andtheaverageshort-
exposuremodulationtransferfunction (MTF, Fried
1966). In Denker et al. (2005),we discussthe spec-
tral ratio techniquein thecontext of AO observations
andits effecton thephotometricaccuracy. Theseeing
cut-off frequency is encodedin the spectralratio but
the work on a propertheoreticalfoundationis still in
progress.Theamplitudesof theobject'sFouriertrans-
form werecorrectedaccordingto theclassicalmethod
of Labeyrie (1970).A detaileddescriptionof thetech-
nical aspectsof the phasereconstructionalgorithmis
given by Pehlemann& von der Luehe(1989). Be-
causeof theeffectsof anisoplanatismthewholeFOV
is divided into partially overlappingsub�elds thatare
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individually reconstructed(von der Luehe1993). A
sensitive noise�lter is appliedduring the calculation
of thephases(deBoer1996).Back-transformationof
the modulusandphasesof the object's Fourier trans-
form yieldsamosaicof specklereconstructedsub�eld
scenesthataresubsequentlypatchedtogether.

5.3. Results

In Figure ??, we presenta comparisonof long-
andshort-exposureimages,whichweretakenwith the
high-orderAO systemat BBSO. As an example,we
show a small part of active region NOAA 10756ob-
served at 17:01 UT on May 2, 2005. The insert in
theleft panelof Figure??showstheroot-mean-square
(RMS) granularcontrastof the 100 sharpestimages
out of a sequenceof 200 short-exposureimagesac-
quiredwithin in atimeperiodof just15s. Notethatthe
descendingorderof theRMS contrastsareanartifact
of the frame selectionalgorithm. Granularcontrasts
of about3% at 600nm indicatefair to goodobserv-
ing conditionsduringthedataacquisition.A morede-
tailed descriptionof the seeingconditionsis deferred
to thefollowingsection(seeTable1). Thebackground
imagein the left panelof Figure?? is the averageof
these100 imagescorrespondingto an effective expo-
suretime of 1s. Exposuretimes in the orderof one
secondor morearetypically encounteredin spectro-
scopicor polarimetricapplications.It is the strength
of anAO systemto providehighStrehlratiosevenfor
theserelatively longexposuretimes.Therightpanelof
Figure4 displaystheimagewith thehighestRMS out
of the sequenceof 100 short-exposureimages.Even
thoughthisframe-selectedimagealreadycontainsspa-
tial information close to the diffraction limit of the
65cmtelescope,imagereconstructiontechniquessuch
asphasediversitymethods(e.g. vanNoortetal.2005)
or speckleinterferometry(e.g. Denker et al. 2005)
can further improve the spatial resolutionand qual-
ity of theseshort-exposureimages.Figure5 demon-
stratestheimagequality thatcanbeachievedwith for
instancethe specklemaskingtechnique. One of the
shortcomingsof this techniquein the context of AO-
correctedobservationshasbeenthepropercalibration
of the Fourier amplitudes(see Denker et al. 2005).
As a result, the photometricaccuracy of the image
reconstructionis not as good as it could be. Note,
however, that this doesnot affect the accuracy of the
spatialinformationretrieval, which is encodedin the
Fourierphases.Thisproblem,whichis directlyrelated
to theopticaltransferfunctionsfor AO-correcteddata,
hasrecentlybeenalleviated. We show an exampleof
an imagereconstructionbasedon an extendedKnox-
Thompsonalgorithm(see Mikurda et al. 2003))that
usesSTFsadaptedto AO-correctedobservations.

Basedon theresultsby Wang& Markey (1978)for
the long exposuretransferfunction (LETF) the Korff
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Fig. 5.Ð Specklemaskingimagereconstructionafter
AO correctionandframeselectionhavebeenapplied.

model(Korff 1973)for theSTFwasanalyticallymod-
i�ed to take into accountthecorrectionof anarbitrary
AO system.Theperformanceof thecorrectioncanbe
adjustedin themodelby parameterswhichcanbeeas-
ily extractedfrom the wave front sensordataof the
speci�c AO systemused. Using a Monte-Carlointe-
grationalgorithmto solve for theLETF aswell asthe
STF, modelsfor spectralratios (SR, von der Luehe
1984)arecalculated. In this way, a look-up tableof
transferfunctionsandSRsfor differentseeingandcor-
rectionconditionsis generated.

