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ABSTRACT

TheproposedsiantMagellanTelescop€GMT) hasa numberof featureghatarewell-suitedto thetaskof imagingextra-
solarplanetsn nearbystarsystemsThe principalaid to this taskis thelarge clearaperturesggmentswhich arerelatively
easyto apodize. This paperconsidersghe methodscurrently ervisagedto be of practicalusefor thetask. In additionto
starandplanet ux es,exoplanetimagingis dependenbn aperture throughput bandwidth,beamwidth(FWHM), Strehl
ratio (SR), and halo structure. Adaptive optics systemsncreasehe SR, simultaneouslydroppingthe residualscattered
halo. This revealsthe diffractedhalo, which now becomeghe limiting factor Apodizationreduceghe diffractedhalo,
but at a costin termsof throughputanda correspondindgncreasean photonnoise. Sincethe bestknown ideal apodiza-
tions alsohave very low throughputsthey arenot the bestchoicesfor ground-base@xoplanetimaging. In addition,the
ultra-low diffractedhalosfrom theseapodizationgprovide no bene t below theresidualscatteredhalo,whichis nothelped
by apodization.We considerinsteada family of apodizationghathave sufciently darkdiffractedhalos,while retaining
relatively highthroughputsTheseapodizationganbeappliedto the GMT pupil usingreplicatedapodizatiorof individual
segmentsproviding alow-halosurvey modethatis high throughputandmatchedo the AO system Sincethereducedhalo
from the apodizedsegmentsonly allows high-contrastletectionto within afew | =Dsgmen Of the star the singlesegment
methodsarelimited by the sggmentsize. We alsoconsiderthe potentialfor apodizingthroughthe useof anappliedphase
pattern,usingeitherthe adaptve secondaryr a separatgohasemask. We concludethat the phasemaskmethodoffers
the bestadvantagefor S/N sinceit doesnot loselight like the apodizationschemes.However, it doeshave a restricted
azimuthalsearcharea,requiring multiple exposuresgo completea surwey. It appeardo be the clearly bestmethodfor
examiningthe exoplanetoncediscovered.
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1.INTRODUCTION

The Giant Magellan Telescopg GMT) is a proposed
multi-segmenttelescopeconsistingof seven 8.4 m circu-
lar mirror segment3 (gure 1). The outermostdiameter
of thepupil is over 26 m, equivalentin light gatheringarea
to a circular pupil of diameter21.9m. The outersix sey-
mentsareunobstructeéndhave relatively few degreesof
freedomto control for joint phasing. This paperconsid-
ersthe useof the GMT for imagingextrasolarplanetsin
nearbystarsystems.The principal aid to this taskis the
large clearaperturesgmentswhich arerelatively easyto
apodizeby shadingandapplyingphasepro les usingthe
adaptve secondary

In additionto the relative star and planet ux esand
separationexoplanetimagingis dependentnthedetailed
PSFof thetelescopetheability of the AO systemto both
reducespecklesandreducetheir temporalcorrelationsso
asto aid in averaging.For the purposef this paper we
will assumethat the AO systemis dominatedby tting
error, andthatspecklenoisehasbeencontrolledthroughthe useof advanceduture methodsandalgorithms.Theresidual

Figure 1. TheGiantMagellanTelescopdGMT).



tting errorhalocontributesa at backgroundn theimmediatevicinity of thestar andits photonnoisecannotbeotherwise
reduced.f the pupil diffraction patternexceedshe AO halo, the photonnoisewill be dominatedby it ratherthanthe AO

residual. Sincethereare a variety of techniquesuchasapodizatiorthat canbe appliedto reducethe diffraction pattern,
it makessenseto apply themto reducethe diffractionto a level belon the AO halo suchthat detectionis againlimited

by scatteringratherthan diffraction. This placesthe systemperformanceconstrainton the systemelementthat is the
most expensve and dif cult to control, giving the bestachiezable performance. Any residualunaveragedspecklesor

deterministicstructurein the PSFcanbe removedby differencingmethod$, leaving a detectionlimit notfarin excessof

thephotonnoise.

