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ABSTRA CT

We describe a 1-meter spacetelescope plus free-
ying occulter craft mission that would provide direct imaging
and spectroscopicobservations of Jovian and Uranus-sizedplanets about nearby stars not detectableby Doppler
techniques. The Doppler technique is most sensitive for the detection of massive, 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 SolarSystem. Such a missionwith a larger telescope hasthe potential to detect earth-like
planets.

Previousstudiesof free-
ying occulters reported 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 entering the telescope and the
polishing tolerancesof the primary mirror and the supporting optics can be lessstringent, thereby providing
higher contrast and fainter detection limits. In this concept, the occulting spot is positioned over the star by
translating the occulter craft, at distances of 1,000 to 15,000km from the telescope. Any sourcewithin the
telescope �eld-of-view can be occulted without moving the telescope.

In this paper, we present our current concept for a 1-m space telescope matched to a free-
ying occul-
ter, the Umbral Missions Blocking Radiating Astronomical Sources(UMBRAS) spacemission. An UMBRAS
spacemission consistsof a Solar Powered Ion 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. Spacecraft rendezvous and formation

ying would be achieved with the aid of telescope imaging, RF or laser ranging, celestialnavigation inputs, and
formation control algorithms.
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1. INTR ODUCTION

Our studies have shown free-
ying occulters to be a promising means to detect and study nearby extrasolar
planets.1, 2 At optical wavelengths, conventional Lyot coronagraphshave at best achieved contrast enhance-
ments of � 104 in the 5-10 Airy ring annulus. Simulations of an apodized telescope suggest that a contrast
enhancement of � 106 could be achieved in the sameannular region. Further simulations of an apodized tele-
scope in combination with a free-
ying occulter indicate that the contrast enhancement could be boosted to
� 108. Thus, a space-basedapodized telescope plus external occulter system will be able to directly detect
(image) extrasolar planets. The formation con�guration of a spacetelescope/occulter system is presented in
Figure 1.

Figure 1. Relativ e con�guration of an occulter operating with a space telescope. 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. Telescop e/Occulter Mission Concept

The history of examining free-
ying occulters as a meansto search for extrasolar planets can be traced back to
Lyman Spitzer's (1962) brief analysis of the concept which he attributed to R. Danielson.3 Woodcock (1974)
extendedSpitzer's analysisand suggesteda parasol-like spacecraftdesign.4 Marchal (1983,1985) further found
that the abilit y of an occulting screento suppressstar light varied strongly with screenshape.5, 6

In the mid-1990s, Copi and Starkman (1997) proposed the Improved Resolution and Image Separation
(IRIS) satellite to serve as a space-borne occulter for either ground or space telescopes.7 Evolving from
the IRIS concept, the Big Occulting SteerableSatellite (BOSS) was an apodized occulter suggestedto work
with space-basedtelescopes.8{10 Recently , the sameteam has proposedX-BOSS to operate with x-ray space
telescopes.11

In a seriesof papers and poster presentations, we have developed di�eren t telescope/free-
ying occulter
schemes,collectively called the Umbral MissionsBlocking Radiating Astronomical Sources(UMBRAS) project.
We have explored the problems of deployabilit y, formation 
ying, survivabilit y and redundancy, operations,
scattered light suppression,and vehicledynamics and control. 1, 2, 12{15 Early investigationsconcentrated upon
operating constraints, sciencegoals,and occulter design. Systemsanalysis led to more sophisticated operations
modeling and a formation control concept.14 Several occulter designshave emergedfrom this analysisincluding
a Discovery-class1-m telescope mission.13, 16

1.2. Distinct Adv antages

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



limit. Since the occulter is not built into the telescope 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 spikes from coronagraphicsupports, and the complexity of
internal instruments is reduced.

