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ABSTRACT

TheproposedGiantMagellanTelescope(GMT) hasanumberof featuresthatarewell-suitedto thetaskof imagingextra-
solarplanetsin nearbystarsystems.Theprincipalaid to this taskis thelargeclearaperturesegmentswhich arerelatively
easyto apodize.This paperconsidersthemethodscurrentlyenvisagedto be of practicalusefor the task. In additionto
starandplanet�ux es,exoplanetimagingis dependenton aperture,throughput,bandwidth,beamwidth(FWHM), Strehl
ratio (SR),andhalo structure.Adaptive opticssystemsincreasethe SR,simultaneouslydroppingthe residualscattered
halo. This revealsthe diffractedhalo, which now becomesthe limiting factor. Apodizationreducesthe diffractedhalo,
but at a costin termsof throughputanda correspondingincreasein photonnoise. Sincethe bestknown ideal apodiza-
tionsalsohave very low throughputs,they arenot thebestchoicesfor ground-basedexoplanetimaging. In addition,the
ultra-low diffractedhalosfrom theseapodizationsprovidenobene�t below theresidualscatteredhalo,which is nothelped
by apodization.We considerinsteada family of apodizationsthathave suf�ciently darkdiffractedhalos,while retaining
relatively highthroughputs.Theseapodizationscanbeappliedto theGMT pupil usingreplicatedapodizationof individual
segments,providing alow-halosurvey modethatis highthroughputandmatchedto theAO system.Sincethereducedhalo
from theapodizedsegmentsonly allows high-contrastdetectionto within a few l =Dsegment of thestar, thesinglesegment
methodsarelimited by thesegmentsize.We alsoconsiderthepotentialfor apodizingthroughtheuseof anappliedphase
pattern,usingeither the adaptive secondaryor a separatephasemask. We concludethat the phasemaskmethodoffers
the bestadvantagefor S/N sinceit doesnot loselight like the apodizationschemes.However, it doeshave a restricted
azimuthalsearcharea,requiringmultiple exposuresto completea survey. It appearsto be the clearly bestmethodfor
examiningtheexoplanetoncediscovered.
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1. INTRODUCTION

The Giant MagellanTelescope(GMT) is a proposed

Figure1. TheGiantMagellanTelescope(GMT).

multi-segmenttelescopeconsistingof seven 8.4 m circu-
lar mirror segments1 (�gure 1). The outermostdiameter
of thepupil is over26m, equivalentin light gatheringarea
to a circularpupil of diameter21.9m. Theoutersix seg-
mentsareunobstructedandhaverelatively few degreesof
freedomto control for joint phasing. This paperconsid-
ersthe useof the GMT for imagingextrasolarplanetsin
nearbystarsystems.The principal aid to this taskis the
largeclearaperturesegmentswhich arerelatively easyto
apodizeby shadingandapplyingphasepro�les usingthe
adaptivesecondary.

In addition to the relative star and planet �ux es and
separation,exoplanetimagingis dependentonthedetailed
PSFof thetelescope,theability of theAO systemto both
reducespecklesandreducetheir temporalcorrelationsso
asto aid in averaging.For thepurposesof this paper, we
will assumethat the AO systemis dominatedby �tting
error, andthatspecklenoisehasbeencontrolledthroughtheuseof advancedfuturemethodsandalgorithms.Theresidual



�tting errorhalocontributesa�at backgroundin theimmediatevicinity of thestar, andits photonnoisecannotbeotherwise
reduced.If thepupil diffractionpatternexceedstheAO halo,thephotonnoisewill bedominatedby it ratherthantheAO
residual.Sincetherearea varietyof techniquessuchasapodizationthatcanbeappliedto reducethediffractionpattern,
it makessenseto apply themto reducethe diffraction to a level below the AO halo suchthat detectionis againlimited
by scatteringratherthan diffraction. This placesthe systemperformanceconstrainton the systemelementthat is the
most expensive and dif�cult to control, giving the bestachievableperformance.Any residualunaveragedspecklesor
deterministicstructurein thePSFcanberemovedby differencingmethods2, leaving a detectionlimit not far in excessof
thephotonnoise.

