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ABSTRACT

In Januarn2004,theBig BearSolarObsenatory(BBSO)wasequippedvith ahigh-orderadaptve op-
tics (AO) systembuilt in collaborationwith the National SolarObsenatory/SacramentBeak(NSO/SP).
The hardwareis essentiallythe sameasthe AO systemoperatedat the Dunn Solar Tower (DST) incor-
poratinga 97 actuatordeformablamirror, a Shack-Hartmantypewavefrontsensowith 76 subapertures,
andanoff-the-shelfDigital SignalProcesso(DSP)system.However, the opticaldesignis quitedifferent
andhasto accommodat¢he BBSO 65cm vacuumre ector andthe downstreampost-focusinstrumen-
tation. In this work, we will describethe optical design,demonstratéhe open-and closed-loopAO
performanceandpresenimagereconstruction$o illustratetheimagequality that canbe achievedwith

thenew AO system.

Subjectheadings: Sun:photosphere— instrumentationadaptve optics— techniquesspecklereconstruction

1. Intr oduction

Ground-basetinagingis severelylimited by wave-
front phasedeformationsinducedby the Earth's at-
mosphere. For most solar obsenatoriesthe spatial
resolution thus achieved in the visible wavelength
rangeis associatedvith diffraction limited apertures
of 10cmonly. This is opposedby the fact that a
spatialresolutionof atheorderof thetenthof 1arcsec
correspondingo or smallerthan the pressureheight

1The National Solar Obseratory is operatedby the Associa-
tion of Universitiesfor Researclin Astronomyundera cooperatie
agreementvith the National ScienceFoundation for the bene t of
theastronomicatommunity

scaleof the solaratmospherés neededo answerfun-
damentalquestionsthat arisein our struggleto un-
derstandhe Sun. It is thereforemandatoryto correct
the wavefrontdeformationdn realtime which allows
for a higherdynamicrangeand sensitvity, for larger
exposuretimesandthushighersignal-to-noiseatios.
Real-timemethodscover image motion stabilisation
systemdik e correlationtracker systemgseee.g. von
der Lueheet al. 1989; Schmidt& Kentischer1995;
Ballesteroset al. 1996), and the much more com-
plex Adaptive Optics (AO) systemsdesignedo also
compensatdor higher orderwavefront deformations
(Acton & Smithson1992; von der Lihe et al. 2003;
Berkefeld et al. 2003; Scharmeret al. 2003; Keller



etal. 2003;Rimmeleetal. 2004).

Although devised to provide diffraction limited
imagingin practisethe performancecanvary over a
broadrangefrom virtually no improvementto almost
diffractionlimited. The performanceds compromised
mostly by technical insufciencies and limitations
(e.g.the nitenessof thetemporalresponsef the AO
system WFSlight levels, spatial WFS sampling,and
numberof degreesf freedom)out alsobecausef me-
teorologicalconditionsprevailing atthe observingsite
suchasthe distribution of the strengthand height of
turbulence(anisoplanasieh theatmospherabosethe
siteandthe correlationof turbulenceandwind speed.
In particularthe power distribution of turbulenceplays
animportantrole becausé determinesheanglereso-
lution andde nestheFriedparameterg (Fried1966).
As aresultcontemporanAO systemaisuallyoperate
in a partial modeimplying a residualwavefronterror
causedby a differencebetweenthe incoming wave-
front andthe mirror shape Irregularitiesof the mirror
shapeon spatial scalessmallerthan the controllable
domainfurtheraddto theresidualwavefronterror but
arein mostcaseof ngyligible contribution. It seems
naturallythatthe determinatiorof this residualwave-
front error (seee.g. Lofdahletal. 2000)isanimpor-
tanttaskthat not only leadsto a betterunderstanding
of the performanceof an AO systembut mostof all
canleadto a fully compensatingystem. However,
dependingon the strengthof the anisoplanatieffects
the compensatiomf an AO systemremains eld de-
pendentindtypically decreasewith increasingadial
distancefrom the lock structure. In this contet the
applicationof imagereconstructiortechniquesare a
usefultool to measureheresiduawavefrontandmin-
imize the effectsof anisoplanatismTo this endimage
reconstructiortechniquesreroutinely appliedto AO
supportedobsenations (e.g. Lofdahl & Scharmer
2003).

The paperis organisedasfollows. In Sect.2 we
brie y describethe telescopeand discussone of the
major problemsrelatedto thetelescopehathadto be
solved rst: the pupil stability. Section3 andSect.4
arededicatedo the optical layout of the Couck light
path andthe AO imaging system,and a detailedde-
scriptionof the AO components.In Sect.5 we shav

rst obsenationsandapply speckleimagerestoration
techniquesn orderto demonstratéhe imagequality
thatcanbeachiezedwith theexisting system We also
brie y discusgheproblemsausuallyencounteredvhen
applying speckletechniquego alreadyAO corrected
datasets. In Sect.6 resultsof a preliminary perfor

mancestudybasedon a comparisorbetweerthe sub-
apertureshift valuesin open-andclosedloop, repsec-
tively, are presented Potentialproblemareasand fu-

turechallengesirepointedoutin Sect.7. We conclude
in Sect.8.
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Fig. 1.b Schematicsketchof the opticallayoutof the
65cmre ector.

