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Starshade Concept ﬁ

ExoPlanet Exploration Program




i “Can we frncl another planet lrke Earth orbrtrng ] nearby star’? e

~ Tofind such a planet would: complete the revolution, started by
Copernrcus nearly 500 years ago; that drsp/aced Earth as:the

. center of the unrverse . The observatronal challenge rs great

. but armed with new technologles astronomers are porsed to ‘. |

.fnsetort”‘ *{f _-f

| —NeW Worlds, NeWHorizons, 2010



Starshade Study Context %

ExoPlanet Exploration Program

* The discovery of ExoEarths, via a space-based direct imaging
mission, is a long-term priority for space astrophysics (Astro 2010)

* Ex0-S is an 18-month NASA HQ-funded study of a starshade and
telescope “probe” space mission (5/2013 to 1/2015)
— Total mission cost: <$1B (FY15 dollars)
— Technical readiness: TRL 5 by end of Phase A, TRL 6 by end of Phase B
— New start in 2017, launch in 2024
— Science must be beyond the expected ground capability at end of

MISSIOoN

 This is the first time NASA has formed an STDT to study the
starshade

 Although presently a “back up” to AFTA/WFIRST, the team
considers the study a key formulation in the path to identifying
Earth-like exoplanets

Starshade STDT Progress Report 4



Science Goal #1: %
Photome}‘ric Search for New Exoplanets B

ExoPlanet Exploration Program

Earth as seen
from Voyager |
from 4 billion
miles

» Discover planets from Jupiter-like planets down to rocky planets orbiting

nearby Sun-like stars
« Image rocky planets in a Sun-like star’s habitable zone
« Discover multiple planets and circumstellar dust, around target stars

Starshade STDT Progress Report



Science Goal #2: %
Spectral Characterization of New Exoplanets b

ExoPlanet Exploration Program
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« Spectra of newly discovered planets from 400—1000 nm, with a
spectral resolution R =70

« Spectra of mini Neptunes to ascertain the very nature of the low-
density, extremely common, yet mysterious planets

« Potential for rocky planet spectra, for a handful of favorable target
stars

Starshade STDT Progress Report



Science Goal #3: %
Spectroscopy of Known Jupiters ™

ExoPlanet Exploration Program

O oo — 2auJdupiter | * Opectra of 17 known Jupiter-mass
Z o o —Nepune | exoplanets
0.8- 4 4 0.8 AU Jupiter _|
CH, no | * Spectral characterization from
06l CH,[ | CH,_] 400-1000 nm, with a spectral

NH | | NH, | resolution R =70

* Molecular composition and
presence of clouds or haze will
inform us of the diversity of giant
planet atmospheres

0.4/

Geometric albedo

0.0 T T Ll o D J . : .
400 500 600 700 800 900 1000 Comparative planetology with a

Wavelength (nm) variety of Jupiter-type exoplanets

The known Jupiters are detectable by virtue of extrapolated position in
2024 timeframe

Starshade STDT Progress Report 7



Preliminary Observing Strategy E

ExoPlanet Exploration Program

90 STOP
P © Known Jupiters ® Earth Candidates @ Jupiter Candidates
17 targets, 20 planets 20 targets 16 targets

S
\

Latitude (deg)

-1\ . JARRN

2 - P9 é
\ |
o W
90
0 30 60 90 120 150 180 210 240 270 300 330 360

Longitude (deg)
» The prime mission is 3 years; a 22 month example observing schedule is shown with targets sequential
in longitude; an additional year is available for revisits and spectroscopy

« Observation times are approximately 1 to 5 days and retargeting times are about one week

» Observations include multi-color imaging to identify planet candidates and spectroscopy for known
Jupiters and newly discovered planets

» Disk science and search for Jupiter analogs around all stars

» The observing schedule is adaptable to real-time discoveries
Starshade STDT Progress Report 8



