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ABSTRA CT

We describe a 1-meter spacetelescoge plus free- ying occulter craft missionthat would provide direct imaging
and spectroscopicobsenations of Jovian and Uranus-sizedplanets about nearby stars not detectable by Doppler
techniques. The Doppler technique is most sensitive for the detection of massiwe, close-in extrasolar planets
while the use of a free- ying occulter would make it possibleto image and study stellar systemswith planets
comparableto our own Solar System. Suc a missionwith a larger telescope hasthe potential to detect earth-like
planets.

Previousstudiesof free- ying occultersreported advantagesin having the occulting spot outside the telescope
comparedto a classicalcoronagraphonboard a spacetelescope. Using an external occulter meanslight scatter
within the telescope is reduceddue to fewer internal obstructions and lesslight ertering the telescope and the
polishing tolerancesof the primary mirror and the supporting optics can be lessstringent, thereby providing
higher cortrast and fainter detection limits. In this concept, the occulting spot is positioned over the star by
translating the occulter craft, at distancesof 1,000to 15,000km from the telescope. Any source within the
telescope eld-of-view can be occulted without moving the telescoge.

In this paper, we presen our current concept for a 1-m spacetelescope matched to a free- ying occul-
ter, the Umbral Missions Blocking Radiating Astronomical Sources(UMBRAS) spacemission. An UMBRAS
spacemission consistsof a Solar Powered lon Driv en Eclipsing Rover (SPIDER) occulter craft and a matched
(apodized) telescope. The occulter spacecraft would be semi-autonomous,with its own propulsion systems,
internal power (solar cells), communications, and navigation capability. Spacecraftrendezwous and formation
ying would be achieved with the aid of telescope imaging, RF or laser ranging, celestial navigation inputs, and
formation corntrol algorithms.
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1. INTR ODUCTION

Our studies have shownn free- ying occulters to be a promising meansto detect and study nearby extrasolar
planets!'? At optical wavelengths, corvertional Lyot coronagraphshave at best achieved cortrast enhance-
merts of 10% in the 5-10 Airy ring annulus. Simulations of an apodized telescoge suggestthat a cortrast
enhancemeh of 10° could be achieved in the sameannular region. Further simulations of an apodized tele-
scope in combination with a free- ying occulter indicate that the corntrast enhancemen could be boosted to

10°. Thus, a space-basedapodized telesco plus external occulter system will be able to directly detect
(image) extrasolar planets. The formation con guration of a spacetelescope/occulter systemis presered in
Figure 1.
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Figure 1. Relative con guration of an occulter operating with a spacetelescope. The view is from above the plane
containing the Sun, occulter, and telescope. The separation and sizesof the occulter and telescope are not drawn to
scale.

1.1. Telescope/Occulter Mission Concept

The history of examining free- ying occulters asa meansto seart for extrasolar planets can be traced bad to
Lyman Spitzer's (1962) brief analysis of the concept which he attributed to R. Danielson3 Woodcock (1974)
extended Spitzer's analysisand suggesteda parasol-like spacecraftdesign? Marchal (1983, 1985)further found
that the ability of an occulting screento suppressstar light varied strongly with screenshape.> ©

In the mid-1990s, Copi and Starkman (1997) proposed the Improved Resolution and Image Separation
(IRIS) satellite to sere as a space-lorne occulter for either ground or spacetelescogs/ Evolving from
the IRIS concept, the Big Occulting Steerable Satellite (BOSS) was an apodized occulter suggestedto work
with space-basedelescops®'® Recerily, the sameteam has proposed X-BOSS to operate with x-ray space
telescopes?!

In a seriesof papers and poster presenations, we have dewveloped di erent telescop/free- ying occulter
schemes,collectively called the Umbral MissionsBlocking Radiating Astronomical Sources(UMBRAS) project.
We have explored the problems of deployability, formation ying, survivability and redundancy, operations,
scattered light suppression,and vehicle dynamics and cortrol. -2 1215 Early investigations concerrated upon
operating constraints, sciencegoals,and occulter design. Systemsanalysisled to more sophisticated operations
modeling and a formation cortrol concept!* Seweral occulter designshave emergedfrom this analysisincluding
a Discovery-class1-m telescog mission !> 16

1.2. Distinct Adv antages

Thesepreliminary studiesclearly indicate that free- ying occulters provide distinct advantagesover corvertional
coronagraphs. First, a free-ying occulter can substartially reduce the amount of starlight that enters the
telescope. This reducesbadkground light scattered into the focal plane, thus enhancingthe planet detection



limit. Since the occulter is not built into the telesco as an add-on instrument, scattered light is further
reduced without additional optical surfacesand apertures. In addition, fewer optical surfacestranslate into
lesssignal loss. There are no unwanted di raction spikesfrom coronagraphic supports, and the complexity of
internal instruments is reduced.

