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ABSTRACT

We presentyet anothernew family of masksfor high-contrastimaging as re-
quiredfor theto-be-huilt terrestrialplanet nder spaceelescopeWe call thesemasks
chederboaid masks.They consistof two barcodemasksonerotatedd0 with respect
to the other Eachbarcodemaskprovidescontrastto the 10 ° level. The checkboard
maskthenachiezesa 10 ° level of contrasteverywhereexceptalongthe two axes
of symmetrywherethe contrastremainsat the 10 ° level. With thesedesigns,we
are abletrg) reducethe inner working angleto 2=D for eachbarcodewhich trans-
latesto 2 2=D alongthe diagonalof the associate@¢heclerboardmask. We shav
that by combininga Lyot-planecheckboardnaskwith an image-planeocculterwe
canachiese eventighterinnerworking angles althoughaswith occultingdesignsin
generalpointingerror andstellarsizebecomenontrivial issues.Checlerboardmasks
canbethoughtof asthebinary-maslkanaloguef Nisensons apodizedsquareaperture
concept.

Subjectheadings:planetarysystems— instrumentationmiscellaneous
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1. Intr oduction

Following our previous work on pupil-planemasksfor high-contrasimagingin the context
of terrestrialplanet nding (seeKasdinetal. (2003);Vanderbegetal. (2003b,c))we presentn this
paperfurther new pupil masksaswell assomepupil-plane/image-planeombinationsof masks.
Most of our earlierpupil-planemaskdesignshave aninnerworking angle(IWA) of 4 =D , which
implies a main mirror in the 12 m range(asusual, is wavelengthandD is aperture).One of
themainobjectvesleadingto thedesigngpresentedh this paperwasto decreassigni cantly this
innerworking angle.If theinnerworking anglecanbereducedo 2 =D , thenthemainmirror can
bedroppeddown to the6 m rangeandstill be capableof studyingthe samesetof stars.Thisis our
goal.

Oneof the pupil maskspresentedereachiesesa contrastratio of 10 ° in four rectangular
regionsof theimageplanegivenby f( ; ):2<jj< 20, 2< j j < 20g. Thepointsof high-
contrastthat are closestto the centerof tI?)e star's imageoccuralongthe diagonalsandtherefore
correspondo aninnerworkingangleof 2 2= 2:8=D .

The masksconsideredn this paperconsistof rectangulararraysof rectangularopennings.
We call themchederboaid masks.They canbebuilt astwo identicalstripedmasksoneplacedon
top of the otherbut orientedso that the stripeson one maskare orthogonatto the stripeson the
other(seeFigurel). We call the stripedmasksbarcodemasks(seeKasdinet al. (2004)). Each
barcodemaskneedonly provide a contrastratio of 10 °>—it is thenguaranteethatthe two-mask
overlay canachieve a contrastof 10 1°, Thisis importantsinceit is quite feasibleto checkin a
laboratorythatabarcodemaskachieses10 ° butis dif cult, if notimpossibleto checkthatamask
achieres10 ° onthe ground. Notethatthis performanceyuarante@ssumeshatthe Fraunhofer
approximationis adequateandthat the instrumenthasa wavefront amplitudeand phasecontrol
systemthatis ableto achiere therequiredextremecontrast.Thesearevery seriousssueghatwe
andothersareworking onandwill reportonin otherpapers.

We shaw thatonecangetan eventighter WA of 1:4p 2= 2:0=D by placingarectangular

pupil-planemaskin the Lyot planeof a traditional coronagraptand using an image-planehard
occultingmaskconsistingof a “plus-sign”shapef( ; ): j j < 0:6; j j < 0:69. We show that
sucha coronagrapltantoleratepointingerrorsaslarge asabout0:05=D .

Finally, in the interestof producingan on-axiscoronagraphye presenta Lyot-planerect-
angularpupil maskwhich includesa 2% 4-vanespider A similar spidercanthenbe placedin
the entrancepupil and provide the opportunityto placea small secondarymirror at the centerof
the plane. Having sucha spiderover the entrancepupil providesthe possibility of building an
all-mirror on-axissystemandin this way greatlyreducingthe negative effectsof differentialpo-
larizationthatarea concernwith off-axis designs Of course a 2% secondarynirror is very small



andperhapshot practical.