Target Stars in the Preliminary DRM

[ .
ExoPlanet Exploration Program

Target Target Angles (deg) Durations (days) AV (m/s) & Propellant Mass (kg) Target Target Angles (deg) Durations (days) AV (m/s) & Propellant Mass (kg)
Ozs. sI-Iipparc;aE Longitude Latei)tud SA&:ZV Slew Ta(r)gnet '\/I'il'sostiagn Slew AV CumAu\lftive ﬁlrz\g C:rr;l:!)a;iv Ogs. SI-Iipprslrc;:E Longitude Latietud S/I:;ZV Slew Ta(r)gnet M'il':sti)ln Slew AV CumAu\I/ative glrzvg C:n;l:(l)a;iv
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2 64924 | 2050 [ -9.3 [ 29.7 | 124 | 7171 29 55.8 55.8 1.80 1.8 29 | 49081 1410 | 185 | 6.5 | 46 | 3.667 340 29.5 1272.7 0.92 40.3
3 69965 | 2210 [-113 | 159 | 94 | 1.667 40 48.3 104.1 155 33 30 | 53721 1491 | 311 | 145 [ 6.6 | 1.667 348 475 1320.2 1.48 41.8
4 75181 2411 [ -288 1256 | 100 | 1.667 52 485 152.7 1.56 4.9 31 | 61317 [ 167.7 | 405 | 178 | 74 | 3.316 359 51.6 1371.8 1.60 434
5 | 80337 [ 2507 [ 173 | 144 | 73 | 1.667 60 38.9 1915 1.25 6.2 32 | 62207 | 1715 [ 399 | 3.0 | 3.2 | 3.667 | 366 19.0 1390.8 [ 0.59 44.0
6 | 86796 I 2672 [-284 | 188 | 86 | 4518 74 M3 232.9 1.32 75 33 | 64394 [ 1844 | 325 | 127 | 6.2 | 3.294 | 375 432 1434.1 1.34 453
7 | 89042 [ 2716 [ -386 1| 108 | 6.1 | 1.667 81 354 268.3 113 8.6 34 | 72567 [ 211.1 | 382 | 224 | 10.6 | 3.667 | 390 36.9 14709 | 1.14 46.4
8 | 26394 [ 2739 [-76.0 374 | 115 | 5284 | 98 | 637 | 3320 [ 204 | 106 35 | 71395 | 2132 [ 237 | 146 | 7.0 | 7.957 | 405 | 420 | 15129 [ 1.30 | 477
9 | 29271 2653 [-818| 60 | 54 | 1272 116 19.9 351.9 0.63 1.3 36 | 77052 | 233.0 [ 21.7 | 184 | 7.9 | 3.667 416 45.7 1558.6 1.41 49.2
10 | 99240 [ 2876 [-447 | 378 [ 136 | 1667 | 131 [ 483 | 4002 [ 154 | 128 S7 | 77297 [ 2324 [ 265 | 49 |86 4275 | 424 | 344 | 15930 [ 106 | 902
71 1105858 T 2986 T270 1 80 1 52 13221 | 120 | 293 | 4295 Fo9s | 138 38 | 84862 [ 2553 [ 554 333 | 142 | 3667 | 442 | 300 | 16321 [120 [ 514
12 [ 113137 [ 3053 [655| 95 | 53 | 5642 | 151 | 402 | 4698 [ 1.28 | 150 EERIEERE 2602 [ STAN(TT.ST ) 1667 ] £19°| 248 | 16560 |y 522
