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ABSTRACT

We presentthedesignand implementationof a verycompactadaptiveopticssystemthatsensesthe returnlight froma
. sodiumguide-starandcontrolsa deformablemirroranda pointingmirrortocompensateatmosphericperturbationsin the

wavefront.The deformableminor has 19 electroslrictiveactuatorsandtriangularsubapertures.The wavefrontsensoris a
Hartmannsensorwith lensletson triangularcenters.The high-bandwidthsteeringmirrorassemblyincorporatesan analog
controllerthatsamples the tiltwith an avalanchephotodiodequadcell. Anf/25 imagingleg focuses the light into a science
camerathatcan eitherobtainlong-exposureimagesor speckledata. Inlaboratorytestsoverall Strehlratios were improvedby
a factorof 3 whena mylarsheet was used asan aberrator.The crossoverfrequencyat unitygain is 30 Hz.

1. INTRODUCTION
i

The conceptof using the mesosphericsodiumlayerat an altitudeof about90 kin,excited with a resonantlytunedlaseras a
meansof forminga pointreference,orguide star,hasbeenunderinvestigationfor severalyears.1-5The laserguide star
programat LI2qL startedin 1990andis a Laboratoryfundedresearchand developmentprogram.The goal has beento
demonsoratethe feasibilityof closed-loopadaptiveoptics with sodiumlaserguide stars.A highaverage powertunabledye
lasersystem, then in routineoperationat LLNL,providedthe lasersourcefor these experiments.This lasersystem was
developedfor the Departmentof Energy'sAtomicVaporLaserIsotope Separation(AVLIS)program,6andcould easily be
tunedm the required589 nmwavelength andthe spectralwidthbmadeneclto 3 Ghz.

The adaptiveopticspackagedescribedin thispaperwas designed for laserguidestarexperimentsusing the AVLIS laseras
the sourceanda half-metertelescope to observe the sodium spot in the mesosphere.The laser system and initialphotomeu'ic
experimentson the laserguide stararedescribedby Avicola etal. ina companionpaperatthis conference.7 InOctober 1993
the laserwas shutdown and placedincold standbyuntil the futurecourseof AVLIS is decided.Hence,experimentsplanned
for theatmosphereanda sodiumguidestar weremoved into thelaboratotVwith a simulatedsourceand an aberratorthat
approximatedthe atmosphere.The resultsof these laboratoryexperimentsarepresentedhere.

2. SYSTEM DESCRIPTION

The adaptiveopticspackage, shownin Fig. 1, is designed to fitat the Cassegraintb,._lsof a half-metertelescopeand operates
at wavelengthsranging from700-900 rim.Thepackage,which is verycompact,is assembledon anoptical breadboardthat is

• 0/76 m x 1.22 m,and the lightenters througha portin thebreadboardthatis to theleft of centerin the figure.The light
immediatelyentersandfocuses withina reverseCassegrainassembly,which recollimatesthe lightand relays the inputpupil
of the telescope, the primarymirror,onto the deformablemirror.The design places the high-bandwidthtiltmirror
immediatelybeforethe deformablemirror,since placing the _iitmirrorbetween thedeformablemirrorand the wavefront
sensorwouldshift theimage of thedeformablemirroron the lensletarrayof theHartmannsensorwhen the tilt loop is closed.
This shift wouldadverselyaffect the stabilityof the high-ordercontrolof the wavefront.Figure2 is a photographof the
adaptiveopticspackageassembledand tested.The frontcornerof the breadboardcorrespondsto the lowerrightcornerof the

*Workperformedundertheauspices of the U.S. Departmentof Energyby theLawrenceLivermoreNational Laboratory
underContractW-7405-Eng-48.



layout in Fig. 1. The deformable mirror is just to the left of center, and the Harlmann sensor is at the rearcomer of the
breadboard. The high-handwidth detector is above and behind the right side of the scale at the front of the breadboard.
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Fig. 1 Schematic of the layout of the adaptive optics package showing the deformable mirror (DM), the
_ field stop (FS), the fast steering mimx (FSM), the f'dterwheel (FW), the Hartmann sensor 0"IS)

and associated relay telescope, the high-speed shutter (HSS), the imaging camera (IC), the imaging
lens (IL), the microscope camera (MC), the collimating Reverse Cassegrain assembly (RCA),
shutter (S), the science camera (SC), the tilt sensor ('rs), and the wavefront reference source
(WRS).