During the reconstructionprocessthe SR is re-
trieved from the observational data within sub�elds
whichoverlapby half of theirsize.Themodelsare�t-
tedto themeasuredSRsusingaweightedleastsquares
�t. In the �rst stepwe identify the lockpoint, and -
keepingthecorrectionlevel constant- estimateFried's
parameterr0 fromthesub�eldsfarawayfrom thelock-
point in theFOV. In a secondstepthecorrectionlevel
is estimatednow keepingr0 constant.Oncethesepa-
rametersareknown, theSTFis chosenfrom thelook-
uptablesandusedfor theestimationof theFourieram-
plitudesby meansof the Labeyrie method(Labeyrie
1970).Thedetailsof thismethodwill beelaboratedin
depthin a forthcomingpublication.

In Figure 6 we present�rst resultsusing the de-
scribedalgorithmfor theestimationof theFourieram-
plitudes. The left panel displays the reconstructed
scene: a pore with a rudimentarypenumbralocated
closeto diskcentre.Themiddlepanel
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Fig. 4.Ð Left: Long-exposureimageof active region NOAA 10756at 17:01UT on May 2, 2005observedwith the
65cm vacuumre�ector at BBSO.This imageis theaverageof 100individualshort-exposureimagesacquiredwithin
15scorrespondingto aneffectiveexposuretimeof 1 s. Theinsertshowsthegranularrms-contrastof all imagesin the
sequence.Middle: Theshort-exposure“reference”image,which is a frameselectedimagewith thehighestgranular
rms-contrastoutof asequenceof 200individual images.
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Fig. 6.Ð Left: Specklereconstructionusingan extendedKnox-Thompsonalgorithmincluding calibratedFourier
amplitudesafterAO correction.Middle: Meansub�eld shiftsdeterminedfrom a local correlationtrackingtechnique.
Right: ThegeneralisedFriedparameter.

6. SystemPerformanceof the AO System

The AO control systemoffers the option to write
real-timesysteminformation,e.g.x- andy-subaperture
shiftsand/oractuatorcontrolsignals,into thememory
of thecontrolcomputer. For thefollowing preliminary
studyweemploy thexy-subapertureshiftsonly.

The xy-shifts and thus the shift vectors,measured
with respectto areferencesubaperture,aredirectly re-
latedto themagnitudeof thewavefrontgradientvector

overagivensubapertureby

jsj = k
r
f
; (1)

wherer =
p

x2 + y2 is themagnitudeof theshift vec-
tor, f is thefocal lengthof thesubaperturelens(lenslet
array),k = 2p=l , andl denotesthewavelength.The
subapertureFOV of 26� 26arcsecis mappedto 20� 20
pixels.Theshift vectorsaredeterminedfor all 76sub-
aperturesshown in theleft panelFigure3 includingthe
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Fig. 7.Ð Left: Averageshift vectorsfor eachdataset
with the AO systemturnedon and off, respectively.
Right: Comparisonof the temporalevolution of the
averageshift vectorsduring datasetsat 17:57:57UT
(AO on)and18:03:50UT (AO off).

centralobscurationof thesecondarymirror pod.How-
ever, in thesubsequentdataanalysis,theshift vectors
correspondingto the centralobscuration(indices33,
34, 43, and44) areomitted. During a time periodof
about10min, we captured13 data�les (six with AO
andseven without AO) with the AO WFS andCCD
cameraon April 29, 2005. Eachdata�le consistsof
a 8666 individual datasetsacquiredat a cadenceof
about2500fps covering a time interval of just 3.5s.
Thexy-shiftsaresavedin fractionsof apixel with two
signi�cant digits. In all calculations,we useda tele-
scopeapertureof 60cm(seeSect.2) andawavelength
of 550nm. The following resultsarebasedon these
datasets.