31 1590 324 V5771 95 1 59 13265 | 160 | 325 | 5022 T 103 | 164 40 | 88348 [ 2709 [49.8 | 38 | 45 [ 4266 | 458 | 146 | 16715 [ 045 | 526
77978 T 3508 T5 3152 80 (2102 | 72 1 32 | 5372 F1az | 172 | [ 41| 90485 [ 2761 [ -65 [ 565 [ 149 [ 5087 [ 478 | 677 [ 17301 [208 | 547
15 | 5862 3534 481 | 93 | 59 | 1667 180 30.7 568.1 097 18.2 42 | 99825 [ 300.0 | -7.0 | 23.7 | 11.0 | 1.667 [ 490 37.6 1776.7 1.15 55.9
16 | 2041 3580 | 263 | 221 | 86 | 1.667 190 507 620.8 167 198 43 | 95447 | 2952 | 33.5 | 40.8 | 18.3 | 3.667 [ 512 42.9 1819.6 1.32 57.2
17 | 8102 178 | 248 [ 179 | 72 | 1667 199 577 6785 183 217 44 | 98819 | 307.8 | 36.5 | 10.8 | 10.6 | 3.667 | 527 31.3 1850.9 | 0.96 58.1
18 | 9094 234 | 2081 65 | 42 | 6692 | 210 399 718.4 126 229 45 | 98767 | 312.6 | 489 | 128 | 6.6 | 9.358 [ 543 38.8 1889.7 1.19 59.3
19 | 15510 272 | 581 | 374 | 123 | 3.406 | 225 558 7740 176 247 46 [ 100017 | 1741 76.6 | 37.0 | 26.3 | 3.667 [ 573 214 1911.1 0.66 60.0
20 | 23693 487 | -7189 | 219 | 94 | 6.827 | 242 65.9 840.1 2.08 26.8 47 | 96100 NN 119 [R6.STHN Y e 19175 [ 02
21 | 16537 482 | -27.7 | 51.2 | 15.2 | 1.881 259 71.8 911.9 2.26 29.0 48 | 3821 402 | 47.0 | 341 | 105 | 1.667 | 603 64.7 19822 1.98 o
22 | 17378 509 | -28.7 | 26 | 2.7 | 1.667 [ 263 222 934.1 0.70 29.7 49 | 1518 386 | 290 ) 181 ) 71 | 3973 | 614 512 20394 175 e
23 | 19849 602 | 2821 82 | 70 | 4384 | 272 630 997 1 198 37 50 [ 7918 40.1 297 | 1.5 | 26 | 3.667 | 621 10.3 2049.7 | 0.31 64.2
2 | 27072 848 | 258 | 264 | 97 | 1667 | 286 783 10754 228 1 51 | 12777 547 | 316 [ 127 | 81 | 2716 | 631 52.8 2102.5 1.61 65.8
25 1 31502 | 1017 1223 1 126 | 65 | 1667 | 202 292 146 123 54 52 | 14632 593 | 306 [ 41 | 45 [ 2549 [ 638 21.6 21241 0.66 66.5
53 | 116727 | 60.1 64.7 | 34.0 | 10.6 | 1.667 651 87.8 2211.9 2.67 69.2
26 | 37826 | 1132 | 6.7 | 50.1 | 15.8 | 1.667 | 311 54.0 11686 | 1.69 37.1
27 | 44897 | 1295 | 16.7 | 188 | 9.1 | 3.667 | 324 37.7 1206.3 117 38.2
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Starshade Probe Mission: ﬂ
Targets in the Current DRM b

