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Exopla'net Probe — Starshade Mission Concept, 2014



Launch Configuration

STARSHADE SUBSYSTEMS
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STARSHADE AT WORK

Observation geometry 55 thousand km . | Light years
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HYBRID OBSERVATORY FOR EARTH-LIKE EXOPLANETS (HQEE)

Large ground-based telescopes with Earth-like exoplanet
AO/extreme AO laser guide star on Earth:
39-m ELT, 30-m TMT and 24-m GMT
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STARSHADE TECHNOLOGY DEVELOPMENT ) 201,6-2025.
FOUR MAIN QUESTIONS: -

1. Diffraction modeling: If the
starshade has the right shape, will it
produce a dark shadow?

2. Mechanical engineering: Can we fly
a starshade with the right shape?

3. Formation flying: Can we fly and
maintain the telescope in the
shadow of the starshade?

4. Solar glint: How do we address
glare from the Sun?




OPTICAL MODELING AND FORMATION FLYING

« 80 mlong tube in basement of
Frick building on Princeton
campus

* - Not evacuated (1 atm)

. Point source, starshade mask,
simple camera.

™
Class 38 Laser Contolad A
e

5-cm diameter Starshade

etched in silicon * Remotely operated

. 2 — :
. Princeton test

: « Settling time for 1e-10 contrast
A. Harness et al references: M1a,b reports, JATIS, Proc. SPIE was about 3 days.
Shaklan et al M2 report and Proc. SPIE _ _
Operational 2017-2022.
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DEEP CONTRAST AND FORMATION FLYING o

Hardware-in-the-loop Station keeping Test fitting pupil image

Linear.Quadratic Regulator with

Integral Control and Unscented
Kalman Filtering

Simulated Formation keeping with actual position
measurements from Princeton testbed

Pupil Plane Focal Plane
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Actual
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Palacios, Harness, & Kasdin, Acta Astron, 171 (2020): Princeton Frick Testbed H/W in the loop
See also papers by T. Flinois and S. Martin.
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STARLIGHT SUPPRESSION: LABORATORY MEASUREMENTS
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Starshade laboratory result

Angular separation [A/D]

Angular separation [mas] on a 6m telescope at 650 nm
250 300

HCIT segmented pupil PIAACMC
650nm 1 BMC (Belikov et al 2022)

HCIT segmented pupil Vortex
650nm 1 BMC (Riggs et al 2022)
HCIT clear pupil Vortex

650nm 1 BMC (Ruane et al 2022)
HCIT clear pupil Vortex

635nm 2 AOX (Ruane et al 2022)
HCIT clear pupil Lyot

550nm 2 AOX (Seo et al 2019)

Princeton starshade
681nm (S5 MS1b)

Mennesson et al,
JATIS vol 10 (2024).



STARSHADE CONFIGURATION WRAPPED DESIGN
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AP PR | STARSHADE: SAME ARéHITECTURE
NISAR s - 10 m DEMO

Perimeter truss has the same components, flatter
geometry, and center deployment.

Synthetic Aperture Radar' joint project NASA-ISRO.
Launched July 30, 2025

Dish is deployed and supported by a 12-m dlameter
perimeter truss.
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e Subjected petal test article to 50 thermal cycles (+ 50°C)
* Subjected petal test article to 5 furl-and-deploy cycles (simulating wrapping around 2.3 m-diameter)

- o Measured petal shape after thermal cycles, furl cycles, compare to reference shape to calculate width change

— MicroVu measurement machine (microscope on a x-y translation stage) used for petal shape measurement

Video and photos take at Tendeg Inc., Louisville, CO.
- 12



PETAL LAUNCH RESTRAINT & UNFURLING SUBSYSTEM (PLUS)
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HOEE SHAPE SENSITIVITY

* The starshade is designed to
have better than 3x10-12
contrast at the tips, about 33

times fainter than an exo- | =
E a rth P ' | . ’PnyrdeOEEtiﬁif

« Shape imperfections allow.
some starlight to leak. The
shadow gets brighter.

Fig. 4 Ninety-nine-meter starshade analysis of petal perturbation (amplitude = 100 mm). Left:
random perturbation. Right: global perturbation.




HOEE SHAPE/CONTRAST SENSITIVITY

These are shape errors for a change in contrast of 5 x 1012 at the IWA, per perturbation.

Petal Displacement

Petal Displacement

Petal Edge Segment
Displacement

Petal Clocking

Formation offset (lateral offset)

Radial / global (common to all
petals)

Radial / random

In-plane, normal to spine, random

In-plane, angular offset from
base, random

Lateral line of sight motion

Stellar leakage for petal displacement.of 100 mm
(radial and global), segment displacement of 100
microns (random) and proportional length and width
errors of 500 ppm.