The adaptive optics system is based on a system designed for AVLIS and described by Salmon et al.8 This system uses a
deformable mirror that has triangular suba_s and a Hartmann sensor that has lenslets with centers on a triangular grid.
In contrast to adaptive optics systems that use Hartmann sensors and deformable mirrorswith square subapertures, this
system does not suffer from any modes of the deformable mirror that are not detectable by the Hartmann sensor. The
undetected mode arises from the reconstructor for a Hartmann sensor with lenslets on a rectilinear grid having two
independent sets of equations with the configuration of the two sets conforming to white and black squares of a chess board
and is described by Fried.9 The alignment of the lenslets of the Hartmann sensor to the actuators of the deformable mirror is
shown in Fig. 3. The redundancy in lenslets with respect to actuators renders the reconstructor less sensitive to noise in the
measurements by the Hartmann sensor. Also shown are the clear aperture, 42 ram, and the obscuration by the secondary
mirrorof the telescope. The lenslets of the Hartmann sensor are superimposed on the mirrorand show the alignment of the
Hartmann sensor to the actuators of the mirror that provides the optimal control of the reflected wavefront.

The deformable mirror, shown in Fig. 4, uses 19 electmstrictive actuators of lead magnesium niobate (PMN). The actuators
have a nominal stroke of 8 ttm at 80 volts and have about 3-4% hysteresis. The size of the mirror is 45 mm side-to-side with

. 11.5 mm between actuators. This size of subapertureon the deformable mirror translates to an effective subaperture of 14 cm
at the primary minor of O_ehalf-meter telescope. The stroke efficiency of the mirror-actuator force trainyields about one
wave of change in the reflected wavefront at a wavelength of 633 nm for each pm of stroke of an unloaded actuator. The
influence function of the mirror yields about 1/3 of the deformation of the mirror surface over the neighboring actuators

compared to the deformation of the surface above the moved actuators. The actuators outside of the clear aperture are actively



controlledby lenslets thatlie withinthe clearaperture--themis no need fora guardringof actuators"slaved"to actuators
thatliewithintheclearaperture.The rangein reflectedwavefrontof thedeformableminor,±10 wavesp.v,enablesusto
compensateautomaticallyforfocusenrorsintn_ducedbythermalcontractionof theoptomechanicalstructureasthenight
progresses.Thefabricatedassemblyinclosed-loopcontrolhasa residualwavefronterrorin theclearapertureof 0.04 waves
rms,whichyieldsa Strehlratioof0.94.Removingthecentral7 lensletsfromthecontrol,whichsimulatestheobscurationby
the secondaryof thetelescope,only increasestheresidualwavefronterrorto 0.05 waves rms.The mirroris design_ foreasy
removalof an actuatorthatfailswith turnaroundtimes (I.2 days) limited to the timeis takesto cure the adhesive.Io At this
timewe havenot lost anyactuatorsundernormaloperation.The triangulararrangementof actuatorsnaturallyyields a
hexagonalmirrorshapethatclosely approximatesa circularapertureand is easily scalable to telescopes such as theKeck
telescope,which is an arrayof hexagonalmirrors.

FIE.2 Photographof the adaptiveoptics package.

The Hartmannsensor usesa monolithic microlensarrayfabricatedby Coming.The focal length is set by sandwichingfluid
with the appropriateindexof refractionbetweenthelenslet arrayandan optically flatwindow.l ! The focal length is
determinedso that the diameterof the Hat.ann spots in the focalplane is halfof the distancebetweenlenslets inthe array.

• Thissettingyields the greatestsensitivitywhile maintainingtherangeneededformonitoringthe wavefrontwhen the system
is in open-loopoperation.A single lens alterthe lensletarrayreimagesthe focal planeof thelenslet3to the photocathodeof
theimage intensifieron the high-speedcmnem.The size of thearrayof Hartnmnn_ is variedby adjustingthe distances

• betweenthe reimaginglens andboth the lensletarrayandthe photocathode.The detectorin the Hanmannsensoris a Kodak
EktaPro1012 intensifiedhigh-speedvideocamera,which is _ of a commercialmotionanalysissystem.The electronic
interfacebetween the Kodakcameraand the controlleris a customboardthat translatesthe nonstandardorderthat thepixel
dataleave the camera to a formthatis amenab!*,to thecontroller.