2. Pupil Apodizationsand Masks

In this paper we assumehattelescopepticsfollow the Fraunhofermpproximation.Hence,
given a pupil planeapodizationfunction0  A(x;y) 1, theimage-planeslectric eld cor
respondingo an on-axispoint sourceis given by the two-dimensionalFourier transformof the
apodizatiorfunction:

zZ
E(;)=R(; )= &' YA y)dydx: (1)

If theapodizatiorfunctiontakesonly thevalueszeroandone,thenthefunctionrepresenta mask
Theintensityin theimageplaneis the squareof the magnitudeof the electric eld. For anon-axis
point sourcethisintensityfunctionis calledthe point spreadfunction(psf).

Certainperformancemetricsguide our choiceof the bestpupil apodization(or mask). For
example, the inner working angle ., and outerworking angle 4y, specify the desiredhigh-
contrastregion. For circularly symmetricdesigns high contrastis speci ed by the requirement
that p

JE( ; )I*HE(0;0)* 10 % iwa 2+ 2 oual (2)

Anotherimportantconsiderations the amountof light thatgetsinto the mainlobe of the psf. We
expressthis asa fraction of thetotal light availableto anopenunapodizedpertureandcall it the
Airy throughputdenotedTaiy. Finally, the full-width half-max(FwHMm) of the mainlobe of the
psfis animportantmeasuref the sharpnessf the psf. For comparisorpurposesye review these
metricsfor somesimpleapodizations.

2.1. Clear Aperture

For an opencircular aperture FwHM = 1:02, Tpiy = 84:2%, and,if we de ne the inner
working angleasthe angleof the rst null, which de nestheborderof the Airy disk,then j,a =
1:24. Of coursewith thisde nition of j,,, thecontrastconstraint2) is notsatis ed. Thisis bad.
If we choose s = 1 andthenpick the smallest ;,, for which the contrastconstraint(2) is
satis ed,we get i, = 743 fartoolargefor a practicalplanet nding system.
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2.2. Optimal Circularly Symmetric Apodization

In Vanderbeiet al. (2003b),we presented circularly symmetricapodizatiorthat we found
by maximizingE (0; 0), which is a simplesurrogatedor Airy throughputsubjectto contrastcon-
straintsasgivenby (2) andsomemild smoothnessonstraintsn the apodizatiorfunction. In this
way, we foundanapodizatiorfunctionfor whichFWHM = 2, jwa= 4, owa = 1 ,andTayy = 9%.
Exceptfor theimpositionof smoothnessonstraintsthis apodizatiorrepresentshe bestthatone
canexpectto achieve with any circularly symmetricapodizedor shapedoupil design.In particu-
lar, the Airy throughputof 9% shouldbethoughtof asanupperboundon thethroughputonecan
obtainif onewishesthereto be no light brighterthan10 1° outsideof theinnerworking angleof
4 =D . Thegethigherthroughputonemustaccepteithera largerinnerworking angle,a smaller
outerworking angle,or adesignin whichthedarkzoneis notanentireannulus If we assumehat
athroughputof 9%is adequatethenthe only downsideto this designis thatit is not possiblewith
currenttechnologyto apodizea pupil to thelevel of precisionrequired.

2.3. Concentric Ring and SpiderwebMasks

Also in Vanderbeetal. (2003b)we shaw that,if onerelaxesthe smoothnessonstraintthen
the optimal solutionturnsout to be zero/one-alued,i.e., a mask. The metricsfor this designare:
FWHM = 1.9, wa = 4, owa = 60, andTai, = 9% Theonly downsideto this designis thatthe
maskconsistf concentricringsthat mustbe supportedsomehav. If they arelaid on glassthen
thereis concernthatimperfectionsin the glasswill introducetoo muchscatteredight. Another
possibilityis to usealarge numberof spidergo supporttherings. If thenumberof spiderss large
enough,saymorethan15Q thenareasonablyarge dark zoneis presered. But, again,concerns
aboutmanufcturabilityresurfice. Also, throughputis reducedsomeavhatby the presencef the
spidervanes.

3. Barcodeand Checkerboard Pupil Masks

In the previous section,we reviewed our prior work on circularly symmetricpupil maskde-
sign. With thosedesignsthe bestwe wereableto do is to getaninnerworking angleof 4 and
an Airy throughputof 9%. Also, manufcturabilitywasanissuein all of thosedesigns.In this
section,we introducenew pupil designghatbreakthe ;,, = 4 barrierandaremoreamenabldo
manufcture.