In the following sections,we considerthe expectedcontrastratio for the residualAO halo, settingthe level below
which we mustdropthediffractionpatternof thetelescope.We thenconsiderapodizationmethods,preservingtheeffect
of the large apertureby apodizingthe individual circular outersegments. We usean aggressive apodizationthat is not
far from theoptimalperformance,andtry a high-throughputband-stopapodizationasanalternative. We thentry another
methodthatusesadeformablemirror (DM) or phaseplateto explicitely cancelthehaloin asearchregionaroundthestar.
This methodhastheadvantagethat it doesnot affect thethroughputof thetelescope,but it doesscatterlight to createthe
anti-halo,which removeslight from theexoplanetimage.Finally, thedifferentmethodsarecompared.

Contrast of AO and diffraction halos

For wavelengthsshorterthanthosewherethesky backgrounddominates,thestellarhalois theprimarybackgroundagainst
which we will attemptexoplanetdetection.This haloconsistsof two principalcomponents:a diffractionpatternfrom the
telescope,anda randomresidualhalo causedby variousinaccuraciesin the AO system. For feasibleStrehl ratios, the
contrastratio betweenthediffraction limited coreof thePSFandthe residualAO halo is about� ve decadesat best. We
canseethis by estimatingthecore/AO-halocontrastratio by energy accounting,rapidly leadingto thecontrastbetween
thediffraction-limitedcoreandthe�at �tting-error AO haloas

1� S
S

1
f Nactuators

whereS is theStrehlratio, f is the fractionof thediffractionpatternenergy containedin thecentralpeak,andNactuators
is thenumberof actuators,currentlyexpectedto beapproximately4700. TheGMT seven-mirrorcon�guration hasan f
of 67%. For a 50% Strehlratio, thecontrastratio will be approximately3� 10� 4, not reachinga contrastof 10� 5 until
theStrehlratio hits 97%. Thus,thepracticalexpectationis that thecontrastwill bein thevicinity of 10� 4, only dropping
below that level at longerwavelengthswherethe sky backgroundbecomesthe constraint. For this paper, we will use
10� 4asthenominalbackgroundagainstwhichthedetectionsaremade.Thedetectionof exoplanets,whethermadeagainst
theresidualAO haloor thediffractionpatternof thePSF, arebothultimatelylimited by photonnoise.Thetwo casesare
very differentin thecostandcomplexity of reducingtheir effect. SincereducingtheAO halois thefar greaterchallenge,
we will concentrateon reducingthediffractionpatternsuchthatscatteringagainbecomesthe limit to detection.We will
�nd out throughcalculationhow muchthis improvesthesensitivity.

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 currentlyplannedto havea3.1m centralobstructionfor theadaptivesecondary, while the
ring of six outersegmentsareessentiallyunobstructedparabolicsegments.Sincethecircularmirror segmentsin theouter
ring arealignedwith theirupperedgestangentto theparaboloid,they projectelliptical outlinesin thepupil projectedalong
thetelescopeaxis.Theoutsidemirrorsareplacedataradiusfrom thetelescopeaxisto giveaseparationof 0.25m between
mirrors. The adaptive secondaryis a Gregoriandesign,with a segmentedadaptive secondary. For the sake of analysis,
we will considertheactuatorspacingto be theprojectedequivalentof theLBT, with 672actuatorsfor eachmirror. The
resultingpupil consistsof anobstructedcircularsegmentwith a ring of six elliptical segments(�gure 2a). Anotheruseful
con�gurationis thesix-mirror con�gurationthatresultswhenthecentralmirror is blocked(�gure 2b). This con�guration
consistsof a moresymmetricarrangementof unobstructedelliptical segments,which is moreconvenientfor someof the
apodizationcon�gurationsdescribedbelow.
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(a)Seven-mirrorcon�guration(GMT7).
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(b) Six-mirror con�guration(GMT6).