2. The 65cm Vacuum Re ector at BBSO

Thetelescopés basedn atypical Gregory-Coude
design. A simpli ed sketch of the optical layout is
shown in Figure2. The focal length of the primary
telescopemirror TM1 is 2500mm resultingin 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 the secondarymirror is 0.8571428nd
its curvatureis 0.02153846tm 1. Thisresultsn a13
timesmagni cation anda correspondindmagescale
of 6.3arcseanm 1 in theCouckfocus.A 59.9mmdi-
ametetpupil imageis formedcloseto thefolding mir-
ror in the hatsection,which hasbeenusedin the past
asthetip-tilt mirror for aspottracker. Thepupil image
containsthe secondanpbscurationwhich is 20% of
the diameterof the entranceaperture,andthe spider
patternfrom the four supporttrusseof the secondary
mirror andthe heatstopassembly

2.1. Pupil wander

Severalfactorscandegradethe performanceon an
AO systemlike, for example,the meteorologicaton-
ditionsof theobservingsiteandfactorsrelatedto tech-
nical aspectf the AO systemitself. However, the
mostimportantand fundamentafactoris omittedin
mary discussions:a stablepupil imageon the DM.
Shapechangesspiderrotation, as well as drift and
wanderof the whole pupil image on the deformable
mirror canseverelyimpactthe performance.

The 65cm telescopeshoved a large pupil wander
acrossthe DM during the causeof the obsenations,
which dramaticallyhamperedheperformancandop-
erationof the AO system.Thepupil wander-or better
“wobble”, sincethe movementresultsfrom the super
positionof a linear shift anda rotation— obsenedin
the Couce roomis very large comparedo othertele-
scopedhatsuffer from the samedegradation.For ex-
ample,the pupil wobbleat the DST is lessthan1 mm



for a77mmdiameterpupil overtime intervalsexceed-
ing 1h. The pupil wobble at BBSO is threeto four
timeslargeroveratime periodof just 15min or less.

Experimentsperformedto visualiseand describe
the phenomenorf) monitoredthe pupil imageduring
awhole observingday correspondingo atime period
of about7h. The experimentsdemonstratedhat the
pupil wanderis primarily causedby a misalignment
of theright ascensioranddeclinationaxis of thetele-
scope.Sincetheright ascensioranddeclinationaxes
do not properlyintersectthetwo at folding mirrors
insidethe Couck box changeheir respectie positions
duringthedayandwith changingdeclinatiorthisleads
to a misalignmenbf the opticalandmechanicabxis.
As a consequence;orrectalignmentis only tempo-
rary until declinationchangesnake the wobbleagain
unacceptablen principle,the Couce box shouldonly
add an inevitable rotationto the incoming beam,but
the misalignmentof thetwo at mirrors dramatically
aggravatesthe shift of the pupil. The pupil shiftin the
morning and afternoonis about75% of the diameter
of the centralobscuration.The pupil rotationis about
0.26 min 1, whichis verycloseto theexpectedvalue
of 0.25 min ! dueto the Earth's rotation. Tempera-
ture effectsplay only aminor role for the pupil stabil-
ity andrathercontribute to the focusissuesmeaning
thattherelative positioningof primary andsecondary
mirror changesluringthe day.

2.2. Pupil stability

To suppresghe pupil wobble and ensurea stable
beamover an acceptabldime period (the whole ob-
servingday andlonger)we proceededsfollows. In
a rst step,the Couck box hadto bemodi ed in order
to easethe alignmentprocesshy addingremotecon-
trol actuatorqPicomotoractuatorsy New Focus)to
the x edCouce mirror TM5. The otherCouck mirror
TM4 is mountedon a computercontrolledrotational
mountandcanbe ipped outof thelight pathto direct
the light to the optical benchesmountedunderneath
thetelescopeank. Along with this,the20-yearold at
mirrorswerereplacedy newv mirrorsfrom Linos Pho-
tonics with higher optical quality (/ =10) and coated
with protective silver (96% re ectivity in theNIR). In
asecondstepanew alignmentprocedurénadto bede-
veloped. The procedureis easyto performand can
be nished within anhourwithout sunlightbeforethe
actualobservingrun. The procedurenvolvesa laser
alignment xture on the west telescopefork and an
alignmentpticsinsertecbehindthepolaraxleapprox-
imately atthelocationof thetip-tilt mirror (Figure2).
A videocamerds attachedo thealignmentopticsand
the pupil wandercanbe monitoredwhile slewing the
telescoperom Eastto West. The three actuatorsof
the New Focusmountarethen adjustedto minimise
the pupil movement.

3. Optical Design

In thefollowing, we concentraten the opticallay-
out of the AO systemand post-focusinstrumentation
illustratedin Figure 2 asoriginally designedby Did-
kovsky et al. (2003). The bestlocationto startis the
Couck focus, which allows us to describetelescope
andAO system/post-focuisistrumentatiorastwo sep-
aratesystems.The rst pupil imageP1 forms3.5m
(diameter59.9mm) in front of the Couck focusright
insidethe hat sectionnearthe folding at TM3. The
lensL1 re-imageshe pupil ontothe rst active ele-
mentin the light path, the tip-tilt mirror TT, which
alsoactsasafolding mirror feedingthelight vertically
down into the Couck laboratoryonthe secondoor of
the obsenatory building. The pupil imageP2 on the
TT hasadiameterof 250 mm. ThelensL2 formsan
imageof the sunatthe Iter wheelpositionFS1and
changeghe beamfrom an f=50 atthe Couck focusto
an f=13atthe Iter wheelposition.The lter wheelis
remotecontrolledandcurrentlyaccommodatesix po-
sitionsincludingagrid target,a pinhole,anadjustable
iris, a closedpositionto interruptthe light path,and
two openpositions. ThelensL3 forms anotherpupil
image P3 (60mm diameter)on the deformablemir-
ror DM. The sunis (almost)collimatedafterL3. The