Di culties with convertional coronagraphs,which result from small scaleimperfectionsin componernt ma-
terials and their manufacturing processesare avoided with an external occulter. Precisealignment of internal
coronagraphicmasksis often impossibledue to drifts which a ect the quality of the achievable science.Masks
are not neededfor a matched apodized telescope and external occulter system. Moreover, external occulters
promise high levels of knowledgeand cortrol of on-target alignment. External occulters canbe usedwith any fo-
cal plane spectrograph or camerawithout adding extra apertures, re ecting or refracting surfaces,or additional
di raction edges.

The principal outcome of our investigations of an apodized telescope plus external occulter systemis the
designfor a Discovery-class1-m telescope mission. This system will be of low cost and require minimal tech-
nological developmert. The external occulter technique has more relaxed metrology requiremerts than those
neededby other methods now being consideredfor the Spacelnterferometry Mission (SIM) 17 and the Terrestrial
Planet Finder (TPF) mission® which implies a lower required level of technological developmert. Together,
thesesuggestthat a 1-m apodized telescope plus external occulter systemcan achieve many of the Astronomical
Seart for Origins (ASO) sciencegoalsand will alsotest formation ying conceptsand techniques for TPF.

2. THE CURRENT UMBRAS CONCEPT

UMBRAS is a two spacecraft system comprised of a telescope and a free- ying occulter, known as a Solar-
Powered lon-Driven Eclipsing Rover (SPIDER). A 1-m telescope and SPIDER could be bundled together and
launched from a single launch vehicle, possibly on an Atlas IIAS. Alternately, the SPIDER spacecraft could
be deliveredto orbit from a separatelaunch vehicle, which could be either an expendablerocket or the Space
Shuttle. Figure 2 depicts a preliminary conceptual designfor the SPIDER spacecraft!
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Figure 2. SPIDER overview. The four main structures are the occulting Screen,the Sun Shade, the spacecraft Bus,
and the Solar Panels. The propulsion unit is not showvn. Top view is referencedfrom the pole of the plane containing
the Sun, telescope, and occulter.

2.1. Propulsion and Attitude Control

The SPIDER craft must be ableto move thousandsof kilometers betweentarget stations, to perform rendezous
maneuwers, target acquisition, and formation control in the inertial frame of the telescope. Solar electric
propulsion providesthe minimum speci ¢ impulse and thrust necessanto achieve reasonabletarget obsenation



rates in an occulter mission. Short bursts from onboard thrusters would provide the maneuwerability necessary
to achieve and maintain formation cortrol.

Both Earth-trailing and Earth-Sun Lagrange Point L2 orbits are feasible options for the solar-electrically
propelled occulter mission. Due to downlink bandwidth advantagesand the current preferencefor placing space
telescopsat L2, we have focusedon L2.

2.2. Target Acquisition & Formation Flying

The primary requiremerts of the UMBRAS mission are to achieve formation cortrol of the SPIDER with the
spacetelescoe and to maintain the occulter on the target-telescope line-of-sight (TTLOS) vector. Target
acquisition requiresthe telescope to have onboard image processingcapabilities to independerly identify and
locate the target and the SPIDER within the eld-of-view (FOV) and to store the imagesand locations for
later use. In addition, a command link must be establishedbetweenthe telescope and the SPIDER. Once the
SPIDER is within the imaging instrument's FOV, formation cortrol thrust sequencesreinitiated asdetermined
by scienceimaging requiremens for ead obsenation. The automated tasks are cortrolled by the SPIDER's
attitude and translational cortrol system (ATCS). This target acquisition and formation cortrol scenariois
basedin part on experience of the authors with target acquisition and slew commanding capabilities of the
Hubble SpaceTelescog (HST) scienceinstrumentation. 14

2.3. Occulting Screen

The occulter, squareor any other shape, acts asan opaqueapodizing screen'® and redistributes the remaining
star light over the telescope aperture. The purpose of apodizing the telescope aperture is to redistribute the
intensity of the light in the wings of the stellar point spreadfunction (PSF), thus increasingthe cortrast at the
position of the planet.

In order to block the target starlight su cien tly, the size of the occulter screenmust be at least the size
of the telescope aperture. The occulter has a minimum operational distance from the telescog of 1,000
km, otherwise it blocks too much of the area of interest surrounding the target star. The alignment of the
occulter along the TTLOS must be maintained for the duration of the sciertic obsenation to within a small
fraction of the dimensionsof the occulter and to within a fraction of the angular resolution of the telescope's
optical con guration. In addition, the occulter must be designedto minimize the scattering of sunlight into the
telescope.