We shouldnotethat one canalsobreakthe 9% throughputbarrierby limiting the discovery
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zoneto lessthan360. The original Spegel pupil (Spepgel (2000))is an exampleof this asare
someof thedesignsve have developedearlier(seee.g.,Figure8 in Vanderbeetal. (2003a)).

If the apodizationfunction dependsnly on oneof the coordinategeitherx or y), thenwe
saythatit is a one-dimensionaapodizationor a one-dimensionainask We alsoreferto one-
dimensionalmasksasbarcodemasks.This family of maskswerestudiedin Kasdinetal. (2004).
In this paper we areinterestedn masksthat correspondo the tensorproductof a pair of one-
dimensionamasks:

A=A A : AXY) = Ax(X)Ay(Y): (3)
Theelectric eld correspondingo atensorproductis itself atensorproduct:
E = /Q: A\x Ay = AX Ay: (4)

In otherwords,

E(; )= A()A(): )
Tensormproductsof smoothapodizationsvere rst proposedor terrestrialplanet nding in Nisen-
sonandPapaliolios(2001).

Sinceintensityis thesquareof the magnitudeof theelectric eld, it followsthatfor acontrast
of 10 *°, we seekapodizatiorfunctionsthatprovide the following contrasinequalities:

JE(; )i 10°E(@©;0);  (;)20; (6)

whereO denoteghe pointsin theimageplaneat which high contrastis to be achieved. Suppose
asbeforethattheapodizatiorfunctionis atensorproduct.If thesetO is agenerlizedrectangle

Oo=f(;): 20; 20g¢g (7)

(i,e.,O= 0O 0),thenthecontrasinequalitiescanbe achiezedby giving two one-dimensional
apodizationghateachachieze a contrastratio of only 10 °:
JA<()i 10 2°R(0); 20; (8)
iAy()  10%A,0;  20: (9)

Figurel showns a checlerboardmaskcorrespondingoO = O =f :2 jj 253 The

maskhasa 28:1% openarea.lts Airy throughput de ned as

Zo Zo
TAiry = JEC; )sz d; (10)
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where ( denotegheinnerworking anglcifor thebarcodemask,is 15:1%. Thesha}gp_nesmeasured
alongthediagonalis FwHM = 0:94 = 2 andits innerworking angleis i, = 2 2. Thisdesign
breaksboththe 4 =D innerworking anglelimit andthe 9% Airy throughputlimit. Thesegains
comeat the expenseof introducinga + -shaped‘dif fraction spike” atthe 10 ° level thatextends
beyondtheinnerworking angleaswell asa smallishouterworking angle.

Figure 2 shawvs anothercheclerboardmask. For this mask,a 2% centralobstructionwas
imposedon the design. With sucha centralobstruction(andimplied spiders)one canhangand
hide a small secondarymirror and thereforebuild a telescopewith an on-axisoptical path. In
this design,we haveusedO = O =f :2 || 11g. The maskhasa 17:2% open
area. ItspAiry throughput is 5:3% andits inner working angle(measuredalongthe diagonal)is

wa= 2 2. It remaingto bedeterminedvhetherthereducedhroughputandthe smallnes®f the
centralobstructionoutweighthe advantage®f having anon-axisdesign.

We endthis sectionby pointing out that PSFsassociatedvith thesemasks(andin factall
pupil-planemasks)dependon wavelengthonly in that the inner working angleis measuredn
unitsof =D , where is wavelengthandD is aperture.Hence,measuredn radians,at longer
wavelengthgheinnerworking angleis correspondinglyarger.

4. A Lyot Coronagraph

Consideranimagingsystemconsistingof anentrancepupil, a rst imageplane,areimaged
(Lyot) pupil plane,anda nal imageplane(containinganimagingdevice). We assumehateach
of the rst threeplanescanbe apodized/masd. Following Kuchnerand Traub(2002),we let A
denotethemaskfunctionfor theentrancepupil, M themaskfunctionfor the rst imageplane and
L themaskfunctionfor the Lyot pupil.

The electric eld atpoint( ; ) in the nal imageplanecorrespondingo an off-axis point
sources a compositionof maskmultiplicationandFouriertransformation:

FLF®MFAF,,) (;)= & @& ) () (11)

whereF . , denotesheelectric eld attheentranceupil correspondingo apointsourcefrom
direction( o; o), ,:, denotesmunitmasdeltafunctionat( o; o), hatsdenoteFouriertransforms
andstarsdenoteconvolutions.