at mirror M1 folds thelight from verticalto horizon-
tal onto an optical breadboardable. After the DM
the light beamfalls onto a dichroic beamsplitteplate
BS1thatdividesthelight pathinto two beamdeeding
on the one sidethe Wave Front SensotWFS andthe
Visible-lightImagingMagnetograplVIM , andonthe
othersidetheInfraRedimagingMagnetographRIM .
Thevisible partof the spectruris re ected, while the
infraredpartis transmitted For the purposeof our ex-
periment,we replacedBS1 by a at folding mirror.
After the beamsplitteiplate (mirror) L4 formsanim-
ageof the sun,which is relayedby the negative lens
L12 justbehinda 10/90% beamsplitteBS2to a eld
stopFS2 In addition,L12 formsavirtualimageof the
pupil P4 atabout4 m beforeL12. The 50/50% beam-
splitter BS3 is usedto direct light to a high-cadence
CCD camerdor broad-banabsenationsin combina-
tion with VIM . After FS2 the light beamentersan-
othertransferopticsL13 andL14 to provide theright
image scalefor the Hartmann-Shackype wavefront
sensoWFS consistingof anadjustableeld stopFS4,
a lensL15 forming a pupil image P6 on the lenslet
array LA, are-imaginglensL16 collimating the sun
light, anda detectorCCD2.

4. The Adaptive Optics Subsystems

An AO imaging systemis a comple optical and
electronicsystenbasednthecombinatiornof awave-
front sensor(WFS) measuringthe wavefront defor
mations,a processounit mappingthe WFS measure-
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Fig. 2.D Schematicsketchof the opticallayoutof thethe Couck light pathandthe AO system.Left: Couce feedon
Domeetage Right: Light pathdown into the Couck laboratoryandon the opticaltable.

mentsinto real-timecontrolsignals,anda deformable
mirror (DM) whosefacesheetcanbe modi ed athigh

speedn responsdo the electricalsignalssentby the

processounit. In the following thesecomponentsire
reviewedin moredetail.

4.1. Image Motion Compensation: Tip-Tilt Unit

Thelow-ordercompensatiosystemncorporates
tip-tilt mirror and the control electronics. The Piezo
tip-tilt platformis afastandcompactilt unit manufc-
tured by PolytecPI providing preciseangularmove-
mentof the top platformin two orthogonalaxes. The
tilt rangeis 1mradwith sub+rad resolution. The
platformis designedor mirrorsupto 50mmdiameter
andfeaturesangularstability over a wide temperature
range. Thetip-tilt mirror is locatedin the pupil plane
andcurrentlyalsoactsasa 45 folding at feeding
the light vertically down from the Dome oor to the
Coucklaboratory This solutionreducegshenumberof
opticalsurfacesandallows for fastimagemotioncom-
pensatiorwith high bandwidth. In principle, the DM
cancompensatéor imagemotionaswell, but this re-
ducesthe bandwidthand dynamicrangeavailablefor
higherordercompensation.

4.2. Higher-Order Compensation: Deformable
Mirr or System

The higherorder compensatiorsystememploys a
e xible mirror, whosesurfaceshapecanbe modi ed
at high speedandin responseo appliedelectricalsig-
nals. The mirror gure is controlledby a numberof
actuatorsthat pushand pull on the back of the mir-
ror membrando atten theturbulence-inducedvave-
front phaseaberrationsThe ideal positionof the DM
is in or closeto the pupil plane,which is the conju-
gateplaneto theturbulentlayer closeto thetelescope
aperture.The DM is a continuous97 actuatorsystem
(lead magnesiumiobate)manufcturedby Xinetics.
The 2mm thick mirror surfacemadeof silver-coated
ULE glass,which hasbeenpolishedandthenbonded

Fig. 3.b Geometryand numberingschemefor the
wavefrontsensorsubaperturefleft) andthe actuators

(right).

ontoagrid of actuatorsTheactuatorgrid is spacedn
7mm incrementgqcentre-to-centredccordingto the
numberingschemeshown in Figure3 (right).

The voltagesapplied to the actuatorsare in the
rangefrom 40V to + 70V accessiblehrough65536
digital dataunits. Theactualvaluesarein the 32768
rangeproviding a mechanicaktroke of 4 mm with a
maximuminter-actuatordisplacemenbf 2 mm corre-
spondingo 50V. In orderto preventpotentialdamage
of the mirror surface,the Zenerdiodecircuitry is ac-
tivatedif the maximuminter-actuatordisplacemenis
reachedThe 32768digital dataunitsaremappedo

40V while the+ 32786valuesaremappedo + 70V.

4.3. The Wavefront Sensor

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

A lensmatrix(f 24mm)placedn thepupil plane
create¥ 6imagesf thesamesolarsurfaceregioncov-
eringthepupil. Thegeometryis visualisedn Figure3
(left). The 76 imageddiffer only by theinducedphase



aberrationscorrespondingo the location inside the
pupil plane/apertureBecausef thedesignof thetele-
scopethe centralobscuratiorof the secondarynirror

pod shadaevs the four centrally locatedsubapertures.