In the following sections,we considerthe expectedcontrastratio for the residualAO halo, settingthe level below
which we mustdrop the diffraction patternof the telescope We thenconsiderapodizatiormethods preservinghe effect
of the large apertureby apodizingthe individual circular outer sggments. We usean aggressie apodizationthatis not
far from the optimal performanceandtry a high-throughpuband-stopapodizatiorasanalternatve. We thentry another
methodthatusesa deformablemirror (DM) or phaseplateto explicitely cancetthe haloin asearctregion aroundthe star
This methodhasthe advantagehatit doesnot affect the throughputof thetelescopebut it doesscattedight to createthe
anti-halo,which removeslight from the exoplanetimage.Finally, the differentmethodsarecompared.

Contrast of AO and diffraction halos

For wavelengthshorterthanthosewherethe sky backgroundlominatesthestellarhalois the primarybackgroundagainst
whichwe will attemptexoplanetdetection.This halo consistsof two principal componentsa diffraction patternfrom the

telescopeanda randomresidualhalo causedby variousinaccuraciesn the AO system. For feasibleStrehlratios, the

contrastratio betweenrthe diffraction limited core of the PSFandthe residualAO halois about ve decadest best. We

canseethis by estimatingthe core/A0-halocontrastratio by enegy accounting rapidly leadingto the contrastbetween
thediffraction-limitedcoreandthe at tting-error AO haloas
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whereSis the Strehlratio, f is the fraction of the diffraction patternenegy containedn the centralpeak,andNaguaors
is the numberof actuatorscurrentlyexpectedto be approximatelyd700. The GMT seven-mirrorcon guration hasan f
of 67%. For a 50% Strehlratio, the contrastratio will be approximately3 10 #, not reachinga contrastof 10 ° until
the Strehlratio hits 97%. Thus, the practicalexpectationis thatthe contraswill bein thevicinity of 10 4, only dropping
belon thatlevel at longerwavelengthswherethe sky backgroundoecomeghe constraint. For this paper we will use
10 “asthenominalbackgroundagainswhichthedetectionsaremade. Thedetectiorof exoplanetswhethemadeagainst
theresidualAO haloor the diffraction patternof the PSF. areboth ultimatelylimited by photonnoise. The two casesare
very differentin the costandcompleity of reducingtheir effect. Sincereducingthe AO halois thefar greaterchallenge,
we will concentrat®n reducingthe diffraction patternsuchthat scatteringagainbecomeghe limit to detection.We will
nd outthroughcalculationhow muchthisimprovesthe sensitvity.

2. THE GMT PUPIL AND PSFS

The GMT pupil consistsof seven 8.4 m mirror segments,arrangedto form segmentsof a single 18 m focal length
paraboloid.Thecentralmirror is currentlyplannedo have a 3.1 m centralobstructiorfor theadaptve secondarywhile the
ring of six outersggmentsareessentiallyunobstructegharabolicsggments.Sincethe circularmirror segmentsin the outer
ring arealignedwith theirupperedgegangento the paraboloidthey projectelliptical outlinesin the pupil projectedalong
thetelescopexis. Theoutsidemirrorsareplacedataradiusfrom thetelescopexisto give aseparatiorof 0.25m between
mirrors. The adaptve secondarys a Gregoriandesign,with a segmentedadaptie secondary For the sale of analysis,
we will considerthe actuatorspacingto be the projectedequialentof the LBT, with 672 actuatordor eachmirror. The
resultingpupil consistsof anobstructectircular segmentwith aring of six elliptical sgments( gure 2a). Anotheruseful
con gurationis the six-mirror con gurationthatresultswhenthe centralmirror is blocked( gure 2b). This con guration
consistsof a moresymmetricarrangemenof unobstructectlliptical sggmentswhich is morecornvenientfor someof the
apodizatiorcon gurationsdescribedelow.
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(a) Seven-mirrorcon guration (GMT7). (b) Six-mirror con guration (GMT6).

Figure 2. GMT pupil con gurations.

3. INDIVIDU AL SEGMENT APODIZATION

The contrastratio for the AO halois typically goingto be of order10 “-10 °. For the photonnoiseto be setby adaptve
opticsratherthandiffraction,we shouldmodify thediffractionpatternsuchthatit is well belon the AO halo. A requirement
of 10 5-10 © sufces for mostcases. The traditional approachto this is throughpupil apodization. To achieve high
contrastiffraction patternsat ascloseof spacingsaspossible we shouldreally jointly apodizeacrossall of the segments
in a coordinatedvay. The GMT, with its relatively small numberof large segmentsmakesthis an attractve possibility:
However, for our initial apodizationstudies,we have adopteda straightforward variant of the classicapodizationsy
treatingeachsegmentin isolation. This makesuseof symmetricradial shadingpro les in theindividual sgmentswhile
preservingmuchof the resolutionof the overall pupil by the placemenbf the sgments. This techniqueworks well, but
is constrainedn thatthe innerworking distanceis limited to somemultiple of | =Lsgmen insteadof amultiple of | =Liqtal.
For mary situationshowever, thisis still of use.

