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ABSTRACT

Motivatedby thedesireto image exosolarplanetsfecent
work by usandothershasshavn thathigh-contrastmag-
ing canbe achiezed usingspeciallyshapedupil maks.
The objective of a shapedpupi coronagraplis to desgn
anapertureghatresultsin a systempoint spreadunction
(PSF)with theneededontrastallowing planetdiscwvery
atthesmallesinnerworking distancgIWD) in theshat-
estintegrationtime. To do this, we optimize through-
put with contrastandIWD constraints In this pager we
summarizethe various optimal shapedpupils we have
createdto dak, comparingtheir performance.We dso
presentpreliminaryresultson stochastiovavefront edi-
mationandcontrolalgorithms anessentiatapabilityfor
ary coronagraphiplanetfinding system.

1. INTRODUCTION

The key to direct detectionand eventual spectroscpic
characterizatiorof extrasolarterrestrialplaretsis high-
contrastimaging. Without emplgying novel approabes
to suppresshe bright diffraction rings of the main starit
will beimpossibleto imagea planetthatis in the habi-
ablezoneof a nearbystar For instancea planetat 10
pcthatis 1 AU from its starappearseparatedrom the
star by 0.1 arcsecondvhen viewed from Earth. For a
5 m visible-light telescopef).1 arcsecondsorresponds
to about4.8\/ D—which is roughly the location of the
fourth diffractionring in a conventionaltelescope.The
fourth diffraction ring is generallyabout10~2 timesas
bright asthe centralAiry disk for the star—aboutseven
orders of magnitudebrighter than a terrestrial planet,
whichis expectedo be only about10~1° timesasbright
asthe star Theimagingtaskis to reducethis “halo” to
belon thelevel of the planet.

For the pastfew years,we have beenstudyirg nowel ap-
proachego high-contrasimagingfor NASA's Terrestial
PlanetFinder (TPF). Only five yearsagothe consesus
seemedo be that the only viable approachto imaging
extrasolarplanetswasvia a nulling interferomeer in the
infrared. Remarkably the last few yearshave seena

tremendou®utpouringof ideasfor achieving high con-
trastin the visible, primarily via some form of coron-
agraply. As a result, coronagrapy is now recognizd
asa viable alterndive to nulling interferometry Kasdin
et al. (2003); Varderbeiet al. (2003a,b)provide a sum-
maryof ouraccomplishment® designingandanalying
apodizedapproachet high-contrastmaging.In thispa-
per, we present brief summaryof someof our pupil de-
signs,shaving how they achieretheneededontraswith
reasonabléhroughput(andthus, integrationtime).

Pupil masking(or ary apodization)providesthe neeckd
contrasin anidealopticalsystem.t haslongbeernrecg-
nized,however, that performanceof a visible light coro-
nagraphwill belimited by the hdo of scatteredight due
to imperfectionsin the optics. Perhapghe mostcritical
technologyfor TPF, thereforejs awavefrontsensingand
controlsystemto reducethis scatterto below thelevel of
the planet. We also presen a brief summary therefae,
of our progressn developinga stochastihaseretrieval
andcontrolsystentfor usein ashapedupil coronagrah.

2. PUPILAPODIZATION

It haslong beenknown that pupil apodizationprovides
a meansto modify the Point SpreadFunctionof a tele-

scope. Jacquinot& Roizen-Dossiel(1964) praidesa
particularly thorough summaryof various apodizatbn

functions.Recently Nisenson& Papaliolios(2001)sug-
gestedan apodizedsquareaperturefor TPE The man

adwantageof a squareapertureis it decoupleghe elec-
tric field into two one-dimesionalFouriertransformsof

the linear apodizationfunction, though at the experse
of eitherthroughputor discovery space.Slepian(1965)
showved that the prolate sphepidal wavefunctionis the
“optimal” apodizatiorfor aone-dimensionadquareaper-

ture. Slepianalso shaved that the genealized prolate
sphepidal wavefunctiorsolvesthe circularly symmetric
optimal apodizationproblem. Thatis, for a giveninner
working angle,p;..q, it is theapodizatiorthatmaximizes
thefollowing integral cost:

Jo E(p)®pdp

maximize =
Jo E(p)*pdp

1)
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Figure 1. Top. The generlized prolate sphemidal
apodization. Bottom. The correspondingpoint-spead
function. Note that high-cantrast (10719 extendsfrom
Piwa = 4 toinfinity.