Thesesubaperturearemasledoutby zeroingthe cor-
respondingky-shifts beforethe wavefrontreconstruc-
tion is done. The spiderstructureis not takeninto ac-
count.

The WFS detectoris a custom developed high-
framerate camera( 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 arrayis readout in just 400ns.
The numberof pixels per subaperturés software se-
lectable.Subapertursizesof 16 16and20 20 pix-
elscanbeused.ForadetaileddescriptiorseeRichards
etal. (2004).

4.4. Control System

TheDM andtheWFSareconnectedhroughacon-
trol systemconsistingof two parts,areal-timeproces-
sorandagraphicaluserinterface(GUI). TheGUI (Vi-
sualC++)allows to control the subsystemsind gives
accesgo importantsystemparametersThereal-time
processorunit calculatesthe relative xy-shifts with
subpixel accurag by cross-correlatingachindividual
subapertureagainsta reference(subaperture8l1, see
Fig. 3, left) in the spatialdomain. The reconstructor
subsequentlyecoversthe actualwavefrontand maps
themin real-timecontrolsignalsfor theDM. Time de-
laysin the control systemdeterminethe bandwidthof
the AO system Becausef the parallelarchitectureof
the problema Digital SignalProcesso({DSP)system
is usedto senseandreconstructhe wavefront. DSPs
featurehigh processingpower andhigh datathrough-
put, whichis essentiato achiere low lateng andthus
high bandwidth. Further the DSP approachcan be
easilyexpandedo alargersystemby justaddingaddi-
tional DSPprocessoboardsandis thusvery e xible.

TheDSPsystenis anoff-the-shelfsystenbasedn
the ADSP-21160SHARC DSP (Hammerhead).The
76 subaperturesf up to 20 20 pixel size are pro-
cessedy 40 DSPsorganizedn clustersof four DSPs.
EachDSP processeswo subaperturesThe DM actu-
atorvoltagesareupdated 250ns afterthe lastpixel
of the200 200pixel imagearrayhasbeenread.To-
getherwith thereadouttime of the wholeimagingar-
ray of 400ns this leadsto a lateng of 65015 anda
“theoretical” bandwidthof 1540Hz. In practisethe
bandwidthis furtherlimited. Fromstudyingthepower
spectraof Zernike coefcients we concludethat the
closed-loopbandwidthis 100-200Hz dependingon
thecorrectedZernike mode(seeSect.6).

5. High-Spatial Resolutionimaging

5.1. Observations

The speckleobsenationsweretakenin a red con-
tinuum window at 600nm with a 10nm FWHM-
wideinterferencelter manugcturedby 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 79.5arcseé, which correspondso an image
scale of 0.078arcse@ixel 1. The diffraction lim-
ited resolutionof the 65cm BBSO vacuumre ector
at 600nm is de ned accordingto the Rayleigh cri-
terion grayleigh= 1:22 | =D = 0:23arcsec. Compar
ing the diffractionlimit andimagescaleindicatesthat
the speckleimagesare oversamplecby about50%.
A total of 80 sequencef short-exposureimages
(Dt = 10ms) were taken with a 30s cadencefrom
17:26UT to 18:10UT onMay 2, 2005.Eachsequence
consistsof a seriesof 100 short-posureimages,
which were selectedrom a total of 200images.The
frameselectionalgorithmis basedn therms-contrast
of the solargranulation.Theimageswereacquiredat
arateof 15framess 1.

Thefollowing dataprocessingtepsandthe combi-
nation of specklemaskingimaging, frame selection,
and high-orderadaptie optics (AO) have beendis-
cussedn detailin Denker et al. (2005) for a similar
observingrun at the DST. Therefore,we only give a
brief summaryof theimageprocessingrocedureand
referencahe underlyingtheory

5.2. Image Reconstruction

We used the speckle masking method (Weigelt
1977;Weigelt& Wirnitzer1983;Lohmannetal. 1983;
de Boer 1993)to obtainthe Fourier phasesf the ob-
jectandappliedit to AO correctedmages.The Fried-
parametery wasderived with the spectralratio tech-
nigue (von der Luehe1984). To measurethe Fried-
parameterthe obsened spectralratios are compared
with takulatedtheoreticalvaluesof the speckletrans-
fer function (STF Korff 1973)andthe averageshort-
exposuremodulationtransferfunction (MTF, Fried
1966). In Denker et al. (2005), we discussthe spec-
tral ratio techniquein the context of AO obsenations
andits effecton the photometricaccurag. The seeing
cut-off frequeng is encodedn the spectralratio but
the work on a propertheoreticalfoundationis still in
progressTheamplitudef theobject's Fouriertrans-
form werecorrectedaccordingto the classicaimethod
of Labeyrie (1970).A detaileddescriptionof thetech-
nical aspectf the phasereconstructioralgorithmis
given by Pehlemann& von der Luehe (1989). Be-
causeof the effectsof anisoplanatisnthe whole FOV
is divided into partially overlappingsub elds thatare



individually reconstructedvon der Luehe 1993). A

sensitve noise lter is appliedduring the calculation
of the phasegde Boer 1996). Back-transformatiomf

the modulusand phaseof the object's Fourier trans-
form yieldsa mosaicof specklereconstructegub eld