An insertablemirrorand anotherimaginglens relaythe planeof the ienslet arrayto anotherCCD detector.This detector is
used witha wire maskthatcanbe insertedimmediately in frontof the deformablemirror.By imagingthe wiremaskon this
lensletimage detector, thealocal telescope in the wavefrontleg of the packagecambe adjustedto set imase relay,
magnification,rotation,and lateralalignmentof theimage of thedeformablemirrorwith resTw_tto thelenslet arrayon the
Hartmannsensor.
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Fig.3 Schematicof thedeformablemirrorsubstrateshowingthetriangulararrangementof actuatorson
the back, along withthe circular42 mmclearapertureusedhere.Ix,nsletsof the Hartmannsensor
arealsosuperimposedto showthealignmentof thatsensorto thedeformablemirroractuators.

Fig.4 Photographof the19-aftuatordeformablemirrorusedinthe adaptiveopticspackage.



The adaptiveopticsconlrolleris a Mercuryquadi-860 arrayprocessorVMEcardthathas a high-speedparalleldigital
interfaceto the Kodakcamera.The detailsof thecontrollercanbe foundin Braseet al.12The calculationof thecentroidsof
theHanmannspots,thereconstructionof thewavefront,andthegenerationof thecontrolsignalsareeachperformedin
parallelacrossthreei.860s.Thefourthi-860cona'oistheoverallprocessandprovidesthediagnostics.Thecontrolvaluesare
writtento digital/analogconvertersthatareconnecteddirectlyto thedeformablemirrordriversvia the1'2connectionin the
VME chassis.Thisconfigurationminimizesthenumberof connectorsinthesystemand,hence,maximizesthereliabilityof
thehardware.Thedriversaredesignedandfabricatedin house,andeachdriveriscapableof supplyingenoughcurrentto
drive a 6 $tfloadat 150 V peak.to-peakat I kHz,

The fast steeringmirrorassemblyis describedin detailby Avicolaet at.7 This assemblyusesa small fiat mirrorcarefully
bondedto a tilt stageby PhysikInstrumenwto preventdeformationof the frontsurface.The detectoris a quadcell of
avalanchephotodiodesthatis in a planeconjugateto the imageplaneof thepackage.The outputfrom the quadcell is
processedin an analogcontrollerthatusesbi-quadraticcontrol.The unitygaincrossovercan be set at 30 Hz, 60 Hz, or
120 Hz, dependin$on the seeing conditions.

3. SYSTEM PERFORMANCE

The packagewas assembledin the laboratorywith the breadboardabout30 cm abovean optical table.The outputfroma
HeNe laseroperatingat a wavelengthof 594 nm was expandedandcollimatedto providea 36 mm diameterbeam.The beam
was then focusedwithan f/8 lens thatwasaperturedwith an iris in a planeconjugateto the planeof the deformablemirror.
The aberrationof the light by theatmospherewas simulatedwith a sheetof mylarthat rotatedat about3 revolutionsper
second.Duringthese tests the outputfromthe Kodakcamerawas sentto both thecontrollerand thedual-l_3rtedvideo
memoryin the motionanalysissystem to recordthe measuredwavefronterror.The resultspresentedhere arederivedfrom
boththe stored outputfromthe Kodakcameraand theoutputfromaCID video microscopein the focal planeof thepackage,
whichcorreslxmdsto the image plane of the telescope wherea scientificcameraor otherinstrumentwouldbe mounted.

The system can independentlyclose the tilt loopand the adaptiveoptics loop.The framerateof theHartmannsensor was
I kHzandthe_nal gain was0.5. The sciencecamerawas replacedwith a linearCIDcamerafor theseexperiments,
and a microscopeobjectivemagnifiedthe focal planeof the science leg of the llgkage. The platescale in this camerais
equivalentto 0.087 arcsec perpixel when thepackage is mountedon the 1/2metertelescope. The diffractionlimitedspoton
thisdetectoris 15.4 wn (fwhm),and theeffective pixel size, accountingfor the micmsco_ objective, is 5.6 I_m.Hence,the
diffractionlimitedspot size is about3 pixels (fwhm).The outputfromtheHartmannsensorwas stored inthe dualported
videomemory,as well as used by the controller.Thisdataenabledus to measuredirectlyhowwell thecontrollercorrected
theaberrator.