46 mm

66 mm 1-sigma

280 microns 1-sigma

0.0042 rad (10.5 cm at the tip)

1.4 m (1.65 milli-arcsec)

HOEE test pert Radial Avg. Contrast

In-plane displacement

In-plane displacement

These contribute to petal width
errrors, the most sensitive
component of the error budget.

Random motions are more
sensitive than coordinated
motions.

Longitudinal motion allowance is
> 1000 km




INFLATABLE CONCEPTUAL DESIGN

The starshade consists of a central hub connected to 36 radial
structural members that support deployable petals arranged
symmetrically around the perimeter.

Each petal spine has a diameter of 0.8 m and extends outward from
the outer ring. The petals are evenly distributed to maintain rotational
symmetry and optical performance. :

All petals have a constant cross-section and include reinforcement
along their length at several locations.

-~

OMP  www.optomechanics.ca Thanks to Marc-Andrew Boucher of OMP for providing this chart.

Deployment

The petals are folded directly around the satellite in an accordion pattern. After
deployment, the base of the petals is linked together to better control their

final position, forming a collar (blue curve). (36 petals in total)

Segment design

A possible approach is to use
bladders to tension a cable,
which would create the
segments. This tensegrity
design would allow better
error distribution and simplify
the folding process.

Shield

Node (7X)

17



Pl and Point of Contact:
Christine Gregg (NASA ARC) christine.e.gregg@nasa.gov

Project Co-lIs:
Alan Cassell, Dan Sirbu (NASA ARC),

Serife Tol, Ellen Arruda (University of Michigan),
Othman Oudghiri-ldrissi (University of Texas at Austin)

2 Metashade

Dynamically Stable Large Space Structures via Architected Metamaterials

UNIVERSITY OF
MICHIGAN

Ame;ﬂeseart:ll Center TEXAS

The University of Texas at Austin

Technology and Innovation
* Metamaterials and robotic assembly may create lower-mass starshade
structures for challenging dynamic operational loading requirements
* Dissipative metamaterial designs do not trade stiffness forenhanced
damping, allowing faster settling times. This canreduce overall mass while
maintaining high precision and overall performance

* Band gaps can be tailored to
suppress problematic modes

e Structure will be assembled on
orbit, integrating metamaterial
modules, creased plates
occulting layers, and petal
structures (which may be
hybrid assembly/deployed)

(@) Mock-up unit cell with 600 7 (b) Mock-up unit cell &
homogeneous beams Ih with PC beams
500 - 5
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33.40 Hz, 3.62% damping

Dispersion and damping level of the prototype array unit cell with (a) A ; ; ;
homogenous VeroW hite beamsand (b) phononic crystal beams. The 10 20 30 40 50
damping levelin the VW and PC-based arrays is 3% and approximately 6%, }7-27 Hz, 7.82% damping Frequency [Hz

respectively. The experimental structural testsperformed on the solar

armayverifiesthis prediction.

M Viscoelastic material
Autonomous construction robots from the (] Etestic material
NASA ARMADAS project can enable small
robots to assemble large metamaterial

structures.

Conceptimage of the assembled starshade with metadamping
metamaterial modules.

Dynamic Requirement Development

[ loading period  'Settling period Observation period | —xq) « HOEE station keeping
’ = requirements present a
uniquely dynamic
T Required precision operational environment,
T ] with repeated periodic
5 loading and limited time
S for settling and
observation.
* Dynamic deflection
requirements must be
- : . ;5 . established for necessary
i contrast
22
* The Metashade teamis § 2|
developing single DOF - 187
heuristics for frequency and E ¥
damping requirements, as well TSB igj:
as modal analysis for detailed & B A
dynamic deflection S 08l
requirement analysis. % 0s !
e 0'40 5 10 15 20

C[%]

Structural damping level
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CONCLUSIONS

The starshade, when used with a space or ground-based telescope, turns that
telescope into a powerful exoplanet observing machine.

It does so without Imposing any strong 'requirements on the telescope.

Starshade technology is highly advanced and has demonstrated deep contrast as
well as the ability to control the starshade shape to well within required levels.

The HOEE cdncept Is exciting because it takes advantage of enormous apertures to
allow them to see the faintest objects in the search for extraterrestrial life.
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BACKUP SLIDES
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COUPONS AND EDGE SEGMENTS

EHT = 10.00 kV Signal A = SE2 Date :25 Feb 2016
Mag = 3646 KX WD =21.0 mm Time :15:35:10

Range of allowed
Sun angles

-20 0
Edge Orientation, ¢

McKeithen et al, SPIE 2020
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STRAY LIGHT COATINGS AND CONTAMINATION

Our scatter study assumes that most surfaces are coated.with anti-reflection multi-layer or absorptive coatings. It
assumes that all surfaces have particulate contamination (0.4% area coverage).

Coating performance is measured or based on published values.
The teléscope-facing side is coated with a Zecoat black AR coating, as
are the pop-up ribs.