sceneshataresubsequentlpatchedogether

5.3. Results

In Figure ??, we presenta comparisonof long-
andshort-exposureémageswhich weretakenwith the
high-orderAO systemat BBSO. As an example,we
shov a small part of active region NOAA 107560b-
senedat 17:01UT on May 2, 2005. The insertin
theleft panelof Figure?? showvstheroot-mean-square
(RMS) granularcontrastof the 100 sharpesimages
out of a sequencef 200 short-exposureimagesac-
quiredwithin in atime periodof just15s. Notethatthe
descendingrderof the RMS contrastsarean artifact
of the frame selectionalgorithm. Granularcontrasts
of about3% at 600nm indicatefair to good observ-
ing conditionsduringthe dataacquisition.A morede-
tailed descriptionof the seeingconditionsis deferred
to thefollowing section(seeTablel). Thebackground
imagein the left panelof Figure?? is the averageof
thesel00imagescorrespondingo an effective expo-
suretime of 1s. Exposuretimesin the orderof one
secondor more aretypically encounteredn spectro-
scopicor polarimetricapplications. It is the strength
of anAO systento provide high Strehlratiosevenfor
theserelatively long exposurgimes. Theright panelof
Figure4 displaystheimagewith the highestRMS out
of the sequencef 100 short-exposureimages. Even
thoughthisframe-selectednagealreadycontainsspa-
tial information close to the diffraction limit of the
65cmtelescopeimagereconstructiotechniquesuch
asphasdliversitymethodge.g. vanNoortetal. 2005)
or speckleinterferometry(e.g. Denlker et al. 2005)
can further improve the spatial resolutionand qual-
ity of theseshort-exposureimages. Figure5 demon-
strategheimagequality thatcanbe achiezedwith for
instancethe specklemaskingtechnigue. One of the
shortcomingof this techniquein the context of AO-
correctedbbsenationshasbeenthe propercalibration
of the Fourier amplitudes(see Denker et al. 2005).
As a result, the photometricaccurag of the image
reconstructionis not as good asit could be. Note,
however, thatthis doesnot affect the accurag of the
spatialinformationretrieval, which is encodedn the
FourierphasesThis problemwhichis directlyrelated
to theopticaltransferfunctionsfor AO-correctedlata,
hasrecentlybeenalleviated. We shov an exampleof
animagereconstructiorbasedon an extendedknox-
Thompsonalgorithm (see Mikurda et al. 2003)) that
usesSTFsadaptedo AO-correctedbbsenations.

Basedontheresultsbhy Wang& Markey (1978)for
the long exposuretransferfunction (LETF) the Korff

arcsec

20 40 60
arcsec

Fig. 5.b Specklemaskingimagereconstructiorafter
AO correctionandframeselectionhave beenapplied.

model(Korff 1973)for the STFwasanalyticallymod-
i ed totakeinto accounthecorrectionof anarbitrary
AO system.The performancef the correctioncanbe
adjustedn themodelby parametersvhichcanbeeas-
ily extractedfrom the wave front sensordataof the
speci ¢ AO systemused. Using a Monte-Carlointe-
grationalgorithmto solve for the LETF aswell asthe
STF, modelsfor spectralratios (SR, von der Luehe
1984) are calculated. In this way, a look-up table of

transferfunctionsandSRsfor differentseeingandcor-

rectionconditionsis generated.

During the reconstructionprocessthe SR is re-
trieved from the obsenational data within sub elds
which overlapby half of their size. Themodelsare t-
tedto themeasure@®Rsusingaweightedeastsquares
t. In the rst stepwe identify the lockpoint, and -
keepingthecorrectionlevel constant estimateFried's
parameterg fromthesub eldsfarawayfrom thelock-
pointin the FOV. In a secondstepthe correctionlevel
is estimatechow keepingrg constant.Oncethesepa-
rametersaareknown, the STFis chosernfrom the look-
uptablesandusedfor theestimatiorof theFourieram-
plitudesby meansof the Labeyrie method(Labeyrie
1970). Thedetailsof this methodwill beelaboratedn
depthin aforthcomingpublication.

In Figure 6 we presentrst resultsusing the de-
scribedalgorithmfor theestimationof the Fourieram-
plitudes. The left panel displaysthe reconstructed
scene: a pore with a rudimentarypenumbralocated
closeto disk centre.Themiddle panel
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Fig. 4.b Left: Long-exposuremageof active region NOAA 10756at17:01UT on May 2, 20050bsenedwith the
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Fig. 6.b Left: Specklereconstructiorusing an extendedkKnox-Thompsonalgorithmincluding calibratedFourier
amplitudesafter AO correction.Middle: Meansub eld shiftsdeterminedrom alocal correlationtrackingtechnique.

Right: Thegeneralisedrried parameter

6. SystemPerformanceof the AO System

The AO control systemoffers the option to write
real-timesysteninformation,e.g.x- andy-subaperture
shiftsand/oractuatorcontrolsignals,into thememory
of the controlcomputer For thefollowing preliminary
studywe employ the xy-subaperturshiftsonly.