6.1. Results

In theleft panelof Figure7, weshow acomparison
of theaverageshift vectorsfor theentiredatasetwith
the AO systemturnedon and off, respectively. The
grey backgroundindicatesthe1s variationin thedata

set,which correspondsto the temporalvariationdue
to seeingin themeasurements.During the�rst half of
theobservations,theAO systemwasturnedon,while
it wasturnedoff for thelastsevendatasets.At a �rst
glance,theAO correcteddatashowsa decreaseof the
averagexy-shiftsby afactorof aboutsix. Notethatthe
datatakenwithout theAO systemsincludesthetip-tilt
componentof theseeinganda componentdueto im-
agerotation in the Coud́e laboratory, sincethe refer-
enceframewastakenabout10 to 15min earlier. This
mightexplaintheslow increaseof theaveragexy-shifts
towardstheendof theobservingrun. Thefactthatthe
averagexy-shifts arenot closeto zeroin the AO cor-
recteddataindicatesa potentialproblemin accurately
measuringhigherorderZernikemodes,whicharestill
presentasresidualsin theshift vectors,thuseffectively
reducingthebandwidthof theAO system.

We chosetwo data setsconsistingof 8666 indi-
vidual measurementsshown in theright panelof Fig-
ure 7 to illustrate the systemperformance.The AO-
correctedvaluesare againa factor of six lower and
show almost no variation. However, the open-loop
datashows variationson time scalesof about100ms,
which correspondsroughly to the correlation time-
scaleof theseeing.

6.1.1. Seeingcharacterisation

In a �rst stepof quantifyingthe seeingconditions
at BBSO,we cansimplify theWFSgeometryanduse
it asa Solar-Dual ImageMotion Monitor (S-DIMM,
Beckers 2001). Preliminaryattemptsto characterise
the seeingconditionsat a lake-siteobservatory were
presentedin ?, who comparedseeingcharacteristics
derived from wavefront sensing,solarscintillometry,
and imaging data. However, an AO systemwas not
operationalat that time. The theory of night-time
DIMMs has been describedin Sarazin& Roddier
(1990), who derived the following equationsfor the
relationbetweenthedifferentialimagemotionandthe
Fried-parameterr0:

S2
L = 2l 2r � 5=3

0

�
0:179D� 1=3 � 0:0968d� 1=2

�
(2)

and

S2
T = 2l 2r � 5=3

0

�
0:179D� 1=3 � 0:1450d� 1=2

�
;
(3)

whereS2
L andS2

T aretheRMSvaluesof thedifferential
imagemotion alongandperpendicularto the line be-
tweenthetwo subapertures.We selectedfour pairsof
subapertureswith indices(2, 74),(3, 75),(29,38),and
(39,48)accordingto thenumberingschemeof theleft
panelin Figure3. WeusedtheD = 6:0 cmfor thesub-
aperturesizewith a separationof d = 57:0 cm. These
areapproximatelythedimensions,if theWFS geom-
etry would have beenmappedto the size of the en-
tranceaperture(pupil). TheFried-parametersr0 were
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Table1: Seeingcharacteristicsasdeterminedwith theAO WFSonApril 29,2005.
Series 1 2 3 4 5 6 7 Average
Time [UT] 18:00:18 18:01:05 18:01:43 18:02:23 18:03:08 18:03:50 18:04:35 –
Framerate[Hz] 2482 2488 2485 2485 2488 2488 2495 2487
Dxy [arcsec] 1.23 1.48 1.53 1.47 1.65 2.52 2.15 1.72
rL
0 [cm] 8.09 5.54 7.19 9.35 6.93 5.52 6.76 7.05

rT
0 [cm] 7.70 5.18 6.92 9.92 6.72 5.61 6.92 7.00

D=r0 11.20 13.49 11.41 8.18 12.96 13.54 11.80 11.80
r0 [cm] 5.36 4.45 5.26 7.34 4.63 4.43 5.08 5.22
D[rad 2] 61.65 68.06 47.58 22.73 50.65 47.71 39.59 48.28

averagedover the four aperturepairs to improve the
accuracy of the measurements.The resultsare tabu-
latedin Table1 for eachof the seven open-loopdata
sets.rL

0 andrT
0 aretheFried-parametersthatwerede-

rived for the lateralandtransversedifferential image
displacements.