" All CFRP is coated with Acktar Lambertian Black

The contamination level is PCL 550, Percent Area Coverage = 0.4%.
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Photo of multilayer membrane 0.5 m wide coated [0)% Zecoat under
a Phase Il SBIR. (Courtesy David Sheikh, Zecoat Corp.)
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PROBA-3: AN EXTERNAL OCCULTER ON ORBIT

PROBA = PRoject for On Board Autonomy

Developed by ESA, launched by Indian Space Agency, December 2024. 20 hour highly-elliptical orbit.
Autonomous formation flying to 1 mm over a distance of 150 m, for up to 6 hours of each orbit.

_____________

_____________

Proba-3 is ESA's — and the world's — first precision
formation flying mission. Its two satellites will
adopt a fixed configuration in space around 150 m
apart while lined up with the Sun so that one
spacecraft blocks out the brilliant solar disk for the
other. This will open up six-hour-long views of the
solar corona for scientific study.

Configuration Overview

Image credit: ESA —F. Zonno

?\’
¥

i -

The two spacecraft stacked in launch configuration.

Image credit:
https://www.group.sener/en/project/proba-3-

formation-flying-mission/ 23
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SOLAR GLINT: TWO LOBE PATTERN

-100 =50 0 -100 =50 0 50 100
mas mas

Fig. 10 Effect of solar glint at the image plane with different rotations of the Sun around the plane
(@ = 90 deg and 45 deg) from uncoated metallic edges. When the Sun is positioned to the side
and behind the starshade, it reflects sunlight toward the telescope, resulting in a prominent two-
lobed glint effect around the edges. The 10-'? star images at the lower left corners show the PSFs
on a log scale.

Spinning vs. non-spinning starshade trade:

Spinning smooths out the local “speckles” from local perturbations. This relaxes starshade tolerances
and simplifies calibration, but may complicate thrusting and station keeping.

By not spinning, we can use serrated edges, like a stealth fighter jet, to eliminate the solar glint.



HOEE: OBSERVING GEOMETRY

Constraints:
Sun at least 18 deg below horizon
- dark sky
Starshade facing anti-Sun hemisphere
- no direct sunlight on telescope-facing side
Target > 30 deg above horizon
- telescope pointing constraint

Peretz et al, JATIS 2021

~119deg (65.0+s.,)

End of night (Sun 18 deg beiow horizon): End of night (Sun 18 deg below horizon): Midnight:
Target > 30 deg above horizon. : Target at zenith Target > 30 deg above horizon.
Starshade normal target. Starshade tilted 19 deg from target. Starshade tilted > 31 deg to target.

Starshade \ \

Sunlight Sunlight Sunlight
25



IMAGING AN-EXOPLANETARY SYSTEM

Solar type star at 17 pc, 20 minute exposure, 40-1000 nm, Strehl Ratio 0.4 — 1.0.

Angular separation (mas)

Angular separation (mas)

No atmosphere

-50 0 50
Angular separation (mas)

Jupiter

-400 -200 0 200
Angular separation (mas)

Angular separation (mas)

Angular separation (mas)

With atmosphere and
ELT AO: SR=0.4

-50 0 50
Angular separation (mas)

Jupiter

Saturn

-400 -200 0 200
Angular separation (mas)

Angular separation (mas)

Angular separation (mas)

With atmosphere and
ELT AO: SR=0.7

-50 0 50
Angular separation (mas)

Jupjter

Saturn

-400 -200 0 200
Angular separation (mas) 26



	Slide 1: Starshades
	Slide 2
	Slide 3: Starshade Subsystems
	Slide 4: Starshade at Work
	Slide 5: Hybrid Observatory for Earth-Like Exoplanets (HOEE)
	Slide 6: Starshade Technology Development (S5) 2016-2025 Four Main Questions:
	Slide 7: Optical Modeling and Formation Flying
	Slide 8: Deep Contrast and Formation Flying
	Slide 9: Starlight Suppression: Laboratory Measurements
	Slide 10: Starshade configuration: Wrapped Design
	Slide 11: NISAR
	Slide 12: Petals
	Slide 13: Petal Launch Restraint & Unfurling Subsystem (PLUS)
	Slide 14: “Flasher” Origami Demonstration
	Slide 15: HOEE Shape Sensitivity
	Slide 16: HOEE Shape/Contrast Sensitivity
	Slide 17: Inflatable Conceptual Design
	Slide 18: Dynamically Stable Large Space Structures via Architected Metamaterials
	Slide 19: Conclusions
	Slide 20: Backup Slides
	Slide 21: Coupons and Edge Segments
	Slide 22: Stray Light Coatings and Contamination
	Slide 23: PROBA-3: An External Occulter on Orbit
	Slide 24: Solar Glint: Two Lobe Pattern
	Slide 25: HOEE: Observing Geometry
	Slide 26: Imaging an Exoplanetary System