The lightsourcewas a HeNe laseroperatingat a wavelengthof 594 nm.The light fromthe laserwas attenuated,expandedto
a diameterof 100 ram,andrecollimated.The simulatedaberrationsourcewas a transparentsheet of mylaron a rotationstage
rotatingatabout 3 Hz. Justbeforeenteringtheadaptiveopticapackage,the lightwas aperturedwithan irisand focusedwith
a lens.The iris was in a planeconjugateto thedeformablemirrorandsimulatedtheaggrtmeof the prinmrymirrorof the
telescope; thefocal ratioof the convergingbeamwas 8.2, which matches thatof the half-metertelescope.

• Thecontrollerprocessedandstored 1024framescapturedby the Hartmannsensorduringboth open loop and closed loop
opera_ion.The resultsareshown in Fig. 5. which shows thex-componentandthey-component of thepower spectrumof the
local gradientof thewavefrontaveragedover all lenslets of the Hamnannsensor.The powerspectrumwas filteredin the

• timedomainwitha low-pass Gaussianf'dterwitha l/e2 point of 200 msec, whichremoveda sharpresonancein the
autocorrelationfunctionat about330 msec. This resonancecorreqmndsto the3 Hz frequencyof the rotatingmylarsheet.
Also shown is the disturbancerejection for the two componentsof thegradient.

The unitygaincrossover is at about30 Hz with 7-I0 dB of rejectionatthe low frequencies;however, theovershoot in the
highfrequenciesresults in a gainas highas 3 at 100Hz. The slope of theopen loop power spectrashows thatthe spectral
powerof thedisturbanceis proportionalto the frequencyf.4/3,comparedto f-8/3forKolmogorovturbulence,t3 Hence,
comparedto Kolmogorov turbulence,the simulatedaberratorhasmorepowerat the higherfrequenciesandputshigher
demandson the adapti'veoptics system.The power sixguum of the reconsuructedwavefronterroralso shows a
proportionalityto f'_ withresidualtiltincludedand shows a proportionalityto f5/3 with tilt removed. Using the



reconstructedwavefronterrorswith tiltremoved,theunitygaincrossoveris atabout50 Hzwith 20 dB of rejection at thelow
hequencies, while the overshootgain is 5 atabout 100Hz. There is also a sharpspike in thedisturbancerejection at 90 Hz.
Thisspike also appearson disturbancerejectionplotsfor thereconstructedphaseerror,both withtilt includedandwithtilt
removed.The appearanceof thespike in the spectrumwith tiltremoved suggests that the sourceis not vibrationof a mirror
mountand that the spike is an artifactof theadaptiveoptics controller.
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Fig. $ Filter_ x-component(a).andy-componentCo)of thepowerspectrumoftheslopesmeasured
by the Hartmann sensor for bothopen-loopandclosed-loopoperation.Also shown is the
disturbancerejectionratioforthis case.

Figure6 shows the averageof 50 calmUedimages for (a) the unconectedlight,Co)only the tilt loop closed, and (c) boththe
tilt loop andtheadaptiveoptics loopcloW_. The focus spot for thecase wherethecontrolleris open hasa width of 20 pixels,
and thespot appearsto be b/modal.Closing the tip/t/Itloop appearsto haveno effect, which suggeststhatthe aberrator
apgw,arsto induce minimaltiltonto thebeam.Closingtheadaptiveoptics loop reducesthewidth of the spot to 9 pixels, which
is about3 times thediffractionlimit.The peakintensityincreasesby abouta factorof 3. Single framesat 1/30thsecond
exposuresshow little improvementoverthe averageof 50 frames.

