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Itelativc to ground-haxd telescopes, the James Wcbb Space Telescope (JWST) will havc a substantial sensitivity 
advantage in thc 2.2-5pm wavelength range where brown dwarfs and hot Jupiters are thought to havc significant 
brightness cnhance~nents. To facilitate high contrast imaging within this band, the Near-Infrared Camera (NIRCAM) 
will cmploy a Lyot cor.onagraph with an array of band-limited image-plane occulting spots. In this paper, wc provide 
the science motivation for high contrast imaging with NIRCAM, comparing its expected pertbnnanec to that of the 
Keck, Gemini and 30 rn (TM'T) telescopes equipped with Adaptive Optics systems of different capabilities. We ]:hen 
describe our design for the NIRCAM coronagraph that enables imaging over the entire sensitivity range of the 
instrumen( while providing significant operational flexibility. We describe the various design tradeoffs that were made 
in consideration of alignment and aberration scnsitivities and present contrast performance in thc prcsencc of JW!ST1s 
cxpcctcd optical aberrations. Finally wc show an example of a two-color image subtraction that can provide 10" 
companion sensitivity a t  sub-arcsecond separations. 
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NIRC'AM, one of the primary science instruments for the Jamcs Webb Space Telescope (JWS'f), will conduct imaging 
surveys in broad, interrncdiate, and narrow-band filters in order to attack a wide rangc of problems from detecting first 
light objects in the early universe to questions concerning the origin and evolution of planetary systems'. An cxciting 
application of NIRCAM will be the search for planetary companions orbiting a variety of stars as well as the study of 
gas and dust disks from which plancts form. This paper addresses the observations possible with the NlKC.4M 
coronagraph in two ways. In the first part of the paper, we use a simple parameterized model of coronagraphic 
perfortnancc to compare JWST with diffcrcnt ground-based tclcscopes to understand JWST's unique discovery space. 
'This ;lnalysis shows th.at JWST is uniquely suited to find and characterize planetary mass companions orbiting stars 
beyond 0.5-1" in the 3-5 pm rcgion. Potential targets include the nearest young M, L and T stars, a few nearby stars 
with planets known fro~m radial velocity studics, and the nearest young stars. With JWST we can take full advantage of 
the fact that Jupiter-sized bodies emit strongly in the 4.8 y m  to find low mass objects inaccessible at shorter 
wavelengths. Secondly, the JWST point spread function will be extremely stable on the timescale of hours compared to 
ground based telescopes equipped with adaptivc optics. Thus, cvcn at 1-3 pm, thc NIRCAM coronagraph will be \yell 
suited for the study of very faint, diffuse structures such as protoplanetary and debris disks around bright stars. 'The 
second part of this papcx describes a detailed model of the JWST coronagraph based on a complete diffraction ana1,ysis 
ot'thc JWST optical sy:itcm. This model will be used by the NIRCAM team to make accurate performance predictions 
and to assess tradeoffs in thc design of NIRCAM as thc instrument and telescope evolve. 
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2. SCIENCE GOALS 

2.1. Search for Planetary Companions 

Over thc next 20 years searches for planetary companions will eventually become sensitive to Earth mass planets in the 
habitable zone (-1 AU:, using the Terrestrial Planet Finder. But today, the state of the art in direct dctcction has resulted 
in thc identification of a warm gas giant planet in a wide orbit around a nearby young (- 10 Myr) brown dwarf'. JWST 
represents an import an^: intermediate step in this evolving set of capabilities. As described in this paper, JWS'T wiil be 
able to search for Jupiter-sized plancts in the following nearby systems: 

+ At a wavelength of 4.8 pm, self-luminous Jupiters (1-5 M,,,) orbiting M stars and brown dwarfs as old as 5 Gyr 
will bc dctectable at > 5 A U  in perhaps two dozen systems. In particular, observations at 4.8 pm will be 
important where Jovian planets are thought to be very bright relative to shorter wavelengths27! These objects 
arc likely to be undetectable at shorter wavelengths using ground-based telescopes. 

Self-luminous Jupiters (> lM1,,) with ages less than 100 Myr will be observable at orbital radii beyond 25 AU 
(- 1" at 25 pc) around a few hundred young stars within 25- 150 pc at wavelengths longward of 3 ym. Gronnd- 
based observations using adaptive optics have already found such objccts at 1-2 pm and will doubtless find 
more in thc coming years (e.g. Chauvin et al2005". However, JWST can prov~dc important infbrmation in the 
3-5 pm rcgion for known objects using a variety of medium and narrow band filters, as well as tjnding older, 
cooler objects invisible at 1-2 ym. 

While Jupiters c,onfinned to exist from radial vclocity studies would probably NOT bc dctcctable by JWIST', 
planets at greater orbital separation around the most favorable radial-velocity (RV) might be dctectable (e.g. E 

F+i, 55  Cnc, 4'7 UMa). The existence of such plancts is often suspected from as yet incomplete RV datasets. 

2.2. The Search for Protoplanetary and Debris Disks 

The study of jets and amutflows frorn young stars guides our understanding of the star formation process as wcll as the 
assembly of disks that are a necessary prerequisite to planet formation. 'The study of rings, gaps, and asymmetric 
structures in disks surrounding mature stars can yield tantalizing clues to the evolution of planeta~y systems (c.g. Kalas 
ct. al. 2005, 161, and A.rdila et. al. (2005), [7]). For thesc studies we need to block the light from the central star to 
reveal priniordial disks (arising due to the conservation of angular momentum during the star fonnation process) or 
debris disks (dust generated through the collisions of planetesimals). Primordial disks can be quite bright relative to the 
parent star, but we wish to study them in narrow spectral bands (- 1% filters) to isolate atomic and molecular emission 
lines. Debris disks are vcry faint compared to the central star so that the ability to reject starlight at extreme levels is 
csscntial to see disks cvcn 100-1000 times brighter than our own zodiacal cloud. Observations of these disks (seen in 
rcflccted light) in tnodcrate passbands (10%) will enablc us to study the morphology of disks and to look for braad 
mineralogical fcaturcs. The great stability of the JWST operating above the atmosphere will allow us to removc residual 
starlight to rcvcal faint diffi~se structures around nearby stars. 