Di�culties with conventional coronagraphs,which result from small scaleimperfections in component ma-
terials and their manufacturing processes,are avoided with an external occulter. Precisealignment of internal
coronagraphicmasksis often impossibledue to drifts which a�ect the qualit y of the achievable science.Masks
are not neededfor a matched apodized telescope and external occulter system. Moreover, external occulters
promisehigh levelsof knowledgeand control of on-target alignment. External occulters can be 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 system is the
design for a Discovery-class1-m telescope mission. This system will be of low cost and require minimal tech-
nological development. The external occulter technique has more relaxed metrology requirements than those
neededby other methods now being consideredfor the SpaceInterferometry Mission (SIM) 17 and the Terrestrial
Planet Finder (TPF) mission,18 which implies a lower required level of technological development. Together,
thesesuggestthat a 1-m apodized telescope plus external occulter systemcan achieve many of the Astronomical
Search for Origins (ASO) sciencegoalsand will also test 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 Ion-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 I IAS. Alternately , the SPIDER spacecraft could
be delivered to orbit from a separatelaunch vehicle, which could be either an expendable rocket or the Space
Shuttle. Figure 2 depicts a preliminary conceptual designfor the SPIDER spacecraft.1

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 shown. Top view is referenced from the pole of the plane containing
the Sun, telescope, and occulter.

2.1. Propulsion and A ttitude Con trol

The SPIDER craft must be able to movethousandsof kilometers betweentarget stations, to perform rendezvous
maneuvers, target acquisition, and formation control in the inertial frame of the telescope. Solar electric
propulsion provides the minimum speci�c impulse and thrust necessaryto achieve reasonabletarget observation



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

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
telescopes at L2, we have focusedon L2.

2.2. Target Acquisition & Formation Flying

The primary requirements of the UMBRAS mission are to achieve formation control of the SPIDER with the
space telescope and to maintain the occulter on the target-telescope line-of-sight (TTLOS) vector. Target
acquisition requires the telescope to have onboard image processingcapabilities to independently identify and
locate the target and the SPIDER within the �eld-of-view (FOV) and to store the images and locations for
later use. In addition, a command link must be establishedbetween the telescope and the SPIDER. Once the
SPIDER is within the imaging instrument's FOV, formation control thrust sequencesare initiated asdetermined
by scienceimaging requirements for each observation. The automated tasks are controlled by the SPIDER's
attitude and translational control system (ATCS). This target acquisition and formation control scenario is
based in part on experience of the authors with target acquisition and slew commanding capabilities of the
Hubble SpaceTelescope (HST) scienceinstrumentation. 14

2.3. Occulting Screen

The occulter, squareor any other shape, acts asan opaqueapodizing screen,19 and redistributes the remaining
star light over the telescope aperture. The purposeof apodizing the telescope aperture is to redistribute the
intensity of the light in the wings of the stellar point spreadfunction (PSF), thus increasingthe contrast 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 telescope 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 scienti�c observation 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. Di�raction Sim ulations

The physical sizeof 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. However, 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 entrance aperture; then Fraunhofer
propagation is usedto propagate to the focal plane. They indicate that a 1-meter apodized telescope/external
occulter systemcan achieve 108 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 1011 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-sizeplanets around the neareststars including somealready known to have extrasolar
planets. A faint planet could be detected between the bright fringes in the di�raction spikes,but would more
likely be detectable in the low intensity regionsbetween the di�raction spikes.



Figure 3. Left, di�raction simulations (1 � ) for a 1-m square aperture telescope + 10-m square occulter separated
by 1,000 km. The log-stretch images show unapodized and apodized results for a point source. The bright spots are
the stellar PSF leaking over the occulter edges. Right, diagonal slices through each image trace the di�raction pattern
modulations. Vertical scale is relativ e to the unocculted peak intensity normalized to unit y. Gray slice is the square
aperture telescope + 10-m squareocculter 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 telescope/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 distancesas great as � 14 pc. For comparison,assumingthat PSF relative intensities of 10� 8 are achievable
for �=D � 3:5, Table 1 indicates the required exposure times to obtain a S/N=10 detection for Jupiter (5 AU)
around selectedstars.