2.3.1. Diraction Sim ulations

The physical size of the occulter and its distance from the telescope are major factors in the resulting on-axis
light intensity and the averageintensity over the aperture. The larger the physical sizeof the occulter for a given
distance from the telescope, the greater the reduction in the light entering the telescope aperture. Howewer, the
occulter sizemust still be small enoughor the telescope-occulter separationbe large enoughto maximize the size
of the planetary detection zone. Optical di raction simulations for a 1-m apodized telescope and 10-m occulter
are presented in Figure 3. The simulation consist of a Fresneldi raction propagation to the entrance aperture
of a square telescope; then a Sonine apodization mask is applied at the ertrance aperture; then Fraunhofer
propagation is usedto propagate to the focal plane. They indicate that a 1-meter apodized telescope/external
occulter system can achieve 10° suppression,or more, in the wings of the PSF. In another paper in this session
[Lyon 4860-47],it is shown that using another more optimal apodization that 10*! suppressioncan be achieved.

The optical modeling indicates that a 1-m apodized telescope plus occulter (5-15 m in size) could be usedto
detect and study Jovian-size planets around the neareststars including somealready known to have extrasolar
planets. A faint planet could be detected betweenthe bright fringes in the di raction spikes, but would more
likely be detectable in the low intensity regionsbetweenthe di raction spikes.



Figure 3. Left, diraction simulations (1 ) for a 1-m square aperture telescope + 10-m square occulter separated
by 1,000 km. The log-stretch images shov unapodized and apodized results for a point source. The bright spots are
the stellar PSF leaking over the occulter edges. Right, diagonal slicesthrough ead image trace the diraction pattern
modulations. Vertical scaleis relative to the unocculted peak intensity normalized to unity. Gray slice is the square
aperture telescope + 10-m square occulter without Sonine apodization, and the dark slice is with the Sonine apodization
applied.

2.4. Imaging Performance

Modeling of the point spreadfunction (PSF) for a 1-m apodized telescoge/free- ying occulter systemwith /100
to /200 optics rms surface error yields PSF intensity of 10 8 at /D = 3.5 for the normalized telescope,
where D = mirror diameter. This indicates that Jupiter-lik e planets (at 5 AU) could be detected around stars
at distancesasgreat as 14 pc. For comparison,assumingthat PSF relative intensities of 10 & are achievable
for =D  3:5, Table 1 indicates the required exposuretimes to obtain a S/N=10 detection for Jupiter (5 AU)
around selectedstars.

Table 1. Estimated visual magnitudes/pro jected maximum angular separations (° of a Jupiter-lik e planet orbiting
other stars. The estimated exposure time (ExpTime) is for a Jupiter-lik e planet observwed in the V-bandpass with a 1-m
telescope and CCD camera. (ExpTime scaledfrom the WFPC2 Exposure Time Calculator (ETC).)

Star mv | Dist. | Sp.Type Jupiter ExpTime | ExpTime
(pc) mv | MaxSep | (S/N=3) | (S/N=10)
Eri 3.73| 3.2 K2 v 25.4 ] 1.62% 130sec | 1,300sec
Ceti 3.50| 3.7 G8V 24.7 141 105 1,050
Altair 0.77| 5.1 A7V 22.4 1.01 7 70
Fomalhaut | 1.16 | 7.7 A3V 22.8 0.68 15 150
55 ICnc [595| 125 | G8V 27.6 0.42 1,000 10,000
And 4.09| 134 F8V 25.7 0.38 150 1,500

If a 10-m wide occulting screenwere operated at 10,000km from the telescope, the screenwould appear
0.2%%across (half width 0.1° and would attenuate target starlight by a factor of 60 in the visible. Five of
the currently reported Doppler-detected Jovian planets reac as far as 0.15°separation (47 UMa ¢, Eri b,
HD 39091b,HD 145675b, And d) and might be directly imaged with this technique when near maximum
elongation. Exposuresof 1,000secfor a 1-m telescope/occulter would easily detect these planets and would
provide low resolution spectrophotometry for the brightest planets. A mission of this type could determine if
additional Jupiter-lik e planets (i.e. beyond =D = 3:5) exist around these stars.



3. A TYPICAL OCCUL TER MISSION

A typical occulter mission consists of mission operations, scienceplanning, and data managemen. Here we
assumethat the delivery of the telescope and SPIDER craft are provided by a single launcher to the Earth-Sun
L2 locale.

3.1. Mission Op erations

The missionplan will consistsequenially of launch, delivery and deployment, and the sciencephase. The science
phase of operations for ead target will cycle between maneuwering the SPIDER between targets, alignment
along the TTLOS, target acquisition, and formation cortrol. Target-to-target maneuwers needto be e cien t
to optimize target obsenation rate and propellant consumption. L2 operations will be conducted similarly to
how the Microwave Anisotropy Probe (MAP) ?° and the Solar and Heliospheric Obsenatory (SOHO)?! mission
operations are conducted, while scienceplanning and scheduling may contain elemers similar to those in the
HST and Chandra?? ground systems.