Figure2. GMT pupil con�gurations.

3. INDIVIDU AL SEGMENT APODIZATION

Thecontrastratio for theAO halois typically goingto beof order10� 4–10� 5. For thephotonnoiseto besetby adaptive
opticsratherthandiffraction,weshouldmodify thediffractionpatternsuchthatit is well below theAO halo.A requirement
of 10� 5–10� 6 suf�ces for most cases.The traditionalapproachto this is throughpupil apodization. To achieve high
contrastdiffractionpatternsat ascloseof spacingsaspossible,we shouldreally jointly apodizeacrossall of thesegments
in a coordinatedway. The GMT, with its relatively small numberof large segmentsmakesthis an attractive possibility.
However, for our initial apodizationstudies,we have adopteda straightforward variant of the classicapodizationsby
treatingeachsegmentin isolation. This makesuseof symmetricradialshadingpro�les in the individual segmentswhile
preservingmuchof the resolutionof theoverall pupil by theplacementof thesegments.This techniqueworkswell, but
is constrainedin thattheinnerworking distanceis limited to somemultiple of l =Lsegment insteadof a multiple of l =Ltotal .
For many situationshowever, this is still of use.

For this discussion,we will only considerapodizationsof theunobstructedcircularapertures.Thecentermirror with
its secondaryobstructionandspidersupportscauseanumberof problemsthatwearetrying to avoid, sowechoseto block
it out entirely, usingtheGMT6 asthebasecon�guration. Also, eventhoughit would bepossibleto adaptthesymmetric
radial apodizationsto the elliptical projectedoutlinesof theoutersegments,it is only a 3% drop in throughputto usea
maskedinscribedcircularoutlinefor thesegmentapodizations.Therefore,we examinedthecaseof a ring of six circular
apodizedsegments.

Chebyshev Apodization

The optimum apodizationof an unobstructedcircular aperturewas derived by Slepian3 and is given by the so-called
generalizedprolatespheroidalfunction. This function is not readily availablehowever, sinceit is quite complicatedto
compute.Instead,we found that the ubiquitouslyavailableChebyshev pro�le 4 wasan excellentreplacement.It is easy
to use,hasnearlythe samecharacteristicsasthe ideal function, andallows easysettingof the contrastratio of the halo
in the searcharea. We only madeonesimplifying modi�cation in that the Chebyshev pro�le hasa bright edgein the
outermostpixel of thedigital mask.We removedthis outermostpixel andrenormalizedthetransmissionsothemaskwas
completelytransparentin thecenterof thecircular segment. TheChebyshev maskthengivesa radialpro�le which was



GMT7 PSF at 1.65mm with 10% bandwidth
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(a) GMT7 PSF.

GMT6 PSF @ 1.65 mm with 10% bandwidth
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(b) GMT6 PSF.

Figure3. GMT7 andGMT6 PSFscomputedfor a wavelengthof 1:65µm anda 10%bandwidth.

theninterpolatedontothe2-D arrayfor thePSFcalculations.TheChebyshev low-pass�lter stopbandfactorwasfoundto
adequatelygivethediffractionhalocontrastratio. Wereportheretheresultfor thecasesof 5, 6, and7 decadesof rejection
(labeled“cheby5-7”). As in the ideal Slepiancase,the throughputdropsasthe working areahalo is pusheddown, and
theFWHM of thesegmentPSFincreases.Fortunatelyin our case,theFWHM is not determinedby thesegmentPSF, but
by thePSFof the ring of six apodizedsegments.This keepstheFWHM to a valueonly slightly greaterthanthatof the
unapodizedpupil. However, FWHM is ametricthatis of little usewhenyouareinterestedin extremelyfaintobjectsin the
halo.A morepracticalmetricis theradiusat which theaveragePSFreachesa level of say10� 5 or 10� 6 of thepeak.