Thecurrentimplementationof theAO systemuses
Zernike polynomials to parametrisethe wavefront.
Thevaluesfor thereconstructionmatrix aretabulated
in anASCII text �le, which is readduringtheinitiali-
sationof theAO system.Weuseapackageof routines
writtenin theInteractiveDataLanguage(IDL) to anal-
yse the time-seriesof shift vectorscapturedwith the
AO system. It is basedon Zernike polynomialsZ j
with a specialisednormalisationschemeintroduced
by Noll (1976),which is moreconvenientfor statisti-
cal analysis.The index j is a modeorderingnumber
(seeTable I in Noll 1976),which also provides the
identi�cation of Zernike polynomialsin termsof the
classicalopticalaberrations)anda functionof the ra-
dial degreen and the azimuthalfrequency m, which
arealwaysintegralandsatisfytheconditionm� n and
n� jmj = even.Thewavefrontsareparametrisedwith
Zernikepolynomialswith a modeorderingnumberup
to j = 35 correspondingto radial degreesn � 7 and
azimuthalfrequenciesjmj � 7. This choicewasbased
onthefactthatwecouldnotseeany signi�cant contri-
butionsfrom higherorderZernike modes.We expect
to measureandcorrectcontributionsfrom evenhigher
modesoncewe have resolved someissuesrelatedto
the properpupil sizeat both the locationof the DM
andWFS.Therefore,theresultspresentedin this sec-
tion shouldbeseenasalowerperformancelimit of the
currentAO systemwith apotentialfor majorimprove-
ments.Weusedstandardsingularvaluedecomposition
(SVD, ?) to solve thelinear least-squaresproblemof
determiningthecoef�cients of theZernike polynomi-
als. The pupil geometryon the WFS wastaken into
accountincludingthecentralobscurationandpartially
illuminatedsubapertures.However, we neglectedthe
shadowing of the spidersand only correctedthis in-
�uence by taking new �at �eld framesevery 30 min.
TheZernike coef�cients aredeterminedby �tting the
derivativesof theZernikepolynomialsto theobserved
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Fig. 8.Ð Comparisonof the varianceof the Zernike
coef�cients for open- (asterisks) and closed-loop
(carets)datadeterminedfrom theAO WFSdata.The
solid curve representsa �t to the Kolmogoroff spec-
trum of the open-loopdata for D=r0 = 12:10. The
temporalpowerspectrawereslightly smoothedto im-
provedtheclarity of thegraphs.

shift vectors. In principle, the IDL packagecanhan-
dleany pupil/WFSgeometry. Furtherteststo improve
thereconstructionprocessarecurrentlycarriedout at
BBSOandNSO/SP.

