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Pathways to Discovery in Astronomy and Astrophysics for the 2020s (2021)

Priority Area:  Pathways to Habitable Worlds

Recommendation:  A Great Observatories Mission 
and Technology Maturation Program, studying a  
Future Large Infrared/Optical/Ultraviolet Telescope 
Optimized for Observing Habitable Exoplanets and 
General Astrophysics

• Capable of observing planets 10 billion times 
fainter than their star

• UV, visible, and near-IR exoplanet spectroscopic 
capabilities



External Occulters (Starshades)

Internal Occulters (Coronagraphs)

ExEP



Starlight Suppression is the Key Technology 
in the Search for Biosignatures on Earth-Like Exoplanets

Turnbull, et al., 2006
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(NOT TO SCALE!)

~40,000 km Light years

52 m
4m-class 

optical 
telescope
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Starlight Suppression Formation Sensing 
and Control

Deployment Accuracy and Shape Stability

All M
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Complete!

Critical Milestones Complete, High-Fidelity Milestones In Progress!
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S5 Activity Goals:

• Develop starshade technology to 
discover Earth-like planets in 
habitable zones around Sun-like stars 
for future space telescope missions.
• Help coordinate community research.
• Advance the technologies that close 

the three key technology gaps to 
TRL 5.

S5
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S5: Closing Starshade Technology Gaps
https://exoplanets.nasa.gov/exep/technology/starshade/
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Gap 1:  Starlight Suppression & Scattered Sunlight

Image credit, desert testing:  Northrop Grumman
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Gap 1:  Starlight Suppression & Scattered Sunlight
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Gap 1:  Starlight Suppression & Scattered Sunlight
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Gap 1:  Starlight Suppression & Scattered Sunlight
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Gap 2:  Formation Sensing and Control
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Gap 2:  Formation Sensing and Control
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Gap 3:  Deployment Accuracy and Shape Stability
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Inner Disk Subsystem

Petal Launch 
Restraint & Unfurl 
Subsystem (PLUS)

Petal Subsystem

Gap 3:  Deployment Accuracy and Shape Stability
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Gap 3:  Deployment Accuracy and Shape Stability
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JPL Starshade Laboratory
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Original Design- Heptagon (7-agon)
• Larger and fewer “panels”
• Fewer fold lines at center of disk
• Stows to smaller radial annulus

Current Design- Tetra-decagon (14-agon)
• Deployment kinematics better match truss
• More panels, but may be able to reduce # 

of panels radially
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23

Stowed ½-scale 
truss
(1m diameter)

Stowed ¼-
scale truss
(1.5m 
diameter)

Optical Shield 5m (¼-scale) prototype rev1 
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Candidate Patterns

From A. Haraszti 2020-2021 internship
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RS_modified_v2

RS_simplified_twist

Matching Truss to Optical Shield

From A. Haraszti 2020-2021 internship
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10.6 m 2.3 m

Deployable Inner Disk System and Perimeter Truss at TENDEG facility, Louisville CO
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Deployable Inner Disk System and Perimeter Truss at TENDEG facility, Louisville CO
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From J. Fulton JPL fellowship / TENDEG
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3σ bounds on deployment accuracy
calculated using Monte Carlo analysis:
121 μm radial, 91 μm tangential

150 μm radial random allocation, 3σ
120 μm tangential random allocation, 3σ

Conservative 3σ bounds on spread of the
34 petal interfaces over the 22 deployments

Accuracy errors of 34 petal interfaces
over 22 deployments

Mean accuracy errors of 34 petal interfaces

Inner Disk Deployment with all CRITICAL features (Milestone 7C): Complete!
Inner Disk Deployment with ALL features (Milestone 7D):  In progress for September 2023.
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S5 Error Budget and Allocations

Flight dev. margin ≥100% margin
4 x 10-11

Study Circumstellar DisksStudy metallicity of Gas Giants

Limit photometric noise at IWA to  ≤  20X planet
Calibrate systematic noise to ≤ 10% 