Recent surveys with the Spitzer Space Telescope have revealed dozens of debris disks. Models of the spectral enc:rgy 
distributions assembled from Spitzer data are often degeneratc with multiple solutions capablc of explaining the 
observations. Small partielcs achieve the same equilibrium temperature as larger particles at larger distances from the 
star, leading to vastly different physical conditions and inferred planetary configurations. For cxarnple, 0.5 pm grains 
will achieve a temperature of 40 K at a distance > 300 AU from the central star while 50 km grains will reach the same 
tcmpcraturc at < 50 A1J. A high performancc coronagraph on JWS'T operating at wavelengths from 0.8-2.3 pm .will 
cnable 11s t o  rcsolve these disks, breaking such model degeneracies and possibly revealing asymmetries in scattered light 
that could be thc tell-ttdc signs of planets (c.g. Kalas et al. 2005, 161). Narrow-band spectroscopic observations ,will 
enabte thc assessment of thc composition of the dust in thesc disks and contribute to our understanding of how volaliles 
such as water and organic material are transported in planetary systems through scattering of planetesilnals (e.g. Err~ery 
& Brown 2003, [8]). Such processes arc thought to have occurred early in our solar systcm's history and represent one 
piece of thc puzzle conc.erning how life arose on our planet. 



Table 1.  Telescope parameters for science modeling. 

Telescope Parameter 
JWST Krck Gemini-ExAO TMT 

Diameter (m) 6 10 8 3 0 
Segment (m) 1.00 1.80 8.00 1.50 

Overall Eff~ciency 0.50 0.25 0.25 0.25 
Emissivity 0.10 0.30 0.20 0.30 

Temperature (K) 4 5 290 290 290 
'Nave Front Error (nm) 130 300 5 0 250 
Strehl Ratio (2.2 mm) 0.87 1 0.480 0.980 0.60 1 
Strehl Katio (4.8 mm) 0.97 1 0.857 0.996 0.898 

Seeing (", FWHM) 0.000 0.250 0.250 0.250 
Airglow (<2.2 mm, MJyisr) 0 100 100 100 

Lirniting Q (planet/halo)* 0.100 0.500 0. LOO 0.500 
*Increase ground based telescopes by x5 for diffuse emission 

2.3. Parameterized Performance Model 

Ry its launch in 2012, JWST will be neither thc largest telescope nor have the lowest level of uncorrcctcd wavefront 
crror. Eight to tcn mctcr ground-based tclcscopes such as Keck, Gemini, or the VLT will be in operation, some with 
extreme Adaptive Optics systems capablc of a high degree of correction in a small field around a bright star. There rnay 
even be a 30 rn telescope (TMT) with a very small diffraction limited beam. While the ground based tclcscopes suffer 
ti-om high thermal or C)H backgrounds that greatly reduce their sensitivity relative to a space-bascd system, the noise 
floor in a coronagraph, particularly close to the central star, can be set by diffracted or scattered starlight, not large-scale 
backgrounds. Thus it is important to develop a simple model that takes thcsc different effects into account in comparing 
different tclcscopes. 

'Table I lists the characteristics of the four idealized tclcscopes wc consider in this analysis: JWS'T, Kcck with its 
cxisting Adaptive 0ptir:s (AO), Gemini with an illustrative Extreme A 0  system, and a 30 m telescope with modest .40. 
'To calculate the background noise we first evaluate the uniform background from thermal emission and/or airglow 'To 
this we add the diffracted and scattered starlight, which we assumc follows a core-halo distribution outside the inner 
working angle (IW14 -4UU at a wavclcngth h and a telescope of diameter D). Thus, the surfacc brightncss, IjR), in the 
irriage plane at a distance R from the star (outside the IWA) is given by 

I ( R )  = Thermal + Airglow -t Strehl .a + (I -S!rehl). exp - I .665.- [ (  FWHM 

where a is a constant dcrivcd from considering the diffracted cncrgy not encircled within thc 1WA. For the ground- 
based tclcscopes thc scattered starlight, (I-Strehl) of the total, follows a Gaussian distribution with a 0.25" FHWM. For 
J W S I  with no atmosphere, we assume that the residual (I-Strehl) scattered light falls in a Gaussian halo with a size 
givcn by the diffractior~ from a segment, FHWM-A/D,,,,,,. We ignore the egeects of djfiuction fk tn  the segments in 
this iclrcllizd onulysis; ~hese  &ect.c are included in the detailed modeling of JWST presented in the next .sectiur;!. A 
pert'ect coronagraph would, of course, completely remove thc stellar terms in Eqn. ( I ) .  

To takc into account the limited performance of the coronagraph due to residual wavefront errors and aberrations, we 
assumc that the coronagraph attenuates the starlight terms in Equation (1) by a factor of (I-Strehl). Thus, the better the 
wavefront crror, the better the Strehl and the lower the effects of residual starlight. Figures la,b show the backgrounds 
in the focal planes for Lour tclcscopes at 1.25 and 4.8 pm assuming that either a 5 or 10 mag star is being observed. At 
1.25 1.~1n the 5 mag star dominates the background for the ground-based telescopes out to R=1-1.5" when the airglow 
limit i s  reached. For J78ST the 5 or 10 mag star dominates the zodiacal scattered light well beyond this radius. At 
4.8pn1, the ground-bascd thermal background dominates thc stellar background at all radii, but for JWST thc residual 
stellar background from a 5 mag star dominates the zodiacal emission wcll beyond 1.5". Kesidual starlight is an 
important noisc source for JWST and reduces the advantages of its low thermal background close to a bright star. 



Curomgaph Background at 1 25 urn 
S c n r 5 a  lOmg Star 

Figure 1. licsidual backgrounds in the focal plane due to scattered and dimacted starlight, telescope ant1 atmtbsphcric backgrounds 
(if any). Curves arc shown for a central star of 5 (open symbols) or 10 mag (solid lines and symbols) as a function of separation lkom 
the star and tor four tclcscopcs as described in Table 1: JWST (squares), Keck (circles), Gemini with extremc adaptive optics 
(lriangles), ;and 30 m TMT (diamonds). 

'To calculate the sensi~:ivity limit for point sources we integrate for a time, T, within a difrraction-limited beam of 
 AS^-h2 and a total optical efficiency E. In the simplest case, the noise would be given by the square root of the nurnber 
of collected noise electrons so that additional integration time could ameliorate the effects ot' increased background. 
Morc realistically, however, wavefront errors produce residual "speckles" in the image that result in a corrugated 
background of faint fa l : ;~  sources against which one must find a true, faint point source. The brightness of these specklcs 
is spproxirnated by the residual stellar surface brightness at a position K, l(K) in an A L ~ A ~  beam, that produces LI 

noise floor that does not improve with integration titne. Because the speckles are a fixcd pattern noise, various 
techniques can reduce, but never eliminate, this noise source, we introduce the parameter Q which describes how far 
below the residual speckle brightness we can still find sources. We adopt Q=0.1 for JWST and an cxtrcmc A 0  system 
on Gemini on the assumption that the stable environment of space or a high speed A 0  systcm with scintillation 
correction will allow th.ese telescopes to reach well below the residual stellar halo. For Keck and TMT we adopt Q-30.5 
which is close to present day values! For the study of protoplanetary and debris disks the critical parameter is the 
limiting surface brightness which has, to date, proven to be a much more challenging observational problem for ground- 
based than space-based tclescopes due to rapidly time variable atmospheric effects. 'To account for the ground-space 
differences in calibrating images to look for diffuse emission, we increase the Q factor in the rnodcl calculations by a 
factor of 5 for the ground-based telescopes. 