ExoPlanet Exploration Program

Spectral Search Known

N L(L
ame d(pc) (Loun) Type Comp. planets

& 20 targets with high HZ
completeness to search for
Earth analogs

¢ 17 targets with 19 known giant
planets at favorable elongation
for characterization

« 16 additional “Jupiter search” targets for a total of 53 stellar systems explored in 22 months
« Targets span a range in spectral types: F, G, K, even a few giants

» Targets span a range of ages: 1-10 Gyr

» Targets span a range of metallicity: -0.5 < [Fe/H] < +0.3

» Several “classic favorites” with bright nearby companions are not included

* a Cenis not included (bright binary, large projected diameters)

Starshade STDT Progress Report 10



Starshade CBncept L

Inner Working
Angle (IWA)

Starshade
diameter 34

Separation distance
37,000 km '

+1 m lateral controIA +250 km

 Contrast and inner working angle are
decoupled from the telescope aperture size *
A simple space telescope can be used
No wavefront correction is needed
* - No outer working angle -

Telescope diameter 1.1 m



Exo-S Baseline DeSign Overview

Band Blue Green Red

Wavelengths (nm) 400-630 510-825 600~1,000
W )

Off-the-shelf on-axis optical telescope (1.1-m NextView)
Heliocentric, Earth-drift away orbit (Earth-Sun L2 is also a possibility)
Move telescope, not starshade for retargeting |
Instrumentation: imager and low-resolution spectrograph



Launch Configuration E

ExoPlanet Exploration Program

» Telescope and starshade fit in the low cost intermediate-
class L/V 5-m fairing

» Total launch mass is 2,140 kg vs. 3,550-kg launch capacity
for 66% launch margin

» Starshade carries loads through existing central cylinder

» Two spacecraft separate on-orbit

— Telescope

— Observatory Bus

— Qcculter Bus

9 | Starshade

Starshade STDT Progress Report 13



Fully Deployed Observatory E

ExoPlanet Exploration Program

Off-the-Shelf Telescope:
Commercial Earth Imager
4 operational, 51 to launch in 2014
Sunshade is only mod—mounts to
cover door assy, not barrel

1.1m e
Telescope SEP é:r;on
power Tank

supplies T6 lon Engines

(2-axis gimbaled)

2 lon Thrusters
PROBA-3 Bus:
Commercial bus Electric Propulsion:
In dev. For external occulter mission Provides 5 km/s AV for retargeting
formation-flying demo Redundant T6 ion thrusters by bus vendor
Planned launch is 2017 | (3,800s Isp, 254 mN thrust, 4.5 kW power)
Primary mod is to add electric propulsion All SEP components are heritage from

Also add: HGA, X-band, larger RWs ESA's Bepi Colombo mission to Mercury

Starshade STDT Progress Report 14



Starshade Deployment |

Stowed after observatory

separation Petals start to unfurl Petals continue to unfurl

Petals completely unfurled

Inner disk deplo~ys, .
pushing petals into position

Starshade STDT Progress Report V 15



Deployed Starshade E

34 m diameter

Inner disc structure ¢ 28 Petals
20 m diameter

T 7”\)"&:\\\

= )
S e
== T

:‘-\.
—

IS

PPN

Opaque Inner Disc Blanket Opaque Petal Blankets

Starshade Bus:

Simplified copy of telescope bus, with
repackaged avionics

Conical structure transfers loads from
observatory to starshade

Fixed solar panels mount to starshade deck

Starshade STDT Progress Report

ExoPlanet Exploration Program

Starshade System:

Spins (3-min period) for improved
planet detection

Blankets are Black Kapton, with spaced
i layers to limit direct light paths to
telescope from micrometeoroid holes

16



Instrument Design

.

»
»

A

<10¢cm

<20cm
Filters/Polarizers with
Slider mechanism

/] Planet
\ Camera
ANy S
o/ ‘ pectrometer
. v, Guide
Field Camera
stop
Selectable Dichroic Dispersive
Dichroic (D2) Grating
(D1)

* EXxo-S instrument is small and simple
» Integrates 3 functions (planet camera, guide camera, and spectrometer) on 2 detectors on a

single focal plane

» Planet camera includes capability for 3 color measurement (R = 7) and 1 of 2 polarizers

« Throughput is high (~50% cameras, ~40% spectrometer)

» Fast steering mirror provides pointing stability at >1 Hz and aligns slit on selected planet
— Control loop is closed around guide camera

Starshade STDT Progress Report

ExoPlanet Exploration Program

17



Preliminary Cost Estimate @

ExoPlanet Exploration Program

» Exo-S concept meets the Charter’'s requirement of a total
mission cost below $1B Proba Il

« Existing capability is highly leveraged for existence-proof
baseline design”

— Observatory and starshade spacecraft buses are based on
designs used by ESA for their formation-flying solar occulting

mission Proba Il {mage cedit ESA
— The telescope is the fifth build of a 1.1m commercial design
— The ground system and operations will follow the Kepler model

« CATE Plans

— Aerospace Corp. will provide an independent cost estimate
through the Cost and Technical Evaluation (CATE) process

— The Design Team will hold meetings with the CATE team to
review key design issues in detail this month

— CATE team will provide 3 estimates over the next year
« The STDT will iterate the concept design based on these estimates

*Bus and telescope designs are for existence-proof demonstration only. Flight selection will be made through competitive bid.