High-thr oughput Apodization

Themostseriousproblemwith apodizationis the lossof light, which in thecircular casecaneasilygive throughputsof
lessthan10%. In thesimplestterms,this problemis dueto the fact that the ideal low-pass�lter typeapodizationshave
their throughputmaximumat thecenterof theapertureandthusthey have a throughputmaximumover only a smallarea
of thepupil. Thissuggeststhatany extraconstraintthatcanintroduceoscillationsin theradialapodizationpro�le couldbe
adjustedsuchthatthepro�le did not reachits maximumin thecenter, but at somelargerradius.Theresultingthroughput
would becorrespondinglygreater. This problemcanbetreatedby introducingbothaninnerandanouterworking radius.
Therewerea numberof detailsin performingthis calculationthat arebeyond the scopeof this paper, but do not affect
the conclusionsfor this application. The shapeof the computedapodizationaswell asthe throughputandthe average
halostopbandlevel weresensitive functionsof the innerandouterworking radii comparedwith l =D. Therefore,a brute
forcecalculationof all innerandouterradii within apracticalsetof rangesallowedthecalculationof asetof metricmaps
that allowed selectionof high throughputor high sensitivity apodizations.We chosea pro�le that hada relatively high
throughput,a fairly aggressive innerworking distance,anda usablywide stopbandfor theexamplehere.Thepro�le and
its correspondingPSFis shown in �gure 5. TheresultingPSFdiffersfrom theChebyshev casein two signi�cant ways:the
throughputis considerablygreaterandthereis anobviousincreasein thehalolevel beyondtheouterworkingdistance.For
searchingfor objectsin thehalostopband,thehigherthroughputwill permita givenS/N to bereachedin a muchshorter
time. Therelativeperformanceis summarizedin table1.

4. PHASE MASKS AND DIFFRACTED ANTI-HALOS

The problemof diffractedhalo control by segmentapodizationis lossof light. Becauseof the segmentreplication,the
FWHM is not signi�cantly increased,even thoughthe the full width at lower levels is. Anotherpossibility is to usethe



(a)Chebyshev 5, 6, and7 decadeshadingpro�les. (b) Chebyshev 7-decademaskappliedto outer
segments.

GMT6: Cheby 6 Apodized
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(c) Chebyshev 6-decadePSF.

Figure4. Chebyshev window functionsappliedto theoutersix segments.

methoddescribedin CodonaandAngel5, thatusesa DM or a speciallyconstructedphaseplateto createa matchedanti-
halofor thediffractionpatternfor a particulardetectionband.Themethodis chromaticanddegradeswith bandwidth,but
sinceour goal is merelyto bring thediffractedhaloto underthelevel of theresidualAO halo,themethodis goodenough
to work over commondetectionbands. The idea is to usesmall-amplitudesinusoidalvariationsin the DM to diffract
someof thecorestarlightto counteractspecklesin the focal plane.Theorientationandspatialfrequency of thesinusoid
placestheanti-speckle,while thesinusoid'sphaseontheopticalaxisdeterminesthephaseof theanti-speckleat thedesign
wavelength.Theresultinganti-speckleaddscoherentlywith theoriginal specklereducingits amplitude.Of course,this



(a)Amplitudetransmissionradialpro�le. (b) ResultingPSFfor apodizedGMT6 pupil.

Figure5. High-throughputapodizedGMT6 andresultingPSF.

procedurehasanumberof sideeffects,like introducingundesiredstructurein thedirectionoppositeto thestar, sincesmall
amplitudevariationscreatea halo that is anti-Hermitian,while thediffractionpatterndueto thepupil is Hermitian. The
anti-halois alsoa replicaof thePSF, whichmayhavestructurethatis not presentin thehaloto becontrolled.Finally, the
sinusoidalvariationin thepupil planecreatesdiffractionordersthatappearat multiplesof thespeckledistancefrom the
star. Theseproblemsareall reasonablethough,anda diffractionmaskcanbecomputedby iteratingthemethod.