Table 1. Estimated visual magnitudes/pro jected maximum angular separations (00) of a Jupiter-lik e planet orbiting
other stars. The estimated exposure time (ExpTime) is for a Jupiter-lik e planet observed in the V-bandpass with a 1-m
telescope and CCD camera. (ExpTime scaled from 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 1.6200 130 sec 1,300sec
� Ceti 3.50 3.7 G8 V 24.7 1.41 105 1,050
Altair 0.77 5.1 A7 V 22.4 1.01 7 70
Fomalhaut 1.16 7.7 A3 V 22.8 0.68 15 150
55 � 1 Cnc 5.95 12.5 G8 V 27.6 0.42 1,000 10,000
� And 4.09 13.4 F8 V 25.7 0.38 150 1,500

If a 10-m wide occulting screenwere operated at 10,000km from the telescope, the screenwould appear
� 0.200 across(half width 0.100) and would attenuate target starlight by a factor of 60 in the visible. Five of
the currently reported Doppler-detected Jovian planets reach as far as 0.1500separation (47 UMa c, � 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 theseplanets 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 thesestars.



3. A TYPICAL OCCUL TER MISSION

A typical occulter mission consists of mission operations, scienceplanning, and data management. 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 consistsequentially of launch, delivery and deployment, and the sciencephase. The science
phase of operations for each target will cycle between maneuvering the SPIDER between targets, alignment
along the TTLOS, target acquisition, and formation control. Target-to-target maneuvers need to be e�cien t
to optimize target observation rate and propellant consumption. L2 operations will be conducted similarly to
how the Microwave Anisotropy Probe (MAP) 20 and the Solar and HeliosphericObservatory (SOHO)21 mission
operations are conducted, while scienceplanning and scheduling may contain elements similar to those in the
HST and Chandra22 ground systems.

Upon completion of scienceobservations for a target, the occulter vehicle will reorient itself in preparation
for transit to the next TTLOS and begin acceleratingtoward it. The vehiclearchitectures we have explored all
provide only a minimum number of solar-electric thrusters, and so require a turnover maneuver at mid transit
in advance of decelerating toward the inertial frame of the telescope for rendezvous 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 tra jectory either by ground support sta� or by onboard navigation
analysisalgorithms. DeepSpace1 successfullyuseda related technique to control its own 
igh t path numerous
instancesin its mission.23

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

3.2. Science Planning

Daily and long range planning of scienceobservations will be the responsibilit y of the ground support sta�.
While occultation observations would be fairly rigorous to plan and execute,they present unique opportunities
to obtain additional unscheduledscienceobservations. \Realtime" monitoring of the scienceobservations would
allow spectrophotometric and spectroscopicobservations to be added to the mission schedule in the event of
planetary discoveries. In addition, occultation observations could be obtained of low-massstellar and brown
dwarf companionsto nearby stars, outer regions of planetary nebulae, astrophysical jets, regions surrounding
the centers of galaxies, and host galaxiesof quasars. In survey mode, the mission could observe many of the
F,G,K stars within 50 pc of the Sun searching for giant planets.

During movement of the SPIDER from one occultation target to another, the non-occultation observing
time of the telescope (� 80%) would be used to search for planetary transits and micro-lensing events or to
obtain other target-of-opportunit y (ToO) observations.14 Although we have emphasizedthe role of low-mass
companion searchesaround nearby stars in the missiongoals,observations of other astrophysical targets can be
obtained.

Target sequenceplanning must accommodate the potential for extendedobservations of a particular target
as determined from prompt quick-look analysis of the scienceobservations. Candidate stellar targets for the
occultation observations will be selectedwell in advanceof execution sincethe choiceof target sequencingmust
be optimized along with occulter propellant consumption, target observation rate, and total number of mission
targets. Flexibilit y in changing targets can be preservable 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 between the telescope and occulter, the number of targets, and the rate of supported occul-
tation observations. 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�eren t sciencetargets per year can be
conducted.12 Target sequencestrategiesare very important for missionpre-observation planning, sincedi�eren t
strategiescan result in observation 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 also with data management. Data management
would consistof scheduling data transmissionfrom the telescope, pipeline processingto perform data conversion
and initial calibration, and data archiving.