Starshade STDT Progress Report 18



Basis for Preliminary Cost Estimate E

- ExoPlanet Exploration Program

» Most of the estimate is based on objective models and Kepler actual costs:
— Instrument cost — NASA Instrument Cost Model v5 (NICM)

— Telescope cost — Luedtke and Stahl telescope cost model published in SPIE’s Optfical
Engineering in 2012 and 2013

— Spacecraft and ATLO costs — The Aerospace Corp. Small Satellite Cost Model 2010
(SSCM10)
» Grass root electric propulsion estimate added to SSCM10. SSCM10 lacks EP estimate capability

— Science, ground system, and most of operations came from Kepler actual costs as
reported by NASA

« The starshade lacks direct analogies — its estimate is based on expert judgment
drawing from large deployable antenna development efforts

— A grassroots estimate and a Price-H model estimate of the starshade will be developed
for the final report

« Exo-S is holding 30% reserves

Starshade STDT Progress Report 19



Preliminary Schedule

.

ExoPlanet Exploration Program

FY13 |

| Fris |

Spacecraft

Occulter

mager/Specs

Telle Imager/ I1&T

Observatory
System Engineering

Subsystems
Software
Spacecraft I&T

System Engineering

S/C Dev Contract Management & Systems Engineer

56 718

System Engineering

@ Critical Path in development

I | 21
Subsystems V
| | 1 e
Software \/
[] 324
Spacecraft I&T 1126
Flight Segment I&T

FY14 Frie | FY17 | Ffrs | FY19 | Fv20 | Fv21 | ev22 | 23 | Fr2sa | Fr2s
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
oAb ANl MM sIoNEL M AlsIINEL FEMAMsAlsIINL A afatsioiol Mg alsiool M faistaiNpt [ s aistinpl o] sJtsohNo MM slstohNotlFnAMuujasioiNol v AsNELIFM
i Phase A (15m) Phase B (20 m) Phase C (34.5m) Phase D (22 m) |
KDP-A A KDP-B A KDP-C A KDP-D A KDP-E A
Lifecydle Milestones MCR {/ SRR MDR SIRY ORR MRR \/ 5 PLA
; T PDR V/ 6/2 CDR V/ 2120 TRR 5/21
Technolo?y :Development FR?‘\‘MEEI"\‘ Launch
Starshad:e I I I I |
Formatiafn Flying | | ]
Paylo !>n. Dev Management & Systems Engineering S S
System Engineerin: [_System Engineering | | ] e
a23
Starshade Fab & Testing |
[ I 1016
T¢lescope \

Launc!} Operations

Ground Segment
Mission Operations

ANASA Milestone

Veor

Vecor

B Schd Margin

mmmmm Critical Path

¥ Milestone

Probe studies are directed to be based on a Phase A start at the beginning of FY17, project PDR in FY19, and a launch no
later than 12/31/2024. The schedule includes funded schedule reserves per JPL Design Principles.

Starshade STDT Progress Report

20



Summary of Critical Technologies

[

ExoPlanet Exploration Program

Optical Model Validation
« Experimentally demonstrate that models
predict performance to 10" contrast

Precision Deployment and Shape

Control

» Build structure that meets shape
requirements

» Deploy accurately and with high reliability

* Maintain shape during on-orbit disturbances
such as jitter and thermal gradients

Long Distance Formation Flying

» Sense cross-track alignment errors between
starshade and telescope

» Control relative position of starshade and
telescope line of sight

Stray Light Control

» Mitigate scattering of sunlight off edge of
starshade petals

» Control transmission of sunlight and starlight
through membrane

Starshade STDT Progress Report 21



Starshade Technology Readiness Plan

Already Complete

Assess State of Art
Capabilities

Develop
Requirements and
Error Budges

Develop
» Mathematical models

* Design tools
» Component testbeds

Starshade STDT Progress Report

Identify Technology
Gaps and Maintain
List

Verify Key Tolerances

* Manufacturing

* Deployment

* Thermal deformations

* Dynamic
deformations

Validate Math. Models
* Solar edge scatter

« Starlight edge
diffraction
(preliminary)