For this discussionwe will only considerapodization®f the unobstructecircular aperturesThe centermirror with
its secondarybstructiorandspidersupportsausea numberof problemghatwe aretrying to avoid, sowe choseto block
it out entirely, usingthe GMT6 asthe basecon guration. Also, eventhoughit would be possibleto adaptthe symmetric
radial apodizationgo the elliptical projectedoutlinesof the outersegments,it is only a 3% drop in throughputto usea
masledinscribedcircular outline for the sggmentapodizationsTherefore we examinedthe caseof aring of six circular
apodizedsggments.

Chebysher Apodization

The optimum apodizationof an unobstructectircular aperturewas derived by Slepiart andis given by the so-called
generalizedprolate spheroidafunction. This function is not readily available however, sinceit is quite complicatedto
compute. Instead we found that the ubiquitouslyavailable Chebyshe pro le  wasan excellentreplacementlt is easy
to use,hasnearlythe samecharacteristicasthe ideal function, and allows easysettingof the contrastratio of the halo
in the searcharea. We only madeone simplifying modi cation in that the Chebyshe pro le hasa bright edgein the
outermospixel of the digital mask.We removedthis outermosipixel andrenormalizedhe transmissiorsothe maskwas
completelytransparenin the centerof the circular segment. The Chebyshe maskthengivesa radial pro le which was



GMT7 PSF at 1.65mm with 10% bandwidth GMT6 PSF @ 1.65 nm with 10% bandwidth
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Figure 3. GMT7 andGMT6 PSFscomputedor awavelengthof 1:65um anda 10% bandwidth.

theninterpolatecontothe 2-D arrayfor the PSFcalculations.The Chebyshe low-passlter stopbandactorwasfoundto
adequatelgive thediffractionhalocontrastatio. We reportheretheresultfor thecasef 5, 6, and7 decade®f rejection
(labeled“cheby5-7"). As in the ideal Slepiancase the throughputdropsasthe working areahalo is pusheddown, and
the FWHM of the sgmentPSFincreasesFortunatelyin our case the FWHM is not determinedy the segmentPSFE but
by the PSFof thering of six apodizedsegments.This keepsthe FWHM to a valueonly slightly greaterthanthat of the
unapodizegupil. However, FWHM is ametricthatis of little usewhenyou areinterestedn extremelyfaintobjectsin the
halo. A morepracticalmetricis theradiusat which the averagePSFreaches level of say10 ° or 10 © of thepeak.

High-thr oughput Apodization

The mostseriousproblemwith apodizationis the lossof light, which in the circular casecaneasily give throughputsof

lessthan10%. In the simplestterms,this problemis dueto the factthatthe ideal low-passIter type apodization$ave

their throughputmaximumat the centerof the apertureandthusthey have athroughputmaximumover only a smallarea
of the pupil. This suggestshatary extraconstrainthatcanintroduceoscillationsin theradialapodizatiorpro le couldbe

adjustedsuchthatthepro le did notreachits maximumin the center but at somelargerradius. Theresultingthroughput
would be correspondinghgreater This problemcanbetreatedby introducingbothaninnerandan outerworking radius.
Therewere a numberof detailsin performingthis calculationthat are beyond the scopeof this paper but do not affect

the conclusiongor this application. The shapeof the computedapodizationaswell asthe throughputandthe average
halo stopbandevel weresensitve functionsof the innerandouterworking radii comparedvith | =D. Thereforea brute
force calculationof all innerandouterradii within a practicalsetof rangesallowedthe calculationof a setof metricmaps
that allowed selectionof high throughputor high sensitvity apodizations.We chosea pro le thathada relatively high

throughputa fairly aggressie innerworking distance anda usablywide stopbandfor the examplehere.Thepro le and

its correspondindg?SFis shavnin gure 5. TheresultingPSFdiffersfrom the Chebyshe casen two signi cant ways:the

throughpuis considerablygreatemndthereis anobviousincreasen the halolevel beyondthe outerworking distance For

searchindor objectsin the halostopband,the higherthroughputwill permita givenS/Nto bereachedn a muchshorter
time. Therelative performances summarizedn tablel.