Upon completion of scienceobsenations for a target, the occulter vehicle will reoriert itself in preparation
for transit to the next TTLOS and begin acceleratingtoward it. The vehicle architectures we have explored all
provide only a minimum number of solar-electric thrusters, and so require a turnover maneuwer at mid transit
in advance of deceleratingtoward the inertial frame of the telescope for rendezwus at the next TTLOS. The
transit maneuversare largely pre-planned, however timing of the acceleration,deceleration,and turnover phases
may be adjusted in- igh t from analysisof the trajectory either by ground support sta or by onboard navigation
analysisalgorithms. Deep Spacel successfullyuseda related technique to cortrol its own igh t path numerous
instancesin its mission.?3

More than one SPIDER craft moving about the telescope would improve the observing rate for occulted
obsenations. With two SPIDER craft, onecould obsene a planetary systemwith SPIDER #1 and cortin ue the
obsenations when SPIDER #2 arrivesfor a secondvisit. In principle, the e ciency of occultation obsenations
would be doubled.

3.2. Science Planning

Daily and long range planning of scienceobsenations will be the responsibility of the ground support sta.
While occultation obsenations would be fairly rigorous to plan and execute,they presern unique opportunities
to obtain additional unsdeduled scienceobsenations. \Realtime" monitoring of the scienceobsenations would
allow spectrophotometric and spectroscopicobsenations to be added to the mission schedule in the evert of
planetary discoveries. In addition, occultation obsenations could be obtained of low-massstellar and brown
dwarf companionsto nearby stars, outer regions of planetary nebulae, astrophysical jets, regions surrounding
the certers of galaxies,and host galaxiesof quasars. In survey mode, the mission could obsene many of the
F,G,K stars within 50 pc of the Sun searding for giant planets.

During movemen of the SPIDER from one occultation target to another, the non-occultation observing
time of the telescope ( 80%) would be usedto seart for planetary transits and micro-lensing everts or to
obtain other target-of-opportunit y (ToO) obsenations.* Although we have emphasizedthe role of low-mass
companion seardiesaround nearby stars in the mission goals, obsenations of other astrophysical targets can be
obtained.

Target sequenceplanning must accommalate the potential for extended obsenations of a particular target
as determined from prompt quick-look analysis of the scienceobsenations. Candidate stellar targets for the
occultation obsenations will be selectedwell in advanceof execution sincethe choice of target sequencingmust
be optimized along with occulter propellant consumption, target obsenation rate, and total nhumber of mission
targets. Flexibilit y in changing targets can be presenable when new selectedtargets lie closeon the sky to
pre-selectedtargets.

The lifetime of the missiondependsupon the amount of propellant carried, the thrust levelsof the propulsion
unit, the distance betweenthe telescoge and occulter, the number of targets, and the rate of supported occul-
tation obsenations. If half the massof the occulter craft were fuel, then depending upon the telescope/occulter



range (1,000-15,000km), a 5 year mission with repeat visits to 30-70di erent sciencetargets per year can be
conducted!® Target sequencestrategiesare very important for mission pre-obsenation planning, sincedi erent
strategies can result in obsenation rates that di er by a factor of two or more.

3.3. Data Managemen t

The ground support sta would be tasked not only with monitoring and controlling the relative positions of
the spacetelescope and the SPIDER and scienceplanning, but alsowith data managemen. Data managemen
would consistof scheduling data transmissionfrom the telescoge, pipeline processingto perform data corversion
and initial calibration, and data archiving.

4. CONCLUSIONS

When stationed at distancesof 1,000to 15,000km from a telescope, the occulter will provide imaging and
spectroscopic studies of extrasolar Jovians as close as 0.10-19°from the target stars. In survey mode with
this imaging detection capability, it would be possibleto resolwe giant planets as closeas 5 AU from stars at
distancesfrom the Sun as great as 15 pc. At this distance, Jupiter would have an apparert visual magnitude
of mV  27. There are approximately 300 stars within 15 pc of the Sun, all represeting potential occultation
mission targets.

A number of dierent conceptsto detect and study extrasolar planets have been and are currently being
studied; e.g. square aperture telescope (Nisensonand Papaliolios 2001)2* It is not yet clear which concepts
are superior in terms of performance, cost, sky coverage, etc. The external occulter concept has distinct
advantagesover other methods with lessstringent tolerancesand thereby signi cantly reducing the cost. Our
preliminary investigation indicates a Discovery-classmatched 1-m apodized telescope/external occulter system
would provide a cost-e ective method of directly detecting and studying extrasolar planets now, with minimal
extensionto technology that is currently available. This UMBRAS missiona ords an excellert opportunity for
a proof of concept project as a forerunner for future missionswith a telescope of much larger aperture.
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