Theresultis aspatialdisplacementpatternthatcanbeappliedto aDM, or introducedvia aseparateoptic. Thecleared
areain thefocalplaneis subjectto a numberof constraints.Thecontrolledfocalplaneareadividedby thetypical speckle
area,(l =D)2, shouldbe lessthan the numberof actuators,andthe total halo power in the controlledregion shouldbe
signi�cantly lessthanpower in thecore. If this isn't true, theexoplanetwill be distortedaswell ashaving signi�cantly
fewer corephotons,increasingthe time requiredto make a detection. Finally, the obvious point that the outeredgeof
the searchregion mustbe insidethe control radiusof the DM. Sincein this applicationthe desireis to control a static
diffractionpattern,thecontrol radiusrestrictioncanbe lifted by usinga speciallymanufacturedphaseplateto apply the
phase.Thecontrol radiuswith theproposedactuatordensityis approximately45l =Dtotalbut is actuallydependenton the
detailsof thedirectionfrom thestar. Figure6 showsa casewhich falls far insidethecontrolradius( 6l =Dtotal) andcould
feasiblybeimplementedusingtheAO DM, while �gure 7 showsa casewheretheouterradiusexceedsthecapabilitiesof
theDM ( 60l =Dtotal) andwould have to be implementedusinga separateopticalelement.The mirror displacementfor
thesmallersectoris 0:53l (half thetotal phaseshift) while the largersectorrequiresa maximumdisplacementof 0:97l .
At 1:65µm this amountsto 0:88 and1:6µm respectively. If this methodwereemployedat longerwavelengths,the DM
throw limitationsmaybecomeanissue.Thesymmetryconsiderationmeansthatit is not possibleto controlthediffracted
halousingthephasemaskmethodover a region subtendingmorethan180� azimuthallyaboutthestar. The total power
restrictionalsokeepsusfrom simultaneouslyclearinga largeareaandmoving extremelycloseto thestar. However, this
restrictionappearsto bevery forgiving, andwe have foundthatsearchareascanbebroughtin extremelycloseto thestar,
evencomparableto l =Dtotal . Theparametersfor thetwo phasemaskcasesaresummarizedin table1.

5. PERFORMANCE ESTIMATES

The performancenumbersfor the testedcasesare summarizedin table 1. The S/N for an AO halo-limited detection
is proportionalto f

p
t =FWHM , where f is the fraction of the encircledenergy in the PSFcore,and t is the intensity

throughput.Detectionin theGMT7 andGMT6 casesis limited by their diffractionpatterns,andsotheS/N metric is not
accurate.In thosecases,thetypical close-incontrastis morelike 10� 2 than10� 4, with theresultthat their metricvalues



(a) DM displacementrequiredto build a 180 degree
anti-halo.

(b) ResultingPSFwith a 10 percentbandwidth.

GMT7+DM PSF Comparison, 60 o sector, 2--60 l /D
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(c)Lessextremephasemaskto createasmall60degree
anti-halosectorfrom 2 to 6 lambda/D.

GMT7+DM 60o sector
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(d) ResultingPSF.

Figure6. Examplesof GMT7 phaseplatephaseplatesolutionscreatingdarkregionsin thehalo.



Phase Plate Mirror Displacement ( mm) at 1.65 mm
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(a) Pupil mirror displacementrequiredto build a 60
degreeanti-halofrom 2 to 60 lambda/D.

GMT7+DM 60o sector (2��60 l /D)
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(b) ResultingPSF, displayedonaseven-decadelogarith-
mic scale.
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shouldbe reducedby a factorof roughly10 (i.e.
p

diffraction=AO). Note that,asexpected,astheChebyshev apodized
halodropsfartherbelow theAO halo,thesensitivity drops.Thehigh-throughputring apodizationperformscomparablyto
the� ve-decadeChebyshev apodization,but with a morelimited searcharea.Theclearstandoutis thephaseplateor DM
method,which morethandoublesor triples thesensitivity. An additionaladvantagethephasemethodhasover theother
methodsdescribedhereis that the innerworking distancecanbebroughtin extremelycloseto thestar. It is conceivable
thatsimilar close-incontrastscouldbeachievedusingjoint apodizationacrossall of thesegments,but with theinevitable
lossof light, theS/Nmetricwill remainconsiderablylower.