4. CONCLUSIONS

When stationed at distances of 1,000 to 15,000 km from a telescope, the occulter will provide imaging and
spectroscopic studies of extrasolar Jovians as close as 0.10-1500 from the target stars. In survey mode with
this imaging detection capability, it would be possibleto resolve giant planets as closeas 5 AU from stars at
distancesfrom the Sun as great as 15 pc. At this distance, Jupiter would have an apparent visual magnitude
of mV � 27. There are approximately 300 stars within 15 pc of the Sun, all representing potential occultation
mission targets.

A number of di�eren t concepts to detect and study extrasolar planets have been and are currently being
studied; e.g. square aperture telescope (Nisenson and Papaliolios 2001).24 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�can tly 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
extension to technology that is currently available. This UMBRAS mission a�ords an excellent opportunit y for
a proof of concept project as a forerunner for future missionswith a telescope of much larger aperture.

A CKNO WLEDGMENTS

We appreciate the encouragement of Dr. Phillip e Crane to investigate the occulter conceptby meansof a team
approach.

Support for this work has beenprovided by Computer SciencesCorporation, Laurel, MD and by the Space
Telescope ScienceInstitute which is operated by the Association of Universitiesfor Research in Astronomy, Inc.,
under NASA contract NAS 5-26555.

REFERENCES

1. A. B. Schultz, D. J. Schroeder, I. Jordan, F. Bruhweiler, M. A. DiSanti, H. M. Hart, F. C. Hamilton,
J. Hershey, M. Kochte, C. L. Miskey, K. P. Cheng, M. Rodrigue, B. Johnson, and S. Fadali, Imaging
Planets About Other Stars with UMBRAS, in Infrared Spaceborne SensingVI I, M. Strojnik, B. Andresen,
eds.,Proc. of SPIE Vol. 3759,49, 1999.

2. A. B. Schultz, I. Jordan, H. M. Hart, F. Bruhweiler, D. A. Fraquelli, F. C. Hamilton, J. Hershey, M. Kochte,
M. A. DiSanti, C. L. Miskey, K.-P. Chen, M. Rodrigue, B. Johnson,and M. S.Fadali, Imaging PlanetsAbout
Other Stars with UMBRAS II , in Infrared Spaceborne Remote SensingVI I I, M. Strojnik, B. Andresen,
eds.Proc. of SPIE Vol. 4131,132, 2000.

3. L. Spitzer, The Beginnings and Future of Space Astronomy, American Scientist, 50, 473-484,1962.
4. G. R. Woodcock, Appendix D - Concept Analysis and Discussion: Observation of Extrasolar Planets with

an LST, in Future SpaceTransportation SystemsAnalysis, NASA Contract NAS9-14323,1974.
5. C. Marchal, A space telescope able to see the planets, and even the satellites around the nearest stars,

Congr�esde l'IAF, Budapest, 10-15October, 1983.
6. C. Marchal, A space telescope ableto see the planets, and eventhe satellites around the nearest stars, Acta

Astronautica, vol. 12, no. 3, 195, 1985.



7. G. D. Starkman and C. J. Copi, The Improved Resolution and Image Separation (IRIS) Satellite, CWRU-
P7-97, CaseWestern Reserve University, 1997.