It turnsoutthat p;,,, = 4\/D producegshe needecd:on-
trastof 10719, Figurel shavs aradialcutof theapodiza-
tion andtheresultingPSFE

3. OPTIMAL SHAPEDPUPILS

While apodizedoupilscan,in principal,beusedto ahiere
the desiredhigh contrast, they suffer from severe manu-
facturingdifficulties. They alsotendto have very low
throughput. As an alternatve, we have proposedusing
shapedoupils to taylor the PSFE In Kasdinet al. (2003)
we comparethe performanceof a numberof apodized
approacheandcontrastwith thatof a shgpedpupil coro-
nagraph.

Perhapsthe simplest shapedpupil coronagrah, and
the first we examined, usesSlepians prolatespheroicl
wavefunction. Figure 2 shavs a single-openingshaped
pupil whoseoutline is definedby the zero-orderprolae
spheroidalvavefunction.lt canbeshovn thatonaxisthis
pupil produceghe sameoptimalhigh contrast.Thatis, it
reacheghe nealed contrastof 10~!° everywherealong
the x-axisexceptwithin 4 \/ D of the centerof the Airy
disk.

It is clearfrom Figure2 thatthedisadwantageof this mask
is the extremenarrovnessof the high-contrastegion at
closeworking distancedrom the centralstar To open
up the high-contrastdiscorery zone, we next consd-
eredusing multiple-openingpupil masks. Sewral such
masksarepresentedn Kasdinet al (2003). Thesemasks
are computedassolutionsto certainnonlinearoptimiza-
tion problemsin which onemaximizessomemeasuref
throughputsuchasopenareaof themask,subjecto con-
straintsthat ensue sufficiently high contrastthroughat

PSF for Single Prolate Spheroidal Pupil

Figure 2. Top. The Kasdin-Spegel prolate-sphevidal
mask. Bottom Left. The associatec®-D point spread
functionandBottomRight. its z-axissliceshown in deci-
bels(10~1Y = —100dB).

aspecifieddiscovery zone.Theseoptimizaton problens
are solved using our own software, LOQO, which is de-
scribedin Vanderbe(1999)(seealsoVanderbe(2001)).
Oneof the bestmasksfoundin thisway is shovn in Fig-
ure3. With thismaskit is possibleto searcHor extrasohr

Figure 3. Left. A maskwith 8 openings. Right. The
associate@-D point spreadfunction.

planetsascloseas4)/D usingonly two integrations.

Of course for discovery, it would be even betterto have
a pupil maskthat provideshigh contrastsimultaneousl
in all directionsaroundthe centrallobe. To this end,we
modifiedthe optimizationproblemto look for circularly
symmetricmasks.Suchmasksconsistsimply of concen
tric rings. Onesuchmaskis shovn in Figure4. Thenau-
ral questionarisesasto how to supporttheserings. Asis
well known, usinga smallnumberof supportspiderscre-
atesstrongdiffraction spikesthat will infiltrate the dark
zone.We shav in Vanderbegtal. (2003a) however, that
alarge nunmberof suchspidershasthedesirablepropery
thatthe spikes,thoughcommensurateliargerin numbe,
also move avay from the centrallobe leaving the dark
discovery zoneessentiallyintact. Using 150 thin spiders,



Figure 4. Top. A concentricring mask.BottomLeft. The
associate@®-D point spreadfuncion and Bottom Right.
aradial crosssection.

for example,it is possibleto presere the 1010 level of
contrastthroughoutthe designdark zone. We call such
masksspiderwelmasks

We have alsolooked at anothermaskdesign,which we
call starshapemasksthatalsoprovidessingle-imagedis-
covery capability With thes starshapenasks,we dis-
pensewith the concentricrings andlet the shapeof the
spidervanesthenselhes provide the desireddiffraction
control. The computationaloptimizationsthat lead to
thesemasksaredetaled in Vanderbegetal. (2003b). One
suchmaskis shavn in Figure 5. As with spiderveb
masks,a large numberof starpointsareneededo push
out the diffraction spikes. The 20-point maskis shavn
justfor clarity; a 150 point maskis neededor terrestrial
planetdiscorery. Thefigureshavsthe point spreadfunc-
tion for sucha mary pointedmask.