The rms wavefronterrormeasuredby the Harunannsensor,bothown loop andclosed loop, overa I second intervalwith I
msecbetweensampgesis shownin Fig. 7. The wavefronterrorwas integratedfrom the _ent databy finitedifferencesand
a least-squaresmethod. The finitedifference formulasused weretakenfromSalmonet al.8 Closing the adaptiveopticsloop
and tip/tiltloop improvedthe averagenns wavefronterrorfrom0.38 waves to0.17 waves (56_ reduction).Note thatthe
amplitudeof thehigherfrequenciesappearsto be higherwhen theloops areclosed, which is conf'trmedby the large netgain
atfrequenciesabove the unitygain crossover frequencyshown in Fig. 5.
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Fig. 6 Imagesandcorrespondingintensitydistributionsin thesciencecamerafor (a) the tip/tiltloop and
theadaptiveoptics loopboth open,Co)the tip/tiltloop closed andthe adaptiveoptics loop open,and
(c) thetip/tiltloop andthe adaptiveopticsloop bothclosed. Whitehorizontallines across the
images indicatelocationof intensitydistributionshownabove.

The Surehlratiosshownin Fig. 8 arecalculatedfromtheabsolutereconstructedwavefronterrorsu_,d in therms wavefront
calculationsshown in Fig. 7. The Suehl ratioswerecalculatedby evaluatingtheFourierTransformof thewavefronterror
distributionat theoriginof theFourierTransformplaneandcomparingthatto thesame intensitydisuributionhavinga flat
wavebont, whichresultsin the Surehlratioequal to

IJ=l I

whereN is thenumberof samplesin thewavefrom_"mrdistributionob_t_xlfromeachfinitedifferencecalculationand_ is
the wavefronterrordistributionin wavelengthsof light. Note thatwhen0j is constantforall j, theabove ratioreducesto I.

When thecontrolloopswere ope:; : .eaverageSlrehlratiowas0.06. Closingthe conlrolloops increasedthe Strehlratioby
• abouta factorof 6 to 0.36, which is ..bouttwice therelativeincreasemeasuredandshown in Fig. 6. Muchof this discrepancy

is probablycausedby the _ frequencycontentof themylarsheet usedas the aberrationsource.Since theaberrationis a
st_c source thatis swelXacrossthe fieldof view of theadaptiveopticspackage,thereis a definite relationshipbetweenthe
temporalfrequenciesmeasuredandshown in Fig. 5 andthe spatialfrequenciesof riteaberrations.The measuredamplitudeof
thedistmlmncedropsas a functionof temporalfrequenciesat a ratethatis thesquarerootof the ratepredictedfor
Kolmogomvturbulence.Since the spatialfrequencieswouldalso exhibita similarbehavior,the mylarsheet protmblyhas
sizableaberrationsat scales thatarebothundetectablewith theHarmmnnsensor usedby the adaptiveopticscontrollerand

- uncortec|aoieby theadaptiveoptics system.Theseaberrations,however,do affect the "sizeof the focus spoton the imaging
detector.Futm_activitieswill includefindingan aberrationsourcethatmoreclosely approximatesthe atmosphere.
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Fig. 7 RM$ wavefronterrormeasuredby the Hartmannsensorforbothopen loop andclosed
loop operation.Averagennserroris reducedby about60% by adaptiveopticscontroller.

tl0 +- , ii ,m m-.-, ,

Closed Loop
0.8

._ 0.6

0.4

0.2 _ .
0 200 400 600 800 1000

Time (ms, c)

Fill. 8 Strehlratiocalculatedfromthe residualnns dataforbothopen loop andclosed loop
operation.These calculationsdo not includedegradationin theStrehlratiofromtilt errors.

ell , ,, , i i i



4. CONCLUSION

A verycompactadaptiveopdcs packagehas beendesigned,assembled,and testedin the laboratory.This packageis
appropriateformeterclass telescopesata good astronomicalsite andlocates thermalsources to the outsideof the packagefor
easy isolationfrom theopticalpath.The packagehassuccessfullyclosed a controlloop in a laboratoryon a simulatedsodium
sourceand viewed througha simulatedaberrationsource.The unitygaincrossoverof the controlleris 30 Hz with apeak
overshootgainof 3. The Strehlratiowas increasedby a factorof 3 by closing bothcontrolloops. Futureactivitiesinclude
improvingthecontrollerand findinga suitableaberrationsource.Atmosphericexperimentswitha laserguide stardependon
thereactivationof the AVLIS laserin the nearfuture.
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