ExoPlanet Exploration Program

Current & Funded Future & Unfunded

Technology Maturation
* Blanket system
prototype

* Inner disk structure 2017 2024

with no outriggers to

deploy

Pre-Phase A Phase AIB ' Phase C/D Phase E

Resolve Residual Tall-
Poles Demo Perf. with .
» Optical-edge mech. Subsystem vl\:l):lT g Z‘tTm P Qtua||:'|f.y ht oDemsl ¢

design Prototypes (TRL-5) y roto-riig n-orvl
- Starlight edge - Petal QICICHES System perform

phenomena « Inner disk structure U Lk (TRL-9)
» Complete optical * Launch restraint &

model validation at deployment control

flight levels

Develop Formation
Flying Algorithms &
Demo on Testbed

Develop System
Testbed

22



Optical Model Validation

s

Lab experiments at Princeton and NGST
have demonstrated contrasts close to flight
levels for large flight versions
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Desert field testing at 1% scale has demonstrated
contrasts at 107; Glassman et al. 2013

.

ExoPlanet Exploration Program

Azimuthal Median Radian Contrast

3

50% Throughput Annual Region 50% Throughput
B
4 95% CI
|'|
10 /
J
v
-1
Measured
/ __—Theoretica
-12
-13
-14
0 W a0 300 420 50 600 0 800 800

Equivalent Space Angle, mas

<1019 contrast at 400 mas equivalent

NASA funded effort is directed at larger-scale experiments closer to flight geometry and

in broadband light to completely verify the propagation models.

Starshade STDT Progress Report
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Petal Prototype and Deployment m

Full-scale petal prototype
with the petal width profile
manufactured to required
tolerances. JPL facility.

Subscale (2/3) partial
starshade prototype. 25
deployment cycles
demonstrated deployed
positions to within required
tolerances. NGC facility.

Starshade STDT Progress Report

ExoPlanet Exploration Program

3-a error bounds for petal edge deviations (+ 100 pm)

Scale: 100 pm
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Starshade Stowage and Deployment ﬁ

ExoPlanet Exploration Program

Starshade mock-up unfurls for the first time

http://www.youtube.com/watch?v=G68sqggRhP2E

Starshade STDT Progress Report 25



Baseline Probe Design

STDT Next Steps

» Refine Design Reference Mission and Atlas V5 m

science yield simulations

« Complete trades for the baseline design of

starshade + telescope system

“Starshade Ready” Design

« Starshade design for a future or existing

telescope (e.g., NRO)

« Starshade readiness of telescope Telescope _

Technology Development

Medium -

Fairing &

2.4 m SALSO _
Telescope ™~

Instruments ~_
™~

Spacecraft -

* Priorities recommended by STDT //{

* Where technology development will Separation
continue by the community through P'.a\f‘es
competed NASA technology programs; Ny

some STDT members participating

Starshade STDT Progress Report

Stowed Occulter =~

<

ExoPlanet Exploration Program

Occulter with
2.4-m NRO

telescope
stacked on top

26



Starshade Summary %

ExoPlanet Exploration Program

The starshade probe-class mission
IS the only way to reach down to
focky exoplanets with a relatively
Small space telescope

The planet-starflux contrast and
IWA are nearly independent from
the telescope aperture size

> - ~ » &
Technology progress is OM ;

for a new start in 2017

Starshade STDT Progress Report



Backup ™~

ExoPlanet Exploration Program
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Starshade Technology “Gap List”

Appendix: http://
exep.jpl.nasa.gov/
technology/

Starshade STDT Progress Report

- ExEP Technology Plan

e,

ExoPlanet Exploration Program

Table A.4 Starshade Technology Gaps Listed in Priority Order.