2.4. Nlodel Results 

Figures 2a-d summarize the limiting performance for planet detection at a signal to noise ratio (SNK) of 10 in T-10'sec 
;md it 25% spectral bandpass with the four telescopes for a planet orbiting a 5 or 10 mag star at four infrared 
wavclcngths, 1.25, 2.2, 3.4, and 4.8 pm and for separations out to 3". Thc cuwcs show that at short wavelengths, 1.25 
and 2.2 ~ t m ,  JWST is xt a definite disadvantagc relative to either any of the ground-based telescope within 1.5" of e~ther 
a 5 or 10 mag parent star, but especially when compared to an 8 m telescope with extreme AO. At 3.5 pm an extreme 
A 0  system has a slight advantage out to 1" for a 5 mag parcnt star at which point the low intrinsic background of JLVST 
takes over and gives the space-based telescope a great scnsitivity advantage. For a loth mag parent star, the JVVST 
coronagraph has an i11,lrnediate sensitivity advantage at all separations. Finally, at 4.8 pm, JWST has a cnornious 
scnsitivity advantage relative to the ground-based telescopes for a11 separations and parent star magnitudes; only th'c 30 
In 'TM'T systcnl comes close in performance within the central 1 ". 
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Figure 2. . Limiting companion magnitude for signal to noise ratio (SNR) of 10 in 10' scc tbr a planet orbiting a star of brightness 
5 (opcn symbols) or I0 mag (solid lines and symbols) as a function of separation. Curves are shown for four tc!escopes as describcd 

in Tablc 1: JWS'T (square:.), Keck (circles), Gemini with extreme adaptive optics (triangles), and 30 m TM'I' (diamonds). 

Figure 3 compares the performance of the four telescopes for the study of debris and planetary disks. Rcachin.g a 
limiting surface brightness of 100-1,000 times thc brightness of our own zodiacal cloud (a few tenths of a MJyisr) is 
possiblc within 1-3" of a 5 mag star. Much lower levels would be achievable around a fainter T Tauri star like TW 
t ~ ~ a " ' .  In this case only Gemini using extreme Adaptive Optics performs comparably to JWST in thc 1-2 ym region 
within 1-2". At greatcr separations and at longer wavelengths, JWS'r has important advantagcs in looking for disks due 
to thc stability of its residual scattered light and low backgrounds. Finally, we note that the use of an optimized 
coronagraph in an unaberrated beam and the stability of a telescope in an L2 orbit should give JWST significant 
advantages relative to H:ST in looking for debris disks5. 

In summary, the performance models suggest that although at 1.25 and 2.2 pm large ground based telescopes equippcd 
with cxtrcnle Adaptive Optics will bc superior for finding faint companions within 3" of bright parent stars, J WST ,will 
be a powcrful cornp~tit~or for fainter targct stars, i.e. young T 'Tauri stars, or at distances beyond -3". At waveleni:ths 
longel- than 2.2 prn, the natural advantages of a cold telescope above the atmosphere quickly reassert themselves 
making JWST the prcrnier facility for finding faint colnpanions close to bright stars. The stability of the resitlual 
starlight in thc NlRCAM coronagraph will make it possiblc to identify faint structures in protoplanetary and deibris 
disks. 
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Figure 3. I h n r t i ~ ~ g  surract. brightness for signal to noise ratio (SNR) of 10 in 10' scc for diffuse emissior~ near a star of brightnc:ss = 

5 (open symbols) or 10 mag (solid Lines and symbols) as a function of separation. Curves are shown for lour telescopes as dcscribed 
in Table 1: JWST (square,:), Keck (circles), Gemini with extreme adaptivc optics (triangles), and 30 m TMT (diamonds). 

3. NIKCAM CORONAGKAPH DESlGN 

3.1. NIRCZAM Accomodations for Coronagraphic Elements 

The architecture NIRCIZM is well suited to the implcmentation of a Lyot coronagraph for high contrast imaging. . L,yot 
coronagraphs usc a combination of a focal plane occulter and a downstream pupil stop to suppress stellar diffracted 
light. If the occultcr is apodized such that it forms a band-limited function, then the stcllar diffracted light Carl be 
perti-ctly clirninatcri" . 

i\t thc focus aftcr the NIRCAM pickoff mirror, there is place for an array of 5 occulting spots, cach one providing a 
2OVx20" ficld ot'vicw (FOV). A tilter wheel at a subsequent image of the pupil has slots for two Lyot stops. Although 
the platc containing the occulting spot array is outside the nominal NIRCAM FOV, a wedged-glass platc co-located 
with each Lyot stop off'sets the focal-plane FOV to co-align with the occulting spots.. While there is a single occulting 
spot array for thc entire NIKCAM instrument, there arc two Lyot stop slots available for both the long- and short-wave 
arms in each of rhc two cameras. 

3.2. Coronagraph Designs 
As motivated by our science analysis, there is desire to image both faint (-lo-') companion sources and cxtcnded 
objccts and at sub-arcsc.cond inner working angles (IWA). Competing with these objectives arc thc realities that JWST 
presents to the instrumt:nt. With the diffracted light from a 6.5m segmented aperture, one has to compro~nise bctween 
the 1WA at the longest wavelength of interest with the throughput of subsequent Lyot stop design. 

In Fig. 4, we show the array of occulting spots suitable for NlRCAM high contrast imaging. With cach spot we show 
the limiting imaging wavclcngth and idcntify which Lyot stop is compatible. In our array. we selected 3 radial- 
sombrero' occulting spots that have intensity transmission of the form 
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Figure 4. The NIRCAM occulting spot dcsigns are shown along with the optical-filter compatibility range and 1,yot 
stop requirement. The Lyot stop designs arc shown in Fig. 5.  

'The sirc of occulting spot ultimately determines the IWA. Whilc we would like to makc this as tight as possible, the 
resulting efficiency in the Lyot stop design becomes worse for smaller occulters at the same irnaging wavclcngth. In 
addition to blocking the residual diffractcd stellar light, the Lyot stop must be desensitized to potential misalignments of 
the nominal pupil image. As can be seen in Fig. 5,  this desensitization has the consequencc of greatly reducing thc Lyot 
stop crficicncy. Without concern for pupil alignment thc Lyot stop may let -50% of the light through. With the 
complex edge-structure of the JWS'T pupil (segments 1- spiders), the Lyot stop must be narrowed to admit only 2096 of 
thc crr~npanion light through. While a potential companion PSF will be less compact and fainter, the stricter Lyot :stop 
designs will help guarantee high contrast imaging performance with immunity to pupil image misalignment and Ii~rge 
error From segment edge roll-off. 