Sinceour techniquedor optimizing masksarevery ma-
ture, we have begun exploring methodsfor manufcur-
ing andtestingpupil masks.Figure6 shavs aphotogrgh
of a sanple pupil maskwe recently had manugctued
by Max Levy Autogregph in Philaddphia, PA of anear
lier multipupil deisgn. The pupil is madeusinga nickel
electroformingprocesswhere photolithograply is used
to crede a mandel out of photoresistand then nickel
is grovn on the glasssubstratan a two layer proces.
The nickel maskis then removed, resultingin a free-
standingmetal maskwith no substrate We have made
threemasks,of differentthicknessesandhopeto begin
testingthemin the laboratoy soon.

Also in Figure6 is a photograptof oneedgeof the mask
taken from a scanningelectronmicrosco. Our expec-
tationswere that the edgescould be mandacturedwith
betterthan 1 micron tolerance,more than adequatedor
a 10~ '° contrast. We note from the image, however,
thatthe maskedgehasa cuppedandscallopedresidial.

Figure 5. Top. A 20-point starshapemask.Bottom Letft.
Theas®ciated2-D pointspreadfundion for the20 point
mask. Bottom Right. Theassociate®2-D point spread
functionfor theanalaogous150 point mask.

Figure 6. Left A four openingpupil mask. This mask
was manufactued usingelectioformingtechniques.lt is
a 2 by 4 binary maskmadeout of nickel. Edge accuracy
is approximatelyl-2 microns. Right A scanningelection
microscopeimage of the maskedge, showingdetails of
themanufacturingprocessanderrors.

This is dueto imperfectionswherethe nickel meetsthe
photoresistWe arecurrentlyinvestigating modificatians
to the processo generatémproved edgesor additioral
stepssuchaselectropolishig, to cleanthe edges.

4. WAVEFRONT CONTROL

The most critical technologyfor a coronagraphimple-
mentationof TPFis wavefrontsensingandcontrol. The
scatterandghostsdue to imperfectionsn the mirrors or
distortionson orbit mustbe correctedo below the level
of theplanet.Scatterd light from ripplesin themirrorsor
amplitudechangeslueto reflectiity variationscanbeor-
ders ofmagnituddargerthanthe planetn themid-spatal
frequeng rangewherediscovery takesplace. Wavefront
accuray ontheorderof A/10, 000 is necessarjo reduce
the“halo” to acceptabléevels.



A visible light TPF must be equiped with an acive
wavefront control system. Most adwocatesof a visible
light TPFassuetheutilization of adeformablemirror at
areimagedpupil (perhapgustfollowing theshapedper-
ture mask)to correctthe light. A variety of wavefront
sensingalgorithmsare being examinedfor determinng
theneedeccorrecton (e.g.,Reddingetal. (2002); Sh&-
lan etal. (2002) Traugeret al. (2002)). Piezo-actuaitr
baseddeformablemirror technologyhasprogressedar
at JPL and other locations suchthat the neededstabl-
ity andprecisionhasbeendemonstratech thelaborabry
(Traugeretal. (2002)).

While thereis a long history of using DMs for wave-
front controlin the adaptve optics(AO) community the
problem of correctingphaseand amplitudefor TPF is
unique. In particular ratherthantrying to correctfocus,
strehl,andotherlow orderaberrationspur primary con-
cernis the mid-spatialfrequencies.Bandwidthsarealso
ordersof magnituddower becausef the absencef at-
mosphericdistortion, providing time for more comgex
control algorithms. Finally, it is expectedthat sensing
will take placein theimageplaneratherthana diverted
pupil planeto eliminatenon-ommonpatherrors,intro-
ducingmorecomplity to the estimationalgorithm.

Conceptuallytherearetwo partsof thewavefrontcontol
problem—estimatinghe phaseerror, andthusthe corre-
spondingmirror errors(phaseretrieval), anddeternining
the bestdeformablemirror shapeto correctthe resultng
aberrationsn theimageplane. In theremainingsections
we describeour efforts to develop optimalalgorithmsfor
determiningohaseandamplitudeandto implementthem
in acorrection system.