4. PHASE MASKS AND DIFFRACTED ANTI-HALOS

The problemof diffractedhalo control by segmentapodizationis lossof light. Becauseof the sggmentreplication,the
FWHM is not signi cantly increasedeventhoughthe the full width at lower levelsis. Anotherpossibilityis to usethe
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Figure 4. Chebyshe window functionsappliedto the outersix segments.

methoddescribedn CodonaandAngeP, thatusesa DM or a speciallyconstructecphaseplateto createa matchedanti-
halofor the diffractionpatternfor a particulardetectionband.The methodis chromaticanddegradeswith bandwidth but
sinceour goalis merelyto bring the diffractedhaloto underthelevel of theresidualAO halo,the methodis goodenough
to work over commondetectionbands. The ideais to use small-amplitudesinusoidalvariationsin the DM to diffract
someof the corestarlightto counteracspecklesn the focal plane. The orientationandspatialfrequeng of the sinusoid
placegheanti-specklewhile thesinusoids phaseon the opticalaxisdetermineshe phaseof theanti-speckleatthedesign
wavelength. The resultinganti-speckleaddscoherentlywith the original specklereducingits amplitude. Of course this
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(a) Amplitudetransmissiomadialpro le. (b) ResultingP SFfor apodizedsMT6 pupil.

Figure5. High-throughputapodizedsMT6 andresultingPSFE

proceduréhasa numberof sideeffects,lik e introducingundesiredtructurein thedirectionoppositeto the star sincesmall
amplitudevariationscreatea halo thatis anti-Hermitian,while the diffraction patterndueto the pupil is Hermitian. The
anti-halois alsoareplicaof the PSE which may have structurethatis not presenin the haloto be controlled.Finally, the
sinusoidalvariationin the pupil planecreatediffraction ordersthat appearat multiplesof the speckledistancefrom the
star Theseproblemsareall reasonabléhough,anda diffractionmaskcanbe computedoy iteratingthe method.

Theresultis aspatialdisplacemenpatternthatcanbeappliedto a DM, or introducedvia a separat®ptic. Thecleared
areain thefocal planeis subjectto a numberof constraintsThe controlledfocal planeareadivided by the typical speckle
area, (I =D)?, shouldbe lessthanthe numberof actuatorsandthe total halo power in the controlledregion shouldbe
signi cantly lessthanpower in the core. If thisisn't true, the exoplanetwill be distortedaswell ashaving signi cantly
fewer core photons,increasingthe time requiredto make a detection. Finally, the obvious point that the outer edgeof
the searchregion mustbe inside the control radiusof the DM. Sincein this applicationthe desireis to control a static
diffraction pattern,the control radiusrestrictioncanbe lifted by usinga speciallymanufcturedphaseplateto apply the
phase.The controlradiuswith the proposedactuatordensityis approximately45l =Dyq5but is actuallydependenon the
detailsof thedirectionfrom the star Figure6 shawvs a casewhich falls farinsidethe controlradius( 61 =Dyq4) andcould
feasiblybeimplementedusingthe AO DM, while gure 7 showvs a casewherethe outerradiusexceedshe capabilitiesof
the DM ( 60 =Dyqta1) andwould have to beimplementedusinga separateptical element. The mirror displacementor
the smallersectoris 0:53 (half the total phaseshift) while the larger sectorrequiresa maximumdisplacemenof 0:971 .
At 1:65um this amountsto 0:88 and 1:6 um respectiely. If this methodwere employed at longerwavelengthsthe DM
throw limitations maybecomeanissue.The symmetryconsiderationmeanghatit is not possibleto controlthediffracted
halo usingthe phasemaskmethodover a region subtendingnorethan180 azimuthallyaboutthe star The total power
restrictionalsokeepsusfrom simultaneouslyclearinga large areaandmoving extremelycloseto the star However, this
restrictionappeardo bevery forgiving, andwe have foundthatsearchareascanbe broughtin extremelycloseto the star
evencomparableo | =D;q4. The parameterfor thetwo phasemaskcasesaresummarizedn tablel.