Noll (1976) provide a theoreticaldescriptionof
atmosphericstatistics, i.e., the wave propagation
through the turbulent atmosphere. In particular, he
derived the Zernike matrix representationof the Kol-
mogoroff phasespectrum(seeEquations22 to 25 in
Noll 1976). In Figure8, we comparethevariancesof
the Zernike coef�cients for a modeorderingnumber
of up to j = 35 for open-andclosed-loopdata. The
variancesareafactorof about100smallerfor theAO-
correcteddata.In thisgraph,all datasetsweremerged,
i.e., six datasetsfor the AO-correctedandseven for
theuncorrectedobservations,to show thetrendin the
datamoreclearly. Thesolid curve is a �t to the trace
of the covariancematrix of the Kolmogoroff phase
spectrumwith a �t parameterof D=r0 = 12:10,where
D is the telescopeapertureandr0 the Fried parame-
ter, respectively. Interestingly, the seeingconditions
at this lake-site observatory follow the law of Kol-
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mogoroff turbulence,whichmight notbeobviousin a
casewheretheboundarylayerseeingis stronglysup-
pressed.Thiswasoneof thequestionsaddressedin the
�nal site survey report for the AdvancedTechnology
SolarTelescope(ATST, ??). Sinceour resultswere
determinedfrom only seven datasets,we intend to
repeatthis typeof measurementsonseveraldaysfrom
sunriseto sunset,whichshouldsettlethequestionsre-
latedto Kolmogoroff-type turbulencein the presence
or absenceof boundarylayer seeing. We also per-
formed similar �ts for the individual open-loopdata
setsandthe resultsaresummarisedin Table1. Note
that the last row is the averageof the individual data
setsandnot that of the mergeddatasets. Summing
the variancesfor all Zernike coef�cients providesus
with an estimateof the averagewavefront error D in
radians2, which is also listed in Table1. Figure8 is
actually very similar to Figure 1 in Rimmele et al.
(2003),which shows observationswith the low order
AO systemat the DST. However, in the high-order
BBSO AO system,the separationof the variancesof
open-andclosed-loopdatais muchmorepronounced
– all thewaytoZernikecoef�cients with amodeorder-
ing numberof up to j = 35show thisclearseparation,
whereasthecross-over occurredalreadyat j = 15 for
thenow obsoletelow-orderAO systemat theDST.

6.1.2. Fixedaberrations

The open-loopdatacan also be usedto measure
�x ed aberrationsof the optical system. Assuming
that the seeingvariationsare random,the averageof
all 7 � 8666shift vectors(seeleft panelof Figure9)
shouldrepresentthewavefrontof theuncorrectedop-
tical system.The right panelof Figure9) shows this
wavefront assembledfrom Zernike polynomialswith
a modeorderingnumberof up to j = 35. The opti-
cal aberrationsamountto 1.9 rad RMS and11.3 rad
peak-to-valley (PTV). Major contributionsarisefrom
the defocusand 3rd order astigmatismterms,which
canbe most likely attributedto the entrancewindow
of thetelescope.Thecorrespondingvaluesfor theAO
correcteddataare0.040rad RMS and0.35 rad PTV,
respectively.

6.1.3. Bandwidth

An importantparameterto characterisetheperfor-
manceof anAO systemis thesystembandwidth.The
systembandwidthde�neshow fasttheAO systemcan
respondto changesof thewavefrontdeformations.

Figure 10 shows a comparisonof the temporal
power spectraof open-and closed-loopdatafor se-
lectedZernike polynomials(tilt j = 2, defocusj = 3,
3rd order astigmatismj = 4, and 5th order spherical
aberrationj = 21). The grey lines correspondto a
power law �t with an exponentof � 8=3. From the
interceptof thepower law �t andthe temporalpower
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Fig. 9.Ð Left: Average(residual)shift vectorsfor
all seven open-loopdatasetssuperposedon a graph-
ical representationof theWFS/pupilgeometry. Right:
Thecorrespondingresidualwavefronthasmajorcon-
tributionsfrom thedefocusand3rd orderastigmatism
terms.

spectrain the right columnof Figure10, we cande-
terminethe bandwidthof the AO systemto be in the
range from about 100 to 200Hz dependingon the
modeorderingnumber j, i.e., thehigher j, the lower
is thebandwidth.Examiningthebottomtwo panelsin
Figure10,we �nd thatthepowerspectraof open-and
closed-loopdatabecomevery similar. The power of
the low-frequency componentof the uncorrected5th

ordersphericalaberrationtermapproaches10� 4 close
to the 10� 5 level of the AO-correcteddata. Indeed,
oncewe reacha modeorderingnumberof j = 35,we
do not seeany statisticallysigni�cant differencebe-
tweenopen-andclosed-loopdata.Thus,we conclude
thatonly the�rst 35Zernikemodesarecorrected.