4.1. PhaseEstimation

The goal of the phaseretrieval algorithmis to estimae
thephaseaberation, ¢, givenimageplanemeasurerants
of only theintensity Becauseve aresearchingor min-
imum integrationtime algorithms we assumevery smal

photon counts and thus a Poissondistribution for the
arriving light. This leadsus to stochasticalgorithns
for determiningphase. In addition, becausehe deéc-
tor measure®nly the squareof the electricfield, multi-

ple, diversemeasuremestarerequiredto infer the phase
andeliminateambiguities. Somecommonlyuseddiver-

sity method arefocus wherethe position of the image
planeis moved,andDM, wherethe actuatorson the DM

are moved in a predictableway. We are investigating
pupil diversity algorithms. By pupil diversity we mean
a changen the shapeof the pupil amongmultiple mea-
surementso provide theaddeddegreesof freedomto de-
terminephase. The simplestform of pupil divesity is a
scalingof the pupil function.

Givenand N x N CCD array the relative arrival rate,
Am (&, m), of phobnsasa function of positionin theim-
ageplane(¢, n) for them-th pupil functionis givenby the
squareof the Fourier Transformof the pupil apodizaibn,
A (z,y):

Al o [F{ Anta e} @)

We thentake amaximumlik elihoodapproacho estinmat-
ing the phase basedn a Poissonmodel of this photon
density If z;; is thephotoncountonthe (7, j) pixel, then
the bestestimateof the phasefunction is given by the
optimizationproblem:

i Z Z Z [—(Nij)m + (2ij)m log((Nij)m)]
¢ m i=1 j=1

(3)
The optimizatian in Eq. 3 is appliedin two steps. For
the first step, we usea geneticalgorithmto performa
global searchbecausef the large numberof parametes
necessaryo approxinate the signaland dueto the un-
constrainedhature of the problem In the secondstepwe
locally optimizethe costfunction usinga BFGS Quas-
Newton methodwith a mixed quadraic and cubic line
searchprocedure. The resulting phaseestimateis then
usedin awavefrontcorrectionalgorithm.

4.2. CorrectionAlgorithm

Given anestimateof the phaseaberrationg.;(x, y), the
goalof thecorrectionalgorithmis to determinghefeas-
ble shapeof thedeformablemirror, ¢ s (x, y) suchthat
the point spreadunctionof the correctedsystem,

. . 2
Leor (&,m) = | F { Aw, p)erttemeioonten LT (a)

will beascloseaspossibleto the point spreadunction of
the systemwithout aberrationgor, alternatiely, asdark
aspossiblein a specifiedregion). We do this by incor-
poratinga model of the defomablemirror shapegiven
actuatorcommandsand a modelfor the PSFof the op-
tical systemincluding the DM. For the work to date,we
have assumedve canmodelthe DM via supepositionof
Gaussian influenciinctions

Thecorrectionalgorithmconsistof threesteps.Thefirst
stepis to usethe phaseestimatefrom the phaseretrieval
algorithm above asan initial guessfor the actuatorset-
tings (thisis not the “optimal” settingasthe uncorreced
higherfrequeng phaseerror canintermodulateand pro-
ducebeatfrequenciesn the region of theimagewe are
interestedn). The secondstepis to find the feasiblede-
formablemirror shapethat minimizesthe squareof the
differencebetweenthe deformablemirror shage and the
estimatedphaseaberrationshapewith the above initial
guesslin otherwords,we minimizethecost:

JZ I}LISB{ZZWDM(%?J) ¢est(xay)]2} (5)

where h,,,,, arethe DM settings. This will producea
deformablemirror shapethatis closestto the shapeof
the phaseaberrationrmodel. However, the ultimate goal
of the correctionalgorithm is the nulling of the point
spreadfunction. Therefore the last stepis to minimize
the squareof the differencebetweenthe correctedpoint
spreadunctionandtheidealpoint spreadunctionwithin
a definedregion of the imageplane. Both steps 2 and



Figure 7. Left Theideal pointspreadfunction.Right The
aberratedpoint spreadfunction.

3 areacconplishedusing a Quasi-N&ton methodopt-
mizer.