A consequence of thc desensitized Lyot stops is that it drives the design to favor larger occ~ilting spots. Che 
combination enablcs redsonable net coronagraph efficiency at the cost of IWA. Givcn these trades, we found with the 
1:480M tiltcr (h~4.8prn *5%), the tightest practical IWA was about 1.25". This is where thc occulter transtnis!;ion 
reachcs 50%. While all other filters will work with this design, wc also provide 1.00" and 0.75" occulting spots to 
facilitate srnaller IWA while using filters at shorter wavelengths. Thcsc small spots work with shorter wavelcrlgth 
because thc residual diffracted light at the Lyot pupil is dictated in part by the ratio of the spot size to the point-spread 
function (PSI:) core sizc. 

In ndtlition to these thrce spots, we havc specified two linear-sinc2 occulters with intensity transmission of the form 

As  can be seen in Fig. 4, these occulters have a spatially varlant width. This adds a lot ofoperational tlcxibility to tune 
the coronagraph to opt~mize the iWA for any filter. In Fig. 6, we show the nominal pointing objectivcs that provided 
the tlghtcst IWA for each filter in the long-wave arm of NIRCAM. If the pupil image alignment error excccds the 
cxpcctcd -2.5%, thesc pointing objectivcs can be shifted towards the wlder cnd of the occulter. Likew~se, ~f the pupil 
alignment is better than expect, the pointing objectives can be shifted to tighten the 1WA as much as possiblc. 



Figure 5. An example of the residual diffracted stellar light at the NIRCAM pupil is shown (Left) along with the rcqulrcd Lyot stop 
dcsigns (right) that arc matched with the occulting spots shown in Fig 4. The Lyot stop designs are shown with an contour line 
overlay of the JWST pupil image. Thc opcnings in thc Lyot stops are in black while the gray areas are maskcd out. 

Figure 6. The pointing objectives that optimi~c the 1WA per filter in the long-wave arm arc shown. For a given stellar irlignmcnt, the 
coronagraph will work for all filters shorter than and including the onc shown in the figure. 

4. HIGH CONTRAST IMAGING PERFORMANCE OF THE NIRCAM COKONGKAPH 

Whilc thc coronagraphs are well designed to eliminate the diffracted light from the JWS'I' aperture, thcrc is high level of 
bcattcrcd l~ght  caused by the optical aberrations. The wavefront error (WFE) in JWST will result from res~dual 
tn~salignments of the hexagonal scgments and the secondary mirror as well as from the segment figure and surface 
quality that is achieved during polishing In Fig. 7 we show an example realization of WFE that is consistent with thc 
crror budgct for the telescope optics. We do not include thc WFE allocated to NIRCAM in this analysis because thc 
coronagraph suppresses the starlight bcforc these errors are encountered. Also shown is the nominal imaglng contrast 
that 1s obtainable without and with the 1.25" radial-sombrero2 coronagraph using the F48OM filter. Contrast 1s defined 
as the intcpratcd scattered light in a diffraction-limited resolution spot, normalized by the coronagraph tnask throughput, 
and div~detl by the light from the star that would be present without a coronagraph mask1*. 

In Fig. 8 ,  wc show the 3-0 envelopes for the azimuthally averaged contrast for nominal imaging performance as wcll as 
the coronagraphic pert'ormance wtth threc states of WE'E. Thcsc states represent the expcctcd operational telesope WFE 
(1 1 lnrn nns) nu well as with half the segment misalignments (87nm rms) and with only the segment fabrication errors 
(3 Inm rms). In this figure we also show thc performance of hard-edged occulter with an equivalent IWA. 
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Figure 7: An cxomplc of the expected operationed tclescopc wrwcfront error is shown (left) along with thc imaging contrast one 
obtains without and with a coronagraph. 
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Vigure 8. 3 - 0  contrast cnvclopes to the azimuthally averaged contrast are shown for both the nominal (non-coronagraphic) imaging 
pcrformancc as well as tbr the coronagraphic imaging performance with three different states of WFI',. The curves on thc left 
represent thc pcrformance of the 1.25" radial-sombrero2 occulter with the F480M filter. The curvcs on the right show the 
pcrformance oSa hard-edged radial-disk occulter. 

llvcn in thc prcscncc ol'substantial WFE, using an apodized occulting spot facilitates a tighter LWA while reducing the 
residual starlight in thc: focal-plane by a factor of 10. Fig. 8 also reveals how the structure of the WFE affects the 
contrast tloor. Most notably is lack of influence of segment alignment errors upon contrast at separations greater than 
-1.5". The floor is dominated by the residual segment surface errors that will present stable specklc patterns that will 
be high amenablc to calibration. 

IJltimatcly, we are intcrcsted in detecting sourccs that are fainter than thc residual scattercd light cause by the WFE. 
Depending upon the stability level of the rcsidual starlight speckles, there are many potential calibratiodrcmoval 
schemes. Thcsc include: 

(1)  lioll-trnct-srrbtract imuging: Subtract two images taken at difference roll angles about the target star. 
(2) C~rlihrulio~z stur subtraction: Subtract off speckle pattern acquired from a color-matched star that has no 

companion but is of own. 
(3)  Wftvefrunt sensing bused cniibration: Recreate the speckle pattern to rcrnovc using an optical mudcl derived 

from wavcfront sensing information. 
( 4 )  Speckle circoni:olution: Combine hvo or more images of the target star taken with differer~t tfiiters 



Although mcthod (1) is straight forward, JWST will have limited capacity to roll about the targct star. this method also 
requires that star mainlains of alignment to the occulter, complicating the telescope operation. Nonetheless, roll-and- 
subtract will have some: utility for companion source detection at small working angles. 

Matching the color of the calibration star in method (2) may be problematic. Variation in the tlux density ot' the 
reference star (as compared to the target) will limit the quality of the subsequent subtraction. I f thc  suitable star can be 
found, this approach valuable to reducing speckle in order to reveal faint extended objects such as protoplanetary disks. 

JWST will employ wavcfront sensing schemes to periodically maintain the telescope alignmctlt". Instead of using a 
calibnrtion star, an optical model that incorporates wavefront sensing information may create a speckle pattern within a 
desired optical passband. As in mcthod (2),  this mcthod may also enable the observation ot'cxtended diffuse objects 
aboul the targct star. 