ID Title Description Current Required

S-1  Control of Sunlight scattered Several preliminary Edges manufactured of
Scattered from starshade designs of edge shapes high flexural strength
Sunlight edges and surfaces have been studied material with edge

risk being the through laboratory tests  radius <1 pm.
dominant source of  having edge radius
measurement noise. =10 pm.

S-2 Validation of Experimentally Experiments have Experimentally validate
starshade validate the validated optical models of starlight
optical models  equations that diffraction models at suppression to

predict the Fresnel number of ~100 £1 x10-11,and

contrasts achievable to contrasts of 4 x 10-19, perturbation

with a starshade. but with poor agreement  intensities to 20% at
near petal valleys and Fresnel number of
tips. 10-20.

S-3 Starshade Demonstrate that a Millimeter-wave mesh Demonstrate using a

Deployment starshade can be antennas have been half-scale or larger
deployed to within deployed in space with prototype the budgeted
the budgeted diameters up to 17m x in-plane deployment
tolerances. 19m and a out-of-plane tolerances, which are
accuracy of 2.4-mm. millimeter to sub-
millimeter depending on
the specific error terms.

S-4 Petal Prototype = Demonstrate a high- Low-fidelity petals have Demonstrate a fully

Demonstration  fidelity prototype been assembled and integrated petal,
starshade petal. precision petal including blankets,
manufacturing hasbeen  edges, and deployment
demonstrated. control interfaces.

S-5 Formation Demonstrate that Simulations have shown  Sensors demonstrated
Flying GN&C the GN&C system that sensing and GN&Cis  with errors < 0.25 m.

for an occulter will tractable, though sensing  Control algorithms
enable therequired  demonstrations of demonstrated with
slew from star to lateral control has not lateral control errors
star and positional yet been performed. <1m.

stability for science

observations.
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Mission Options %

ExoPlanet Exploration Program

Propulsion
Option  Telescope Launch Config. & Vehicle Orbit Responsibility* Status

Small

1 dedicated Occulter + Telescope on low cost Earth Telescope Baseline for Interim Report
(1.1-m intermediate-class L/V Leading System P
Telescope)
Larger shared | Occulter separately on low cost

2 existing intermediate-class L/V, Earth-Sun L2 Occulter Deferred to Final Report
telescope rendezvous with telescope

3 léi:sgt?r: HEVED Occulter + Telescope on Earth-Sun L2 Oceult Deferred to Final Report,
telescc?pe intermediate-class L/V arth-stn ceuter studied briefly for SALSO RFI

* For retargeting maneuvers and formation control

Options 2 and 3 require telescope to launch “starshade ready”, with instrument,
guide camera, and radio system for inter-spacecraft communications

Starshade STDT Progress Report
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Starshade STDT Progress Report

Error Budget

Tolerance Contrast

Error Source Allocation Allocation
Petal Manufacture

Segment Placement +/- 60 um 1.00E-11

Segment Shape +/- 80 um 1.00E-11
Petal Deployed Position

Radial (common to all petals) +/-0.25mm 4.50E-12

Random Radial +/-0.6 mm 1.40E-12

Tangential +/- 0.5 mm 2.00E-12

Elliptical truss deformation 1mm 5.00E-13
Thermal Deformations

Uniform n/a

Monotonic gradients +/- 35 ppm 9.00E-12

Semi-Random errors +/- 7.5 ppm 7.00E-13
Formation flying +/- 1 m lateral 1.00E-11
Glint and Leakage

Solar glint calibration residual| 1 um radius 1.00E-11

Micrometeoroid transmission <1lcm’ 1.00E-11
TOTAL 6.81E-11

<
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Target Stars with Known Jupiters