It is easyto seethatif eachof L, M, andA aretensomproductL = Ly Ly,M = My My,
A=A, Ay) thentheelectric eld againfactorsinto a productof electric elds:

P& R ) (;)=E M B ) () E @ A ) () 12
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We usethis factorizationto greatlysimplify the coronagraploptimizationproblemsdescribedn
the next section.

5. Lyot Coronagraph Optimization Problemand Numerical Results

As in our previouspapergKasdinetal. (2003);Vanderbegetal. (2003b,c)) we usenumerical
optimizationto maximizesomemeasure of throughputsubjectto imposedcontrastconstraints.
For the designspresentedn this section,we solve the following one-dimensionabarcodeopti-
mizationproblem:

maximize

subjectto P @ (& ) (:) (:)20; 13)

LGN
1025 !

The rst setof constraintsaythat is alowerboundontheelectric eld of aunit off-axis source
(i.e, a planetasbright asa star) asthe off-axis sourcevariesover the high-contrastregion. The
secondsetof constraintsaythatthe magnitudeof theelectric eld at 2 O dueto anon-axisstar
is smallerthanthe electric eld atthe samepointin theimageplanedueto a muchfainterplanet
whoseimageis centeredat this point . ThefunctionsL, M, andA arefunctionsof a singlereal
variableandrepreseneitherthex or they componenbf atensorproductthatoneformsto make
the nal two dimensionaimage. By specifyingprescribedunctionsfor A andM (actually M)
we canoptimizeonly the functionL. In this case the problemis anin nite dimensionalinear
programmingproblem. Discretizingthe imageand pupil planesreduceshe problemto a nite

dimensionalinear programmingproblemthatcanbe solvednumerically

PR o) () (;)20:

We now give two speci ¢ examplesof Lyot coronagraphskor the rst example,we specify



that
_ 1lxp 3
AR = 0 otherwise (14)

106 jj 84

M) = 0 otherwise (15)
. . 1 jxj 3

JLO) = 0 otherwise (16)

o=f 14 || 2 (17)

The optimal barcodemaskis shavn in Figure 3 togetherwith the correspondingheclerboard

mask. This crg)ronagraprhasan off-axis Airy throughputof 6:2% andits inner working angleis
FWHM = 1.4

Thesecondexampleis thesameasthe rst exceptthatwe imposea centralobstructionn the
pupil-planemasks:

1 001 jxj 1
A = 2 1
(x) 0 otherwise (18)
. . 1 001 jxj &
iL(j A (19)

= 0 otherwise

The optimal barcodemaskis shavn in Figure 4 togetherwith the correspondingheclerboard

mask. This coronggraprhasan off-axis Airy throughputof 3:5% and, again,the inner working
angleis .= 1.4 2.

Sincethe designgresentedn this sectioninvolve animageplanemask,the associated®SFs
dependon wavelengthin a more complicatedway thanthe designsgivenin Section3. To test
this wavelengthdependeng we did a crudetest. We computedthe imageof our usual3-planet
systemusingfour differentwavelengthsiwo shorter(85% and90%) andtwo longer(105%and
110%) thanthedesignedvavelength.As Figure5 shavs, thelossof contrasbccursatwavelengths
shorterthanabout90%andlongerthan105%o0f the designpoint.

6. Conclusions

In this paperwe have presenteé new maskconceptandfour speci ¢ new maskdesigngor
high-contrasimaging. Table 1 summarize®ur resultsin takular form. We leave it to othersto
decidewhich of thesefour designamostcloselymatcheghe needsof TPE
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We endthe paperby reiteratingthatthe basicideais similar to the apodizedsquareaperture
conceptof Nisensonand Papaliolios(2001) exceptthat we areworking with pupil planemasks
ratherthanapodizationsAlso, by optimizingthe design,we gethigh contrasteverywhereoutside
anarrov +-shapedliffraction spike whereashe Nisensonand Papalioliosdesignsprovide high
contrasionly in aneighborhooaf thetwo diagonals.