5. PERFORMANCE ESTIMATES

The performancmbmbersfor the testedcasesare summarizedn table 1. The S/N for an AO halo-limited detection
is proportionalto f* t=FWHM , where f is the fraction of the encircledenegy in the PSFcore, andtis the intensity
throughput.Detectionin the GMT7 andGMT6 casess limited by their diffraction patternsandsothe S/N metricis not
accurate In thosecasesthetypical close-incontrastis morelike 10 2 than10 4, with theresultthattheir metricvalues
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shouldbe reducedby a factorof roughly 10 (i.e. P diffractionr=AO). Note that,asexpected,asthe Chebyshe apodized
halodropsfartherbelow the AO halo,the sensitvity drops.Thehigh-throughputing apodizatiorperformscomparablyto
the ve-decade&hebyshe apodizationput with a morelimited searcharea.The clearstandouis the phaseplateor DM
method,which morethandoublesor triplesthe sensitvity. An additionaladvantagethe phasemethodhasoverthe other
methodgdescribedhereis thatthe innerworking distancecanbe broughtin extremelycloseto the star It is concevable
thatsimilar close-incontrastsould be achieved usingjoint apodizatioracrossall of the segments put with theinevitable
lossof light, the S/N metricwill remainconsiderablyower.

| Parameter | GMT7 | GMT6 | Cheby5 | Cheby6 | Cheby7 | High-t | DM2-6 | DM2-60 |
Intensity-weightecirea(m?) | 368.6 | 323.1 79.1 50.4 42.9 79.1 360.9 360.9
Throughputre clear t (%) 100 100 24.5 15.6 13.3 24.5 100 100
FWHM @ 1.65um (mas) 14.5 14.2 14.3 14.5 13.9 14.3 14.5 14.4
Coreencircledeneny, f (%) | 61.3 51 36.4 28 24.6 36.4 39.5 23
Radius@ 5 decadegmas) 250 490 80 90 110 80 70 70
Radius@ 6 decadegmas) 400 830 90 100 110 90 80 80
S/N metric(f™ t=FWHM) 46:2 333 11.7 7.1 5.7 11.6 27.1 16.3

* Thesecasesarenot AO halolimited. They shouldbereducedy the squareoot of theactualcontrast Estimatethemas
approximatelyl0 smaller

Table 1. Performance&umbersor the variouscon gurations.

6. DISCUSSION

In consideringexoplanetimaging with the GMT, it is clearthat the diffraction patternwill limit the detectionof faint
exoplanetsnearthe star We have consideredapodizationasa methodfor controlling the diffraction, aswell asa phase
apodizationmethodto explicitely cancelthe diffraction pattern. For usefulinfrared detectionbands,we canexpectthe
AO residualhaloto be no morethan4 or 5 decadedelon the peakof the star's PSE If we do nothingto the pupil, the
contrastcloseto the starvariesaround2—3 decadeslown from the peak. The mostinterestingregion for high resolution
imaging,closeto thediffractionlimit for theoverallaperture hasanaturalcontrasof aroundtwo decadeselow thepeak.
Takingall of this into accounthroughthe S=N metricin table1, andreducingthe valuesfor the GMT7 andGMT6 by a
factorof 10for their higherlimiting halos,we seethatthe phasemaskmethodsarethewinners.Thelossof light from the
apodizatiormethodsnearly cancelout the gainsmadeby reducingthe diffraction halo. The only apodizationcaseghat
werereasonablémprovementaverethe leastextremeChebyshe case(Cheby5)andthe high throughputmask.Because
thesewereonly appliedto theindividual outersggmentstheir advantagesrenot availablefor extremelyclose-insuneys.
To make the advantagework to the extremelimit would requirethatthe apodizatiorbe performedointly acrossall of the
segments.Thebiggestwinnerwould appeato bethediffractionmethodsinceit reache&anS/N 3-5timesgreatetthanthe
othermethoddn the sameamountof time. However, the phasemethodhasaninherentlyrestrictve azimuthalsearcharea,
requiringdifferentsectorsaroundthe starto be searchedequentially Althoughwe analyzed60 sectorsfor this paper
sectorsaslargeas180 arepossible SinceS=Nu  time, thesearchime advantagés proportionato the squareof the S/N
metricdivided by the numberof requiredsearchsectors Evenfor an S/N advantageof 3 and60 sectorsthe advantage
would still be32=6 = 1:5. More carefultailoring of the maskandsearctareashouldkeepthe advantageof usingthe phase
maskmethodto atleasttwo or threetimesthatof usingtheunmodi ed GMT7 for searchingrery closeto thestar Oncean
objecthasbeendiscovered,the phasemaskmethodhasa clearadvantagein thatit canbetailoredfor the speci ¢ region
of interestallowing moredetailedstudy
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