7. Futur e impr ovements

Many of theproblemsencounteredwith the65cm
vacuumre�ector duringtheimplementationof theAO
systemare foundedin its history. One of the major
issues– thepupil stability – we adressedin Sect.2.1.
However, weareleft with theinevitablepupil rotation.
As a consequencethe spidersholding the secondary
podbegin to shadow subaperturesshortly(� 2min) af-
ter theWFS�atield calibrationis performed.This fact
doesnot seemto compromisethe performanceif the
lock structurehassuf�cient contrastlike a small spot
or a largeporebut it certainlyhasaneffect if low con-
traststructuresareencounteredlike thesolargranula-
tion. With thecurrentopticaldesignof theWFSandits
relayopticswe achieveanimagescalein thesubaper-
tures(� 26� 26arcsec2) of about1.3arcsecpixel� 1, so
it is beyond the capability of the systemto lock on
solar granulation,althoughthis is a highly desirable
task.ThecomparablylargesubapertureFOV alsoim-
plies WFS measurementerrorsleadingto wavefront
�t errors.This might explain theratherlargeaperture
averagedmeansquaredwavefront error of 0.58rad2

(closed-loop).It is thereforeoneof the importantfu-
turetasksto modify theWFSopticsto achievesmaller
FOVs in the range� 15arcsecto �rst minimize WFS
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Fig. 10.Ð Temporal power spectra for selected
Zernike coef�cients comparingopen- (left column)
andclosed-loop(right column)data. The grey curve
correspondsto a power law �t with an exponentof
� 8=3.

measurementerrorsandsecondresolvethesolargran-
ulationspatially.

Theupstreamimagingsystemformsa pupil image
on the DM that doesnot fully illuminate the mirror:
only � 76% of the mirrors surfacearecurrentlycov-
eredby thepupil image.

Anotherissueis thefactthatonly up to 47 Zernike
modesareusedto parameterizethewavefront.

8. Conclusionsand Prospects

WehavedemonstratedthattheAO systematBBSO
is operationalandcanbecombinedwith thepost-focus
instrumentation(VIM, IRIM, andRTIR). Thesystem
performancehasbeenstudiedin detail includingmea-
surementsof the Fried-parameterr0 and the isopla-
naticpatchsize,temporalpowerspectraof theZernike
coef�cients, residualwavefront errors, Kolmogoroff
turbulencespectra,anddirectimaging.Especially, the
combinationof post-facto imagerestorationand AO
correctionhasproducedsomeof thebestdatasetsob-
tainedatBBSOsofar. However, afterover35yearsof
continuousoperationandcountlessmodi�cations and
upgrades,the time hascomefor a new telescopethat

Table2: Systemspeci�cationsof theAO.
Correctedmodes 35
Subapertures 76
Actuators 96
Bandwidth(closed-loop) 130Hz
Residualwavefronterror 1.9rad2 (AO off)
Meansquaredwavefronterror 0.58rad2 (AO on)
Wavelengthrangefor WFS broadbandvisible
Intensitycontrast(lock point) � 0.65@550nm
Light fraction(WFS) � 5%

canserve theneedsof modernpost-focusinstruments
for high-resolutionsolarphysics.TheNew SolarTele-
scope(NST) at BBSO(Goodeet al. 2003;Didkovsky
et al. 2004)is now in its constructionphasewith �rst-
light expectedin late 2006. The AO systemas well
asthecurrentpost-focusinstrumentsprovidethebase-
line for the NST �rst-light instrumentation.The de-
signof theNST andits suiteof dedicatedinstruments
aretailoredtowardsspaceweatherresearch,whichhas
beena cornerstoneof researchat BBSO for many
decades(?). This type of researchrequirescontinu-
ousmonitoringof active regionswith high resolution
overextendedperiodsof time undervery goodseeing
conditions. The ATST site survey (Hill et al. 2004;
?) hasidenti�ed BBSO asthe ideal site for this type
of research.The NST will perfectlycomplementthe
proposedATST (Keil et al. 2003),which will exploit
the periodsof excellent seeingon Haleakala,Maui,
Hawaii to studytheSunandthesolarcoronawith even
higher resolutionto addressthe fundamentalphysics
questionsrelatedto solar�ne-structure.
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