The xy-shifts and thus the shift vectors,measured
with respecto areferencesubaperturearedirectly re-
latedto themagnitudeof thewavefrontgradientvector

overagivensubaperturgy

i = ke M
P——. . .
wherer = = x2+ y2 is the magnitudeof the shift vec-
tor, f isthefocallengthof thesubaperturéens(lenslet
array),k = 2p=/ , and/ denoteghewavelength.The
subapertur&OV of 26 26arcseds mappedo20 20
pixels. Theshift vectorsaredeterminedor all 76 sub-
apertureshovnin theleft panelFigure3includingthe
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Fig. 7.b Left: Averageshift vectorsfor eachdataset
with the AO systemturnedon and off, respectiely.
Right: Comparisonof the temporalevolution of the
averageshift vectorsduring datasetsat 17:57:57UT
(AO 0n)and18:03:50UT (AO off).

centralobscuratiorof thesecondarynirror pod. How-

ever, in the subsequendataanalysis the shift vectors
correspondingo the centralobscuration(indices 33,

34, 43, and44) are omitted. During a time period of

about10min, we capturedl3 data les (six with AO

and seven without AO) with the AO WFS and CCD

cameraon April 29, 2005. Eachdata le consistsof

a 8666 individual datasetsacquiredat a cadenceof

about2500fps covering a time interval of just 3.5s.

Thexy-shiftsaresaredin fractionsof a pixel with two

signi cant digits. In all calculationswe useda tele-
scopeapertureof 60cm (seeSect.2) andawavelength
of 550nm. The following resultsare basedon these
datasets.

6.1. Results

In theleft panelof Figure7, we shav acomparison
of the averageshift vectorsfor the entiredatasetwith
the AO systemturnedon and off, respectiely. The
grey backgroundndicateshe1s variationin the data

set, which correspondgo the temporalvariation due
to seeingn themeasurementuringthe rst half of
the obsenations,the AO systemwasturnedon, while
it wasturnedoff for thelastsevendatasets.At a rst
glance the AO correcteddatashovs a decreasef the
averagexy-shiftsby afactorof aboutsix. Notethatthe
datatakenwithoutthe AO systemsncludesthetip-tilt
componenbf the seeinganda componentlueto im-
agerotationin the Couck laboratory sincethe refer
enceframewastakenabout10to 15min earlier This
mightexplaintheslow increasef theaveragexy-shifts
towardsthe endof theobservingrun. Thefactthatthe
averagexy-shifts are not closeto zeroin the AO cor-
recteddataindicatesa potentialproblemin accurately
measurindhigherorderZernike modeswhich arestill
presentsresidualsn theshift vectors thuseffectively
reducingthe bandwidthof the AO system.

We chosetwo data setsconsistingof 8666 indi-
vidual measurementshown in the right panelof Fig-
ure 7 to illustrate the systemperformance.The AO-
correctedvaluesare againa factor of six lower and
shonv almostno variation. However, the open-loop
datashaows variationson time scalesof about100ms,
which correspondsoughly to the correlationtime-
scaleof the seeing.

6.1.1. Seeingcharacterisation

In a rst stepof quantifyingthe seeingconditions
at BBSO,we cansimplify the WFS geometryanduse
it asa SolarDual Image Motion Monitor (S-DIMM,
Beckers 2001). Preliminaryattemptsto characterise
the seeingconditionsat a lake-site obseratory were
presentedn ?, who comparedseeingcharacteristics
derived from wavefront sensing,solar scintillometry
andimaging data. However, an AO systemwas not
operationalat that time. The theory of night-time
DIMMs has beendescribedin Sarazin& Roddier
(1990), who derived the following equationsfor the
relationbetweerthedifferentialimagemotionandthe
Fried-parametery:
5=3

St=21%,"" 017D ¥ 00968 2 (2

and
=22, 01790 = 014500 2
3)
whereS? andS? aretheRMS valuesof thedifferential
imagemotion alongand perpendiculato the line be-
tweenthetwo subaperturesWe selectedour pairsof
subaperturewith indices(2, 74), (3, 75),(29,38),and
(39, 48) accordingo thenumberingschemeof theleft
panelin Figure3. We usedtheD = 6:0 cmfor thesub-
aperturesizewith a separatiorof d = 57:0 cm. These
areapproximatelythe dimensionsjf the WFS geom-

etry would have beenmappedto the size of the en-
tranceaperture(pupil). The Fried-parametersy were



Tablel: Seeingcharacteristicasdeterminedvith the AO WFSon April 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
rs [em] 8.09 5.54 7.19 9.35 6.93 5.52 6.76 7.05
ry [em] 7.70 5.18 6.92 9.92 6.72 5.61 6.92 7.00
D=rg 11.20 13.49 11.41 8.18 12.96 13.54 11.80 11.80
ro [cm] 5.36 4.45 5.26 7.34 4.63 4.43 5.08 5.22
D[rad?] 61.65 68.06 47.58 22.73 50.65 47.71 39.59 48.28

averagedover the four aperturepairs to improve the
accurag of the measurementsThe resultsare tatu-
latedin Table1 for eachof the seven open-loopdata
sets.rf andr{ arethe Fried-parameterthatwerede-
rived for the lateralandtrans\ersedifferentialimage
displacements.