As with the JWST finc-guidance camera corongraphl', the array of filters in NIRCAM may well enable some spccklc 
deconvolulion approach. To illustrate the approach, we consider a basic two-color image subtraction scheme. Before 
combining the frames, *we calibrate out the occulter transmission loss by 

whcre E is inversely related the imaging S N R  and serves to limit noise amplification. 'To suppress the speckles while 
leaving any potential companions intact, we combine thc images as 

~ i i f f ( x ,  y )  = img, ( x ,  Y )  - 

whcro hl~~.3.56pm and hz-3.90pm. In Fig. 9, we show two images taken through the 1.25" radial-sombrero2 occ~lltcr 
using the F356M and F390M filters after they have been calibrated by eqn. (4). The difference imagc computcd by eqn. 
(5) is also shown. It n~.cely reveals the lx10~>0inr source at a 0.75" separation. Also, the 1 .5~10-"  sidclobes of'the 
conlpanion I'SF are also quite visible. This simple technique suppressed the stellar specklcs by n factor of 5- 10. 

Figure 9. Exarnplc of two-color image subtraction is shown. Thc images on the left show thc residual scattered starlight along with a 
10~%compa~~ion at 0.75". These images have been processed to normalize out the 1.25" radial occulter transmission function. Iiller 
the F390M is appropriately rescaled and resainpled it is subtracted off from the F356M imagc to yield the image on the right. 



5. CI,OSlNG HEMAKKS 

JWST will be  thc premier facility for conducting coronagraphic searches for planets and protoplanetary disks in the 3- 
5pm range. As we  havc shown, the array o f  occulting spots in NIRCAM can provide a great range of  operational 
flexibility to optimize the science return. While we  have shown one method for spcckle subtraction, there remain 
nurncrous other promising schemcs that may offer significant advantages depending on the specific application. In 
particular, wc plan to explore wavefront-sensing based schemes that enable better spcckle subtraction in the prcscnce o f  
extcndcd objccts (debris disks, jets ect.). Aside from thc baseline JWST focus-divers wavefront sensing scheme, w e  
wish to examine the utility of  a post-coronagraph wavefront sensing method15 that involves using the NIKCAM pupil 
imaging mode with the coronagraph aligned. We will also look at ways of  employing more efficient Lyot stops. This 
would rcquire using the: actuated pickoff mirror in NIRCAM to better align the pupil image to thc Lyot stops. More 
cfficicnt Lyot stops w o l ~ l d  offer the ability to conduct deeper searches faint companions close to bright stars. 

'I'he rcscarch dcscribetj in this paper was carried out at the Jet Propulsion Laboratory, California Institute of  
'I'echnology, undcr a cclntract with the National Aeronautics and Space Administration. It w a s  supported by a contract 
from rhe NIKC'AM instrument project a t  the University o f  Arizona. 
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Relative to ground-based telescopes, the James Webb Space Telescope (JWST) will have a substantial sensitivity 
advantage in the 2.5-5pm wavelength range where brown dwarfs and hot Jupiters are thought to have significant 
brightness enhancements. To facilitate high contrast imaging within this band, the Near-Infrared Camera (NIRCAM) 
will employ a Lyot coronagraph with an array of band-limited image-plane occulting spots. In this paper, we provide 
the science motivation for high contrast imaging with NIRCAM comparing its expected performance to Keck, Gemini 
and TMT. We then describe our design for the NIRCAM coronagraph that enables imaging over the entire sensitivity 
range of the instrument while providing significant operational flexibility. We describe the various design tradeoffs that 
were made in consideration of alignment and aberration sensitivity issue and present contrast performance in the 
presence of the expected optical aberrations. Finally we show an example of a two-color image subtraction that can 
provide 10" companion sensitivity at sub-arcsecond separations. 

Keywords: Coronagraph, high contrast imaging, extrasolar planets, protoplanetary disks, NIRCAM, J WST 

1. INTRODUCTION 

NIRCAM is onc of the primary science instruments for the James Webb Space Telescope which will conduct imaging 
surveys in broad, intermediate, and narrow-band filters in order to attack a wide range of problems from detecting first 
light objects in the early universe to questions concerning the origin and evolution of planetary systems (Riekc et al. 
2003). An exciting application of NIRCAM will be the search for planetary companions orbiting a variety of stars as 
well as the study of gas and dust disks from which planets form. This paper addresses the observations possible with 
the NIRCAM coronagraph in two ways. In the first part of the paper, we use a simple parameterized model of 
coronagraphic performance to compare JWST with different ground-based telescopes to understand JWST's unique 
discovery space. This analysis shows that JWST is uniquely suited to find and characterize planetary mass companions 
orbiting stars beyond 0.5-1" in the 3-5 pm region. Potential targets include the nearest young M, L and T stars, a few 
nearby stars with planets known from radial velocity studies, and the nearest young stars. With JWST we can take full 
advantage of the fact that Jupiter-sized bodies emit strongly in the 4.8 pm region (Burrows et a1 1997; Sudarsky et al. 
2000) to find low mass objects inaccessible at shorter wavelengths. Secondly, the JWST point spread function will bc 
extremely stable on the timescale of hours compared to ground based telescopes equipped with adaptive optics. Thus, 
even at 1-3 pm, the NIRCAM coronagraph will be well suited for the study of very faint, diffuse structures such as 
protoplanetary and debris disks around bright stars. The second part of this paper describes a detailed model of the 
JWST coronagraph based on a complete diffraction analysis of the JWST optical system. This model will be used by the 
NIRCAM team to make accurate performance predictions and to assess tradeoffs in the design of NIRCAM as the 
instrument and telescope evolve. 

Furlher author information: 
E-mail: Joseph.J.Green@jpl.nasa.gov, 4800 Oak Grove Dr., M/S 306-336, Pasadena CA 91 109. 



2. SCIENCE GOALS 

2.1. Search for Planetary Companions 

Over the next 20 years searches for planetary companions will eventually become sensitive to Earth mass planets in the 
habitable zone (-1 AU) using the Terrestrial Planet Finder. Today, the state of the art in direct detection has identified a 
warm gas giant planet in a wide orbit around a nearby young (- 10 Myr) brown dwarf (Chauvin et al. 2005). JWST 
represents an important intermediate step in this evolving set of capabilities. As described in this paper, JWST will be 
able to search for Jupiter-sized planets in the following nearby systems: 

At a wavelength of 4.8 ym, self-luminous Jupiters (1-5 MJup) orbiting M stars and brown dwarfs as old as 5 Gyr 
will be detectable at > 5 AU in perhaps two dozen systems. In particular, observations at 4.8 pm will bc 
important where Jovian planets are thought to be very bright relative to shorter wavelengths (Burrows et a1 
1997; Sudarsky et al. 2000). These objects are likely to be undetectable at shorter wavelengths using ground- 
based telescopes. 

Self luminous Jupiters (> lMJup) with ages less than 100 Myr will be observable at orbital radii beyond 25 A U  
(-1" at 25 pc) around a few hundred young stars within 25-150 pc at wavelengths longward of 3 pm. Ground- 
based observations using adaptive optics have already found such objects at 1-2 pm and will doubtless find 
more in the coming years (e.g. Chauvin et a1 2005). However, JWST can provide important information in the 
3-5 pm region for known objects using a variety of medium and narrow band filters, as well as finding older, 
cooler objects invisible at 1-2 pm. 