Parameter GMT7 GMT6 Cheby5 Cheby6 Cheby7 High-t DM2-6 DM2-60

Intensity-weightedarea(m2) 368.6 323.1 79.1 50.4 42.9 79.1 360.9 360.9
Throughputreclear, t (%) 100 100 24.5 15.6 13.3 24.5 100 100
FWHM @ 1.65µm (mas) 14.5 14.2 14.3 14.5 13.9 14.3 14.5 14.4

Coreencircledenergy, f (%) 61.3 51 36.4 28 24.6 36.4 39.5 23
Radius@ 5 decades(mas) 250 490 80 90 110 80 70 70
Radius@ 6 decades(mas) 400 830 90 100 110 90 80 80
S/Nmetric( f

p
t =FWHM) 46:2� 33:3� 11.7 7.1 5.7 11.6 27.1 16.3

* ThesecasesarenotAO halolimited. They shouldbereducedby thesquareroot of theactualcontrast.Estimatethemas
approximately10� smaller.

Table1. Performancenumbersfor thevariouscon�gurations.

6. DISCUSSION

In consideringexoplanetimaging with the GMT, it is clear that the diffraction patternwill limit the detectionof faint
exoplanetsnearthestar. We have consideredapodizationasa methodfor controlling thediffraction,aswell asa phase
apodizationmethodto explicitely cancelthe diffraction pattern. For useful infrareddetectionbands,we canexpectthe
AO residualhalo to be no morethan4 or 5 decadesbelow the peakof thestar's PSF. If we do nothingto thepupil, the
contrastcloseto thestarvariesaround2–3decadesdown from thepeak.Themostinterestingregion for high resolution
imaging,closeto thediffractionlimit for theoverallaperture,hasanaturalcontrastof aroundtwo decadesbelow thepeak.
Takingall of this into accountthroughtheS=N metric in table1, andreducingthevaluesfor theGMT7 andGMT6 by a
factorof 10 for their higherlimiting halos,weseethatthephasemaskmethodsarethewinners.Thelossof light from the
apodizationmethodsnearlycancelout thegainsmadeby reducingthediffractionhalo. The only apodizationcasesthat
werereasonableimprovementswerethe leastextremeChebyshev case(Cheby5)andthehigh throughputmask.Because
thesewereonly appliedto theindividualoutersegments,theiradvantagesarenotavailablefor extremelyclose-insurveys.
To make theadvantagework to theextremelimit would requirethattheapodizationbeperformedjointly acrossall of the
segments.Thebiggestwinnerwouldappearto bethediffractionmethodsinceit reachesanS/N3–5timesgreaterthanthe
othermethodsin thesameamountof time. However, thephasemethodhasaninherentlyrestrictiveazimuthalsearcharea,
requiringdifferentsectorsaroundthe starto be searchedsequentially. Althoughwe analyzed60� sectorsfor this paper,
sectorsaslargeas180� arepossible.SinceS=N µ

p
time, thesearchtimeadvantageis proportionalto thesquareof theS/N

metricdividedby thenumberof requiredsearchsectors.Evenfor anS/N advantageof 3� and60� sectors,theadvantage
wouldstill be32=6 = 1:5. Morecarefultailoringof themaskandsearchareashouldkeeptheadvantageof usingthephase
maskmethodto at leasttwo or threetimesthatof usingtheunmodi�edGMT7 for searchingverycloseto thestar. Oncean
objecthasbeendiscovered,thephasemaskmethodhasa clearadvantagein that it canbetailoredfor thespeci�c region
of interest,allowing moredetailedstudy.
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