Spectral distance B-V Charact.
Target # Name HIP $ype [FelH] V' (mag) (pc)  Color Index time (days)
1 HD 11964 b 9094 G5V _ 6.42 33.00 0.84 21.17 50 6.0
2 UV Andd 7513 F8V 0.15 4.10 13.49 0.54 22.45 70 3.3
3 € Eridani b 16537 K2v -0.03 3.71 3.21 0.88 21.55 70 1.2
4 YCepb 116727 K1l - 3.21 14.10 1.03 20.39 70 <1
5 7CMab 31592 K1l _ 3.95 19.75 1.06 20.34 70 <1
6 Pollux b 37826 KOlIl - 1.15 10.36 0.99 20.86 70 <1
7 47Umab, c 53721 GOV 0.04 5.03 14.06 0.61 20.24 70 <1
8 HD 128311 c 71395 K3-V 0.2 7.49 16.50 0.97 20.21 50 7.2
9 HD 147513 b 80337 G1v 0.09 5.37 12.78 0.63 19.08 70 <1
10 WArab, c 86796 G3IV-V 0.29 5.12 15.51 0.69 22.20 50 3.8
11 HD 164922b 88348 GovV 0.17 7.01 22.12 0.80 20.29 50 3.6
12 HD 39091 b 26394 GOV 0.05 5.65 18.32 0.60 21.46 70 4.6
13 HD 169830c 90485 K1l _ 590 36.32 0.48 21.51 50 4.4
14 HD 192310c 99825 K2+V 0.02 572 891 0.91 19.00 70 <1
15 HD 216437b 113137 G1V 0.22 6.04 26.75 0.66 20.77 70 5.0
16 HD 190360b 98767 G7IV-V  0.21 5.73 15.86 0.75 22.06 50 8.6
17 HD 10647 b 7978 FoV -0.08 5.52 17.43 0.53 20.37 70 3.4

&
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Target Stars for Rocky Planet Search

[N,

ExoPlanet Exploration Program

Tagir Name We o CTUE e v CUTTT S aw R O
18 tau Ceti 8102 G8.5V -0.52 3.49 3.65 0.73 248 0.72 0.70 11.34
19 82 Eridani 15510 G8.0V -0.41 4.26 6.04 0.71 249 0.65 2.74 51.62
20 O Draconis 96100 G9.0V -0.19 4.67 5.75 0.79 24.7 0.62 5.71 72.88
21 "M CassiopeiA 3821 G3V -0.25 3.45 594 057 252 0.37 0.66 22.06
22 GL 189 23693 F6/7V. _ 471 11.65 0.53 253 0.32 6.16 213.57
23 GL 150 17378 KOIV 0.16 3.52 9.04 093 256 0.14 0.74 51.82
24 GL 107A 12777 F7V  0.06 4.10 11.13 0.49 255 0.24 2.05 105.37
25 GL 124 14632 GOV 0.16 4.05 10.54 0.60 25.5 0.26 1.88 95.10
26  ©2Eridani 19849 KO0.5V -0.28 4.43 4.98 0.82 24.7 0.54 3.72 47.14
27 GL216A 27072 F7V. ___  3.59 893 0.48 255 0.26 0.83 46.21
28 B cvn 61317 GOV -0.16 4.24 8.44 0.59 25.2 0.36 2.65 80.82
29 GL 502 64394 GOV 0.07 4.24 9.13 0.57 253 0.32 2.63 90.50
30 GL 442A 57443 G3/5V -0.33 4.89 9.22 0.66 250 0.41 8.53 184.77
31 61 Vir 64924 G5V 0.05 4.74 856 0.71 250 0.48 6.50 143.69
32 GL 598 77257 GOVvar 0.05 4.41 12.12 0.60 254 0.24 3.61 169.92
33 GL 695A 86974 G5IV 3.41 831 0.75 255 0.21 0.60 36.90
34 GL 231 29271 Ge6V 0.09 5.08 10.20 0.7t 25.1 0.33 12.05 271.34
35 dpavonis 99240 G8.0IV 0.33 3.53 6.11 0.76 252 0.46 0.75 25.36
36 GL827 105858 F7v. __  4.22 9.26 0.47 253 0.31 2.55 91.24
37 GL 17 1599 GOV -0.22 4.23 859 0.58 25.2 0.35 2.60 82.48
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