While Jupiters confirmed to exist from radial velocity studies will probably NOT be detectable by JWST 
(Burrows et al. 2004), planets at greater orbital separation around the most favorable RV systems previously 
studied might be detectable (e.g. E Eri, 55 Cnc, 47 Uma; Burrows et al. 2004). The existence of such planets is 
often suspected from as yet incomplete RV datasets. 

2.2. The Search for Protoplanetary and Debris Disks 

The study of jets and outflows from young stars guides our understanding of the star formation process as well as the 
assembly of disks that are a necessary prerequisite to planet formation. The study of rings, gaps, and asymmetric 
structures in disks surrounding mature stars can yield tantalizing clues to the evolution of planetary systems, e,g. Kalas 
et al. (2005) and Ardila et al. (2005). For these studies we need to block the light from the central star in order to reveal 
the presence of primordial disks (arising due to the conservation of angular momentum during the star formation 
process) or debris disks (dust generated through the collisions of planetesimals). Primordial disks can bc quite bright 
relative to the parent star, but we wish to study them in narrow spectral bands (- 1% filters) to isolate atomic and 
molecular emission lines. Debris disks are very faint compared to the central star so that the ability to reject starlight at 
extreme levels is essential to see disks 100-1000 times brighter than our own zodiacal cloud. Observations of these 
disks (seen in reflected light) in moderate passbands (10%) will enable us to study the morphology of disks and to look 
for broad mineralogical features. The great stability of the JWST operating above the atmosphere will allow us to 
remove residual starlight to reveal faint diffuse structures around nearby stars. 

Recent surveys with the Spitzer Space Telescope have revealed dozens of these debris disks. Models of the spectral 
energy distributions assembled from Spitzer data are often degenerate with multiple solutions capable of explaining the 
observations. Small particles achieve the same equilibrium temperature as larger particles at larger distances from the 
star, leading to vastly different physical conditions and inferred planetary configurations. For example, 0.5 micron 
grains will achieve a temperature of 40 K at a distance > 300 AU from the central star while 50 micron grains will reach 
the same temperature at < 50 AU. A high performance coronagraph on JWST operating at wavelengths from 0.8-2.3 
pm will enable us to resolve these disks, brcaking such model degeneracies as well as search for asymmetries in 
scattered light which are the tell-tale signs of planets (e.g. Kalas et al. 2005). Narrow-band spectroscopic observations 
will enable assessment of the composition of the dust in these disks and contribute to our understanding of how volatiles 
such as water and organic material are transported in planetary systems through scattering of planetesimals (e.g. Emery 
& Brown 2003). Such processes are thought to have occurred early in our solar system's history and represent one piece 
of the puzzle concerning how life arose on our planet. 



Table 1. Telescope parameters for science modeling. 

Telescope 
Parameter 

JWST Keck Gemini-ExAO TMT 
Diameter (m) 6 10 8 30 
Segment (m) 1 .OO 1.80 

Overall Eficiency 0.50 0.25 
Emissivity 0.10 0.30 

Temperature (K) 45 290 
Wave Front Error (nm) 130 300 
Strehl Ratio (2.2 mm) 0.871 0.480 
Strehl Ratio (4.8 mm) 0.971 0.857 

Seeing (", FWHM) 0.000 0.250 
Airglow (<2.2 mm, MJyisr) 0 100 

Limiting Q (planethalo)* 0.100 0.500 
*Increase ground based telescopes by x5 for diffkse emission 

2.3. Parameterized Performance Model 

By its launch in 2012, JWST will be neither the largest telescope nor have the lowest level of uncorrected wavefront 
error. Eight to ten meter ground-based telescopes such as Keck, Gemini, or the VLT will be in operation, some with 
extreme Adaptive Optics systems capable of a high degree of correction in a small field around a bright star. There may 
even be a 30 m telescope (TMT) with a very small diffraction limited beam. While the ground based telescopes suffer 
from high thermal or OH backgrounds that greatly reduce their sensitivity relative to a space-based system, the noise 
floor in a coronagraph, particularly very close to the star, can be set by diffracted or scattered starlight, not large-scale 
backgrounds. Thus it is important to develop a simple model that takes these different effects into account in comparing 
different telescopes. 

Table 1 lists the characteristics of the four idealized telescopes we consider in this analysis: JWST, Keck with its 
existing Adaptive Optics (AO), Gemini with an illustrative Extreme A 0  system, and a 30 m telescope with modest AO. 
To calculate the background noise we first evaluate the uniform background from thermal emission and/or airglow. To 
this we add the diffracted and scattered starlight, which we assume, follows a core-halo distribution outside the inner 
working angle (IWA=I;VD at a wavelength h and a telescope of diameter D). Thus, the surface brightness, I(R), in the 
image plane at a distance R from the star (outside the IWA) is given by 

I ( R )  = Thermal + Airglow + Strehi-a- + (I - Strehl) exp - 1.665 - ( [  FWHM 

where a is a constant derived from considering the energy not encircled within the IWA and assuming the radial 
dependence of the diffracted energy is proportional to (~l(x)/x)~ with x= 2nR(D/2)/A. For the ground-based telescopes 
the scattered starlight, (1-Strehl) of the total, follows a Gaussian distribution with a 0.25" FHWM. For JWST with no 
atmosphere, we assume that the residual (I-Strehl) scattered light falls in a Gaussian halo with a size given by the 
diffraction from a segment, FHWM=WDs,,,,,. Eqn. (I)  gives the intensity in the image plane in the absence of the 
coronagraph. A perfect coronagraph would, of course, complete remove the stellar terms in Eqn. (1). 

To take into account the limited performance of thc coronagraph due to residual wavefront errors and aberrations, we 
assume that the coronagraph attenuates the starlight terms in Equation (1) by a factor of (1-Strehl). Thus, the better the 
wavefront error, the better the Strehl and the lower the effects of residual starlight. Figures la,b show the backgrounds 
in the focal planes for four telescopes at 1.25 and 4.8 pm assuming that either a 5 or 10 mag star is being observed. At 
1.25 pm the 5 mag star dominates the background for the ground-based telescopes out to Re1 -1.5" when the airglow 
limit is reached. For JWST the 5 or 10 mag star dominates the zodiacal scattered light well beyond this radius. At 4.8 
pm, the ground-based thermal background dominates the stellar background at all radii, but for JWST the residual 



stellar background from a 5 mag star dominates the zodiacal emission well beyond 1.5". Residual starlight is an 
impoaant noise source for IWST and reduces the advantages of its low thermal background close to a bright star. 