Thecurrentimplementatiorof the AO systemuses
Zernike polynomialsto parametrisethe wavefront.
Thevaluesfor the reconstructiommatrix aretakulated
in anASCII text le, whichis readduringtheinitiali-
sationof the AO system We usea packageof routines
writtenin thelnteractve DataLanguag€IDL) to anal-
ysethe time-seriesof shift vectorscapturedwith the
AO system. It is basedon Zernike polynomialsZ;
with a specialisednormalisationschemeintroduced
by Noll (1976),whichis more corvenientfor statisti-
cal analysis. Theindex j is amodeorderingnumber
(seeTablel in Noll 1976), which also providesthe
identi cation of Zernike polynomialsin termsof the
classicaloptical aberrationspanda function of the ra-
dial degreen andthe azimuthalfrequeng m, which
arealwaysintegralandsatisfytheconditionm nand
n jmj = even. Thewavefrontsareparametrisedvith
Zernike polynomialswith amodeorderingnumberup
to j = 35 correspondingo radial degreesn 7 and
azimuthalfrequenciegmj 7. This choicewasbased
onthefactthatwe couldnotseeary signi cant contri-
butionsfrom higherorderZernike modes.We expect
to measurandcorrectcontributionsfrom evenhigher
modesoncewe have resohed someissuesrelatedto
the properpupil size at both the location of the DM
andWFS. Therefore the resultspresentedn this sec-
tion shouldbe seerasalower performancdimit of the
currentAO systemwith a potentialfor majorimprove-
ments.We usedstandardingularvaluedecomposition
(SVD, ?) to solvethelinearleast-squaregroblemof
determiningthe coefcients of the Zernike polynomi-
als. The pupil geometryon the WFS was taken into
accounincludingthe centralobscuratiorandpartially
illuminated subaperturesHowever, we neglectedthe
shadaving of the spidersand only correctedthis in-
uence by takingnew at eld framesevery 30 min.
The Zernike coefcients aredeterminedoy tting the
derivativesof the Zernike polynomialsto the obsened
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Fig. 8. Comparisorof the varianceof the Zernike
coefcients for open- (asterisks)and closed-loop
(carets)datadeterminedrom the AO WFS data. The
solid curve representsa t to the Kolmogorof spec-
trum of the open-loopdatafor D=ro = 12:10. The
temporalpower spectravereslightly smoothedo im-
provedtheclarity of thegraphs.

shift vectors. In principle, the IDL packagecanhan-
dle ary pupil/WFSgeometry Furtherteststo improve
the reconstructiorprocessare currently carriedout at
BBSOandNSO/SP

Noll (1976) provide a theoretical description of
atmosphericstatistics, i.e., the wave propagation
through the turbulent atmosphere. In particulay he
derived the Zernike matrix representatiof the Kol-
mogorof phasespectrum(seeEquations22 to 25 in
Noll 1976). In Figure8, we comparethe varianceof
the Zernike coefcients for a modeorderingnumber
of upto j = 35 for open-andclosed-loopdata. The
variancesareafactorof aboutlO0smallerfor the AO-
correcteddata.In thisgraph,all datasetsweremerged,
i.e., six datasetsfor the AO-correctedand seven for
theuncorrectebsenations,to shav thetrendin the
datamoreclearly Thesolid curveisa t tothetrace
of the covariancematrix of the Kolmogorof phase
spectrumwith a t parameteof D=ro = 12:10,where
D is the telescopeapertureandrg the Fried parame-
ter, respectiely. Interestingly the seeingconditions
at this lake-site obsenatory follow the law of Kol-



mogorof turbulence which might notbeobviousin a
casewherethe boundarylayer seeingis stronglysup-
pressedThiswasoneof thequestiongddresseth the
nal site suney reportfor the AdvancedTechnology
Solar Telescopg ATST, ?7?). Sinceour resultswere
determinedfrom only seven datasets,we intend to
repeathistype of measuremenisn severaldaysfrom
sunriseto sunsetwhich shouldsettlethe questionse-
latedto Kolmogorof-type turbulencein the presence
or absenceof boundarylayer seeing. We also per
formed similar ts for the individual open-loopdata
setsandthe resultsare summarisedn Table1. Note
thatthe lastrow is the averageof the individual data
setsand not that of the memged datasets. Summing
the variancedfor all Zernike coefcients providesus
with an estimateof the averagewavefronterror D in
radiang, which is alsolistedin Table1. Figure8 is
actually very similar to Figure 1 in Rimmele et al.
(2003),which shawvs obsenationswith the low order
AO systemat the DST. However, in the high-order
BBSO AO system,the separatiorof the variancesof
open-andclosed-loopdatais muchmorepronounced
—all thewayto Zernike coefcients with amodeorder
ing numberof upto j = 35shaow this clearseparation,
whereaghe cross-wer occurredalreadyat j = 15 for
thenow obsoletdow-orderAO systematthe DST.

6.1.2. Fixedaberrations

The open-loopdata can also be usedto measure
x ed aberrationsof the optical system. Assuming
that the seeingvariationsare random,the averageof
all 7 8666 shift vectors(seeleft panelof Figure9)
shouldrepresenthe wavefront of the uncorrectedp-
tical system. The right panelof Figure 9) shaws this
wavefrontassembledrom Zernike polynomialswith
a modeorderingnumberof up to j = 35. The opti-
cal aberrationamountto 1.9 rad RMS and 11.3rad
peak-to-alley (PTV). Major contributionsarisefrom
the defocusand 3rd order astigmatismterms, which
canbe mostlikely attributedto the entrancewvindow
of thetelescopeThe correspondingaluesfor the AO
correcteddataare 0.040rad RMS and0.35rad PTV,
respectiely.

6.1.3. Bandwidth

An importantparameteto characteris¢he perfor
manceof an AO systemis the systembandwidth.The
systembandwidthde neshow fastthe AO systemcan
respondo change®f thewavefrontdeformations.