Acknowledgements. We are grateful for the continuingsupportwe have receved for this
work from NASA andJPL. The rst authoralsowishesto acknavledge supportfrom the NSF
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Fig. 1.— A simplechedkerboad mask.The openareaof the checlerboardmaskis 28:1% andthe
Airy throughpuis 15:1%. Top left. A barcodemaskdesignedo provide 10 ° contrasfrom 2 =D
to 25=D . Topright. The PSFassociatedavith the barcodemask.Bottomleft. The corresponding
checlerboardmask. Bottomright. The PSFcorrespondindo the checlerboardmask. The gray-
scalerepresentsi logarithmicstretchwith black correspondingo 10 1° andwhite corresponding
to 1.
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Fig. 2.— A centrally-obstructedchederboard mask. This designincludesa 2% centralstripeto
hang/hidea secondarymirror. The openareaof the checlerboardmaskis 17:2% andthe Airy
throughputis 5:3%. Top left. A barcodemaskdesignedo provide 10 ° contrastfrom 2=D to
11=D . Topright. The PSFassociatedvith the barcodemask. Bottomleft. The corresponding
checlerboardmask. Bottomright. The PSFcorrespondindo the checlerboardmask. The gray-
scalerepresents logarithmicstretchwith black correspondingo 10 1° andwhite corresponding
to 1.
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Fig. 3.— A Lyot-stylecoronagraph. A simulated3-planetstar systemasit would appearin a
Lyot-style coronagraphn which the entrancepupil is an opensquarethe rst imageplanehas
a “plus” shapedocculterof half-width 0:6 =D , anda checlerboardmaskin the Lyot plane. Top
left. A barcodemaskdesignedo provide 10 ° contrastfrom 1:4=D to 21=D whenusedin
conjunctionwith the image-planeocculter Top middle The correspondingheclerboardmask.
The Airy throughputfor this maskis 6:2%. Top right. The simulatedimage. The planetin the
upperright quadrants locatedat (1:7; 1:7) andis 10 8 timesasbright asthe statr The planetin
the upperleft quadranis locatedat ( 5:1; 3:4) andis 10 ° timesasbright asthe star The planet
in the lower left quadrants locatedat ( 6:8; 6:8) andis3 10 ° timesasbright asthe star
Thegray-scalemageis logarithmicallystretchedo highlightthefaint planets.Bottom.The effect
of pointingerror. Fromleft to right, the pointingerroris 0:048 0:096 and0:144 Thedirectionof
theerroris alongthediagonalinto the rst quadrant.
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Fig. 4.— A centrlly-obstructedLyot-stylecoronagraph. A simulated3-planetstar systemasit
would appearin a Lyot-style coronagraphn which the entrancepupil is an opensquarewith a
plus-signspider the rst imageplanehasa “plus” shapedocculterof half-width 0:6 =D , anda
checlerboardmaskin the Lyot plane. This designincludesa 2% centralobstruction.Top left. A
barcodemaskdesignedo provide 10 ° contrasfrom 1:4=D to21=D whenusedin conjunction
with the image-planeocculter Top middle The correspondingheclerboardmask. The Airy
throughputfor this maskis 3:5%. Top right. The simulatedimage. The planetin the upperright
quadranis locatedat (1:7; 1:7) andis 10 8 timesasbrightasthestar The planetin the upperleft
quadrants locatedat ( 5:1; 3:4) andis 10 ° timesasbright asthe star The planetin the lower
left quadranis locatedat( 6:8; 6:8)andis3 10 1°timesasbrightasthestar Thegray-scale
imageis logarithmically stretchedo highlight the faint planets. Bottom. The effect of pointing
error. Fromleft to right, the pointingerroris 0:048 0:096 and0:144 Thedirectionof theerroris
alongthediagonalinto the rst quadrant.
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Fig. 5.— Thesimulated3-planetstarsystemasit would appeaiin the Lyot-stylecoronagraplof
Figure4 imagedat wavelengthsshorterandlongerthanthe designpoint. Fromleft to right, the
wavelengthsare85% 90% 105%and110%of thewavelengthfor whichthesystemwasdesigned.
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Description wa | owa | Taiy
SimpleCheclerboard 2; 2 | 25 | 151
Checlerboardwith 2% CentralObstruction 2 p2_ 11 | 53
Lyot Checlerboard 1:4p g 21 | 6.2
Lyot Checlerboardwith 2% CentralObstruction| 1.4 2| 21 | 35

Tablel: Summaryof theresultsfor the speci ¢ masksconsidered.