--.la- 

Figure 1. Residual backgrounds in the focal plane due to scaltered and diffracted starlight, telescope and atmospheric backgrounds 
(if any). Curves are shown for a central star of 5 (open symbols) or 10 mag (solid lines and symbols) as a function of separation from 
the star and for four telescopes as described in Table 1: JWST (squms), Keck (circles), Gemini with extreme adaptive optics 
(triangles), and 30 m TMT (diamonds). 

To calculate the sensitivity limit for point sources we integrate for a time, z, withim a diffraction-limited beam of 
AQ=~'  and a total optical efficiency E. In the simplest case, the noise would be given by the square root of the number 
of collected noise electrons, and additional integration time would ameliorate the effects of increased background. More 
realistically, however, wavefront emom produce residual "speckles" in the image that result in a corrugated background 
of faint false sources against which one must fmd a true, faint point source. The brightness of these speckles is 
approximated by the residual stellar surface brightness at a position R, I(R) in an A&A' beam, that produces a noise 
floor that does not improve with integration time. Because the speckles are a futed pattern noise, various techniques can 
reduce, but never eliminate, this noise source, we inmduce the parameter Q which describes how far below the residual 
stellar brightness we can still fmd sources. We adopt Q=0.1 for JWST and an extreme A 0  system on Gemini on the 
assumption that the stable environment of space or a high speed A 0  system with scintillation correction will allow these 
telescopes to reach well below the residual stellar halo. For Keck and TMT we adopt Q=0.5 which is close to present 
day values (Dekaney et a1 2005). For the study of protoplanetary and debris disks the critical parameter is the limiting 
surface brightness which has, to date, proven to be a much more challenging observational problem for ground-based 
than space-based telescopes due to rapidly time variable atmospheric effects. To account for the ground-space 
differences in calibrating images to look for diffise emission, we increase the Q factor in the model calculations by a 
factor of 5 for the ground-based telescopes. 

2.4. Model Results 

Figures 2a-d summarize the limiting performance for planet detection at a signal to noise ratio (SNR) of 10 in r 1 0 4  sec 
and a 25% spectral bandpass with the four telescopes for a planet orbiting a 5 or 10 mag star at four infrared 
wavelengths, 1.25, 2.2, 3.4, and 4.8 pm and for separations out to 3". The curves show that at short wavelengths, 1.25 
and 2.2 pm, JWST is at a defmite disadvantage relative to either any of the ground-based telescope within 1.5" of either 
a 5 or 10 mag parent star, but especially when compared to an 8 m telescope with extreme AO. At 3.5 pm an extreme 
A 0  system has a slight advantage out to 1" for a 5 mag parent star at which point the low intrinsic background of JWST 
takes over and gives the space-based telescope a great sensitivity advantage. For a 1 0 ~  mag parent star, the JWST 
coronagraph bas an immediate sensitivity advantage at all separations. Finally, at 4.8 pm, JWST has a enormous 
sensitivity advantage relative to the ground-based telescopes for all separations and parent star magnitudes; only the 30 
m TMT system comes close in performance within the central 1". 
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Figure 2. . Limiting companion magnihule for signal to noise ratio (SNR) of 10 in 10' sec for a planet orbiting a star of brightness 
=5 (open symbols) or 10 mag (solid lines and symbols) as a function of separation. Curves are shown for four telescopes as described 
in Table 1: lWST (squares), Keck (circles), Gemini with extreme adaptive optics (hiangles), and 30 m TMT (diamonds). 

Figure 3 compares the performance of the four telescopes for the study of debris and planetary disks. Reaching a 
limiting surface brightness of 100-1,000 times the brighbless of our own zodiacal cloud (a few tenths of a MJy/sr) is 
possible within 1-3" of a 5 mag star. Much lower levels would be achievable around a fainter T Tauri star like TW Hya 
(Roberge, Weinberger, Malumuth 2005). In this case only Gemini using extreme Adaptive Optics performs comparably 
to JWST in the 1-2 pm region within 1-2". At greater separations and at longer wavelengths, JWST has important 
advantages in lookmg for disks due to the stability of its residual scattered light and low backgrounds. Finally, we note 
that the use of an optimized coronagraph in an unaberrated beam and the stability of a telescope in an L2 orbit should 
give JWST significant advantages relative to HST in looking for debris disks (Kalas et a1 2005). 

In summary, the performance models suggest that although at 1.25 and 2.2 pm large ground based telescopes equipped 
with extreme Adaptive Optics will be superior for riding faint companions within 3" of bright parent stars, JWST will 
be a powerful competitor for fainter target stars, i.e. young T Tauri stars, or at distances beyond -3". At wavelengths 
longer than 2.2 p, the natural advantages of a cold telescope above the atmosphere quickly reassert themselves 
making JWST the premier facility for findimg faint companions close to bright stars. The stability of the residual 
starlight in the NIRCAM coronagraph will make it possible to identify faint structures in protoplanetary and debris 
disks. 



Figure 3. Limiting surface brightness for signal to noise ratio (SNR) of 10 in 10' sa: for dink% emission near a star of brightness = 
5 (open symbols) or 10 mag (solid lines and symbols) as a function of separation. Curves are shown for four teleswpes as described 
in Table 1: JWST (squares), Keck (circles), Gemini with extreme adaptive optics (hiangles), and 30 m TMT (diamonds). 

3. NIRCAM CORONAGRAPH DESIGN 

3.1. NIRCAM Accomodations for Coronagraphic Elements 

The accommodations for NIRCAM high contrast imaging are well suited for the implementation of a Lyot coronagraph. 
Lyot coronagraphs use a combination of a focal plane occulter and downstream pupil stop to suppress stellar diffracted 
light. If the occulter is apodiied such that it forms a band-limited function, then the stellar diffracted light can be 
perfectly eliminated (Kucher and Traub 2003). 

At the focus after the NIRCAM pickoff mirror, there is place for an m y  of 5 occulting spot, each one supporting a 
20"x20" FOV. There is a filter wheels at a subsequent image of the pupil where there is space for two Lyot stops. The 
plate that contains the occulting spot array is outside the nominal NIRCAM FOV. To bring these into to view, there is a 
wedged-glass plate co-located with each Lyot stop. When aligned two the beam, the wedge offsets the focal-plane FOV 
to enable. While there is a single occulting spot array for the entire NIRCAM insttument, there are two Lyot stop slots 
available for both the long- and short-wave arms in each of the two cameras. 

3.2. Coronagraph Designs 
As motivated by our science analysis, there is desire to image both faint (-lo5) companion sources and extended 
objects and at sub-arcsecond inner working angles (IWA). Competing with these objectives are the realities that JWST 
presents to the instrument. With the diffracted light from a 6.5m segmented aperture, one has to compromise between 
the IWA at the longest wavelength of interest with the throughput of subsequent Lyot stop design. 