8. C. Copi and G. Starkman, The Big Occulting SteerableSatellite (BOSS), DRAFT, CWRU-P7-97, 1997.
9. G. D. Starkman and C. J. Copi, The Big Occulting SteerableSatellite (BOSS), in Proc. ULSOC 1999,From

the Ultra Light-weight SpaceOptics Challengeworkshop in Napa, CA, 1999.
10. C. Copi and G. Starkman, The Big Occulting SteerableSatellite (BOSS), ApJ, 532, 581, 1999.
11. C. Copi and G. Starkman, Improving the Resolution of X-Ray Telescopeswith Occulting Satellites, DRAFT,

CWRU-P04-00,2000.
12. I. J. E. Jordan, A. B. Schultz, D. J. Schroeder, H. M. Hart, , F. C. Bruhweiler, D. A. Fraquelli, F. C.

Hamilton, M. A. DiSanti, M. Rodrigue, K. P. Cheng, C. L. Miskey, M. Kochte, B. Johnson,M. S. Fadali,
and J. L. Hershey, Enchancing NGST Science: UMBRAS, in NGST Scienceand Technology Exposition,
E.P. Smith, K. S. Long, eds.ASP Conf. Series,Vol. 207, 468, 1999.

13. I. J. E. Jordan, A. B. Schultz, H. M. Hart, , F. C. Bruhweiler, J. Hershey, and D. A. Fraquelli, UMBRAS:
Design of a Free-Flying Occulter for Space Telescopes, in AIAA Space2000 Conferenceand Exposition,
AIAA 2000-5230,2000.

14. H. M. Hart, I. Jordan, A. B. Schultz, J. Hershey, M. Kochte, F. C. Hamilton, D. A. Fraquelli, D. J.
Schroeder, F. Bruhweiler, M. A. DiSanti, C. Miskey, B. Johnson,M. S. Fadali, M. Rodrigue, K. P. Cheng,
and R. Clark, Imaging Planets About Other Stars with UMBRAS: Target Acquisition and Station-keeping,
2000 International Conferenceon Applications of Photonic Technology, Quebec Cit y, Quebec, Canada,
12-16June 2000,2000.

15. M. Kochte, I. J. E. Jordan, A. B. Schultz, F. C. Hamilton, F. Bruhweiler, M. A. DiSanti, R. D. Burns,
K. Carpenter, J. M. Hollis, J. Leitner, R. G. Lyons, S. Starin, M. S. Fadali, M. Rodrigue, D. L. Skelton,
and H. M. Hart, Free-
ying Occulters for Use with Space Telescopes, BAAS, 33, 1367,2001.

16. I. J. E. Jordan, A. B. Schultz, H. M. Hart, C.-C. Wu, M. Kochte, and F. C. Bruhweiler, NOME: Modifying
L2 Missions into Occulters for NGST, BAAS, 33, 902, 2001.

17. R. Danner, S. Unwin, and R. J. Allen, SIM: Space Interfer ometry Mission: Taking the Measure of the
Universe, Washington, DC:, NASA, 1999.

18. C. A. Beichman, Terrestrial Planet Finder: the search for life-bearing planets around other stars, Proc.
SPIE Vol. 3350,719, 1998.

19. A. B. Schultz, T. V. Frazier, and E. Kosso,Sonine's Besselidentity applied to apodization, Applied Optics,
23, 1914,1984.

20. E. L. Wright, MAP: the Micr owaveAnisotropy Probe, New Astronomy Reviews,43, 257, 1999.
21. V. Domingo, B. Fleck, and A. I. Poland, The SOHO Mission: An Overview, Sol. Phys., 162, 1, 1995.
22. M. Weisskopf, H. Tananbaum, L. V. Speybroeck, and S. O'Dell, Chandra X-r ay Observatory (CXO):

overview, Proc. SPIE, 4012,2, 2000.
23. J. Riedel, S. Bhaskaran, D. Han, B. Kennedy, S. Synnott, M. Wang, and R. Werner, Deep Space 1 Au-

tonomousNavigation, DescansoMeeting, Pasadena,CA, 1999.
24. P. Nisensonand C. Papaliolios, Detection of Earth-like Planets Using Apodized Telescopes, ApJ, 548,L201,

2001.