Figure 10 shovs a comparisonof the temporal
power spectraof open-and closed-loopdatafor se-
lectedZernike polynomials(tilt j = 2, defocusj = 3,
39 order astigmatismj = 4, and 5" order spherical
aberrationj = 21). The grey lines correspondo a
power law t with an exponentof 8=3. From the
interceptof the powerlaw t andthe temporalpower
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Fig. 9.b Left: Average(residual)shift vectorsfor
all seven open-loopdatasetssuperposean a graph-
ical representationf the WFS/pupilgeometry Right:
The correspondingesidualwavefronthasmajor con-
tributionsfrom the defocusand 3 orderastigmatism
terms.
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spectrain the right columnof Figure 10, we cande-
terminethe bandwidthof the AO systemto be in the
range from about 100 to 200Hz dependingon the
modeorderingnumberj, i.e., the higher j, the lower
is the bandwidth.Examiningthe bottomtwo panelsin
Figurel0,we nd thatthe power spectreof open-and
closed-loopdatabecomevery similar. The power of
the low-frequeny componentof the uncorrecteds”
ordersphericalberratiortermapproacheg0 # close
to the 10 ° level of the AO-correcteddata. Indeed,
oncewe reacha modeorderingnumberof j = 35,we
do not seeary statisticallysigni cant differencebe-
tweenopen-andclosed-loopdata. Thus,we conclude
thatonly the rst 35 Zernike modesarecorrected.

7. Futureimprovements

Many of the problemsencounteredvith the 65cm
vacuumre ector duringtheimplementatiorof the AO
systemare foundedin its history. One of the major
issues- the pupil stability — we adressedh Sect.2.1.
However, we areleft with theinevitablepupil rotation.
As a consequencéhe spidersholding the secondary
podbeginto shadaev subapertureshortly( 2min) af-
tertheWFS atield calibrationis performed.Thisfact
doesnot seemto compromisethe performancef the
lock structurehassufcient contrastlike a small spot
oralargeporebutit certainlyhasaneffectif low con-
traststructuresareencounteredik e the solargranula-
tion. With thecurrentopticaldesignof the WFSandits
relay opticswe achieve animagescalein the subaper
tures( 26 26arcsed) of aboutl.3arcseixel 1, so
it is beyond the capability of the systemto lock on
solar granulation,althoughthis is a highly desirable
task. Thecomparablylarge subaperturé&QOV alsoim-
plies WFS measuremengrrorsleadingto wavefront
t errors. This might explain the ratherlarge aperture
averagedmeansquaredwavefront error of 0.58rad?
(closed-loop).It is thereforeone of the importantfu-
turetasksto modify the WFSopticsto achieze smaller
FOVs in therange 15arcsecto rst minimize WFS
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measuremerdrrorsandsecondesole thesolargran-
ulationspatially

Theupstreanimagingsystemformsa pupil image
on the DM that doesnot fully illuminate the mirror:
only 76% of the mirrors surfaceare currently cov-
eredby the pupil image.

Anotherissueis the factthatonly upto 47 Zernike
modesareusedto parameterizéhe wavefront.

8. Conclusionsand Prospects

We have demonstratethatthe AO systematBBSO
is operationandcanbecombinedwith thepost-focus
instrumentation(VIM, IRIM, andRTIR). The system
performancéiasbeenstudiedin detailincludingmea-
surementof the Fried-parameterg and the isopla-
naticpatchsize temporalpowerspectraof theZernike
coefcients, residualwavefront errors, Kolmogorof
turbulencespectragnddirectimaging.Especiallythe
combinationof post-factoimagerestorationand AO
correctionhasproducedsomeof the bestdatasetsob-
tainedat BBSOsofar. However, afterover 35yearsof
continuousoperationand countlessmodi cations and
upgradesthetime hascomefor a new telescopdhat
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Table2: Systemspeci cationsof the AO.

Correctednodes 35
Subapertures 76
Actuators 96

130Hz
1.9rac? (AO off)
0.58racf (AO on)

Bandwidth(closed-loop)
Residualwavefronterror
Meansquaredvavefronterror

Wavelengthrangefor WFS broadbandisible
Intensitycontrast(lock point) 0.65@550nm
Light fraction (WFS) 5%

cansene the needsof modernpost-focusnstruments
for high-resolutiorsolarphysics.TheNew SolarTele-
scope(NST) at BBSO (Goodeet al. 2003; Didkovsky
etal. 2004)is now in its constructiorphasewith rst-
light expectedin late 2006. The AO systemaswell
asthecurrentpost-focusnstrumentsprovide thebase-
line for the NST rst-light instrumentation.The de-
signof the NST andits suiteof dedicatednstruments
aretailoredtowardsspacewneatheresearchywhich has
beena cornerstoneof researchat BBSO for mary
decadeg?). This type of researchrequirescontinu-
ousmonitoringof active regionswith high resolution
over extendedperiodsof time undervery goodseeing
conditions. The ATST site surney (Hill et al. 2004;
?) hasidenti ed BBSO asthe ideal site for this type
of research.The NST will perfectlycomplementhe
proposedATST (Keil etal. 2003),which will exploit
the periodsof excellent seeingon Haleakala,Maui,
Hawaii to studythe Sunandthesolarcoronawith even
higherresolutionto addresghe fundamentabphysics
questiongelatedto solar ne-structure.
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