In Fig. 4, we show the m y  of occulting spots suitable for NIRCAM high contrast imaging. Within each spot we show 
the limiting imaging wavelength and identify which Lyot stop is compatible. In our m y ,  we selected 3 radial- 
sombrero2 occulting spots that have intensity transmission of the form 
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Figure 4. The NIRCAM occulter designs are shown along with the optical-filter compatibility range and Lyot stop . requirement. The Lyot stop designs are shown later in Fig. 5. 

The size of occulting spot ultimately determines the IWA. While we would Lie to make this as tight as possible, the 
resulting efficiency in the Lyot stop design becomes a worse for smaller occulters. In addition to blocking the residual 
diffracted stellar light, the Lyot stop must be desensitized to potential misalignments of the nominal pupil image. As 
can be seen in Fig. 5, this desensitization has the consequence of greatly reducing the Lyot stop efficiency. Thus the 
occulter is made larger to enable a reasonable efficiency at the cost of IWA. Given these trades, we found with F480M 
fdter (L=4.8pm *5%), the tightest practical IWA was about 1.25". This is where the occulter transmission reaches 
50%. While all other filters wiU work with this design, we also provide 1.00" and 0.75" occulting spots that enable 
smaller IWA while using filters at shorter wavelengths. These small spots work with shorter wavelength because the 
residual diffracted light at the Lyot pupil is dictated in part by the ratio of the spot size to the point-spread function. 

In addition to these three spots, we have specified two linear-sinc2 occulters with intensity transmission of the form 

As can be seen in Fig. 4, these occulters have a spatially variant width. This adds a lot of operational flexibility to tune 
the coronagraph to optimize the IWA for any filter. In Fig. 6, we show the nominal pointing objectives that provided 
the tightest IWA for each filter in the long-wave ann of NIRCAM. If the pupil image alignment error exceeds the 
expected -2.5%, these pointing objectives can be s h i i  towards the wider end of the occulter. Likewise, if the pupil 
alignment is better than expect, the pointing objectives can be shifted to tighten the IWA as much as possible. 

Figure 5. An example of the residual diffracted stellar light at the NIRCAM pupil is shown (left) along with the required Lyot stop 
designs (right) that are matched with the occulting spots shown in Fig 4. The Lyot stop designs are shown with an contour line 
overlay of the JWST pupil image. The openings in the Lyot stops are in black while the gray areas are masked out 



Figure 6. The pointing objectives that optimize the IWA per filter in the long-wave arm are shown. For a given stellar alignment, the 
coronagraph will work for all filters shorter than and including the one shown in the figure. 

4. HIGH CONTRAST IMAGING PERFORMANCE OF THE NIRCAM CORONGRAPH 

While the coronagraphs are well designed to eliminate the diffracted light from the JWST aperture, there is high level of 
scattered light caused by the optical aberrations. The wavefront error (WFE) in JWST will result from residual 
misalignments of the hexagonal segments and the secondary mirror as well as in the segment figure and surface quality 
that is achieved during polishing. In Fig. 7 we show an example realization of WFE that is consistent with the error 
budget for the telescope optics. We do not include the WFE allocated to NIRCAM in this analysis because the 
coronagraph suppressed the starlight before these errors are encountered. Also shown is the nominal imaging contrast 
that is obtainable without and with the 1.25" radial-sombrero2 coronagraph using the F480M filter. Contrast is defined 
as the integrated scattered light in a diffraction-limited resolution spot, normalized by the coronagraph mask throughput, 
and divided by the light from the star that would he present without a coronagraph mask (Green & Shaklan 2003). 

In Fig. 8, we show 3-0 contrast overbounds to the azimuthally averaged contrast for nominal imaging performance as 
well as the coronagraphic performance with three states of WFE. These states represent the expected operational WFE 
(11 lnm rms) as well as states half the segment misalignments (87nm rms) and with just the segment fabrication errors 
(3 lnm rms). In this figure we also show the performance of hard-edged occulter with an equivalent IWA. Even in the 
presence of substantial WEE, Using an apodized occulting spot facilitates a tighter IWA while reducing the residual 
starlight in the focal-plane by a factor 10. 

F4ROM with 1.25" Radial-Somb' 
Optical P& Difference Map F480M wio Comnagraph 

Figure 7: An example of the expected operational telescope wavefront error is shown (let?) along with the imaging contrast one 
obtains without and with a coronagraph. 



Figure 8. 3-0 contrast over bounds to the azimuthally averaged contrast are shown for both the nominal (non-coronagraphic) 
imaging performance as well as for the coronagraphic imaging performance with three different states of WFE. The curves on the let? 
represent the performance of the 1.25" radial-sombreroz occulter with the F480M filter. The curves on the right show thc 
performance of a hard-edged radial-disk occulter. 

Ultimately, we are interested in detecting sources that are fainter than the residual scattered light cause by the WFE. 
JWST will present images that posses very stable speckle patterns that may be calibrated out to an extent. The 
potential approaches include simple schemes such as roll-and-subtract imaging and calibration star subtraction to 
complex schemes where the speckles are estimates though post-coronagraph wavefront sensing that uses the NlRCAM 
pupil imaging mode (Green et. al. 2005). Here, we consider a multi-color image subtraction scheme. In Fig. 9, we 
show two images taken through the 1.25" radial-sombrero2 occulter using the F356M and F390M filters. To  suppress 
the speckles while leaving any potential companions intact, we combine the images as 

d v ( ~ , y ) = i m g , ( x , ~ ) -  (4) 

where hl=3.56~m and &=3.90pm. This difference images, also shown in Fig. 9, nicely reveals the 1 x 1 0 ~  point source 
at a 0.75" separation. Additionally, the 1 . 5 ~ 1 0 . ~  sidelobes to the companion PSF are also quite visible. This simple 
subtraction technique suppressed the stellar speckles by a factor of 5-10. 

Figure 9. Example of multicolor image subtraction is shown. The images on the let? show the residual scattered starlight along with 
a lo4 companion at 0.75". The images have been processed to normalize out the 1.25" radial occulter transmission function. After 
the F390M is appropriately rescaled and resampled it is subtracted off from the F356M image to yield the image on the right. 



5. CLOSING REMARKS 

J WST will be the premier facility for conducting coronagraphic searches for planets and protoplanetary disks in the 3- 
5pm range. As we have shown, the array of occulting spots in NIKCAM can provide a great range of operational 
flexibility to optimize the science return. While we have shown a method for speckle subtraction ala speckle 
deconvo\ution, there remains other potential scheme that may offer significant advantages. In particular, we plan to 
explore wavefront sensing based schemes that may enable better speckle subtraction in the presence of extended objects 
(debris disks, jets ect.). We will also looks at ways of employing more efficient Lyot stops. This would require using 
the actuated pickoff mirror in NIRCAM to better align the pupil image to the Lyot stops. The more efficient Lyot stops 
would potentially offer the ability to conduct deeper searches faint companions close to bright stars. 
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