Figures7 and8 showv a simulationof the corredion algo-
rithm. For this simulation,a 64 x 64 matrix wasusedto
representhepupil embede@din alarger256 x 256 array
Figure7 shows theidealandaberrated®SFof the simu-
lation. Figure 8 shaws the correctedPSFafter the first,
secondandthird stepsof the algorithm. The DM model
usedfor the simulaion consistedof a 30 x 30 array of
actuators.

Figure 8. Top The PSFof an aberrated system.Bottom
Left ThecorrectedPSFusingan optimalphaseestimate
Bottom Right Thefinal correctedPSF after an optimal
dark holealgorithm.

4.3. Amplitude Control

The correctionof phaseerroris routinein the adaptve
optics community but little attentionhasbeengiven to
amplitudecontrol. For TPF, amplitudecontrolis of equal
importance. Amplitude (reflectvity) errorson the mir-
rors (or phaseerrorsat conjugate planes)canintroduce
scatterof intensityequalto the phaseerrors. Amplitude

Carrera — forward bearn Camera - reflected heam

Levs —— —— Lems

Michelson Interfemroeter

Heutral Density Filter

Yertical Polarizer

[ Tt

Piego Drsven Ivlinor Beam i Splitter
Splitter | |

Compersator ,///
Za

L]

" Bearn Expander

Spatisl Light Modulator |

Figure 9. Experimentaketupof a Zeto-Path Difference
Michelsoninterferometerfor phaseand amplitudecon-
trol.

correctionis also particularly difficult to achieve poly-
chromatically In the original CODEX proposal,Brown
andBurrows suggeste@ phase basedmplitudecorrec-
tion utilizing only half the available image plane. In
Littman etal. (2002),we presentec new concepffor si-
multaneouslycorrectingphaseand amplitudeusing two
deformablemirrors arrangedn a Zero Path Differerce
Michelsoninterferomete(ZPDM). By adjustingthe mir-
rorsin commonmode,pha® distortionscanbecorreced
while by adjustingthe mirrors differentially, amplitude
correctionscanbe made(with the excesslight returning
alongtheotherleg of theinterferometer).

Figure 9 displaysthe expelimental configurationof our
interferometewnsinga spatial light modulatorin placeof
adeformablemirror. Figure10 presentsa demonstratin
of amplitude adjustmentin the laboratory using white
light from a black body sourcein a ZPDM. The main
limitation of the Michelsonapproachs its sensitvity to
bandwidth. Exact correctionis achievableonly at a sin-
gle wavelergth; however, the zeropah differencemakes
it minimally sensitve to small variationsin wavelengh.
We arecurrentlystudyingmethod<or improving thefre-
queny bandwidth. For instance,it may be possibleto
coatthemirrors with a dielectrichaving the properphag
delayvs. frequeng to compensatéor thefrequeny sen-
sitivity of theZPDM.

5. CONCLUSION

We, andothers have madegreat progressn thelastthree
yearsstudyinganddesigningcoronagraphfor terrestrid
planetfinding. We believe that shapedpupils hold the
most promisefor achieving the highestcontrastat the
shortestintegrationtime andwith the leastsensitvity to
errors.We believe thatwithin ayearwe will have afinal
optimal pupil designfor TPFE

That leaves wavefront control as the mostcritical tech-
nology for visible light planetfinding. Progresss being



Figure 10. Demonstation of amplitudecontrol usinga
white light source By usingtwo deformablemirrors ar-
rangedin a Michelsoninterfeometerbothamplituideand
phaseerrors can be corrected. Commonmodeadjug-
mentsof thetwo mirrors on ead leg correctsphase and
differential adjustmentorrectsamplitude In thefigure,
theleftimage is before adjustmentndrightimage is af-
ter adjustment(Littmanetal. (2002))

madethereas well, and shapedpupils provide a nowel
anduniquemethodfor providing the diversity neeadin
the phaseretrieval algorithm. We have shavn herepre-
liminary resultsof a stochastigphaseretrieval andwave-
front control algorithm that demonstrateghe feasibility
of the neededcontrol. We have also shown that amgi-
tudecontrolwill becritical to achieving the neede high
contrastandhave presented novel approacho simula-
neousphaseandamplitudecorrectionwith two DMs.
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