Detect & Characterize Earth 2.0
Planet flux ≥ 4 x 10-11 Stellar flux

Instrument Contrast

1 x 10-10

Mechanical Shape Error
2.1 x 10-11

Sunlight thru 
micrometeoroid holes

V > 31
(after multi-bounces)

Starlight thru micrometeoroid holes
0.1 x 10-11

Nominal specified shape
0.4 x 10-11

Solar Edge Scatter 
V > 25 mags

in 2 lobes at IWA

Other stars
(galactic and 

extra-galactic)
V > 30

Solar Zodi

V > 29
per PSF at 760 nm

Reflected
bright bodies

V > 30
V> 32 99% of time

KPP 1 KPP 2  

KPP 4

KPP 3

KPP 5 KPP 6

Lateral Formation 
Sensing ≤ ± 30 cm

Launch, cruise & non-thermal stability
0.1 x 10-11

Sunlight leakage thru 
optical shield flaps

V > 32

Exo-Zodi
V > 28

per PSF at 1.5X 
solar density

KPP
Threshold Values

Lateral Formation Control ≤ ± 1m
1 x 10-11

WFIRST-Starshade Rendezvous at 1.52 l/D IWA

StarshadeBackground Telescope

Model validation accuracy ≤ 25%
2 x 10-11

Demo viable in lab at subscale
(no hidden physics)

HabEx reserve at 1.36 l/D IWA
0.4 x 10-11

Allocated Instrument Contrast
3.6 x 10-11

Petal Shape
1.8 x 10-11

Petal Position
0.2 x 10-11

KPP 7 KPP 8
On-orbit thermal stability

≤ ± 200 µm
0.1 x 10-11

On-orbit thermal stability
≤ ± 80 µm
0.8 x 10-11

Pre-launch (Mfr., AI&T & storage)
≤ ± 300 µm
0.1 x 10-11

KPP Goals

Nominal CBE Values
Basis of estimate

≤ ± 50 µm

≤ ± 40 µm
Mostly TDEM-09 msts.

≤ ± 40 µm

≤ ± 20 µm
Unvalidated models

≤ ± 212 µm

≤ ± 170 µm
Mostly TDEM-10 msts.

≤ ± 100 µm

≤ ± 50 µm
Unvalidated models

25% 25%100% 100%Contingency or MUFs

Margin41% (2X in contrast) 100% 100% (4X in contrast)41%

Pre-launch (Mfr., AI&T & storage)
≤ ± 70 µm
1 x 10-11

Detector Noise
Read Noise:
Dark Current:
Cosmic Rays:

Key Terms
Background vs. target

Bright-body reflections 
vs.target

Formation error
Thermal deformation vs. 

Sun angle

Time Variant

Key terms are well understood & not a 
threat to 10% calibration accuracy
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Roman (WFIRST) / 
Starshade Rendezvous 
Mission

Habitable Exoplanet 
Observer Mission 
(HabEx)

Science Performance 
Error Budget

Science Objectives
Measurement Thresholds
Calibration
Astrophysical Parameters

ExEP
Technology Program 

TRL Definition for 
Starshade System and 

Elements

NASA NPR 7123.5 
Appendix E

TRL Definitions
Exit Criteria

Nominal system design 
Interfaces

Relevant environments

S5 Technology 
Development 

Milestones

Technology Gaps (5)
Key Performance 
Parameters (8)

Available Budget 
Profile

Milestone dates
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S5: Closing Starshade Technology Gaps
https://exoplanets.nasa.gov/exep/technology/starshade/
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https://exoplanets.nasa.gov/exep/technology/starshade/
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2/7/24, Petal manufacturing accuracy

10/9/23, Petal thermal stability

1/2/24, Truss Bay fabrication accuracy

9/1/23, Inner Disk deployment repeatability

5/16/24, Inner Disk thermal stability, 

Mechanical Milestone Path to TRL5

Internal Deliveries
Intermediate Briefings
Final Milestone (Report)

Each of these milestones is a conclusion of a previous activity. We are repeating design/fabrication/analysis for a higher-
fidelity full-featured version of a component that has already been demonstrated with critical features.
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S5 requirements were developed for HabEx
mission. (For context: 52m starshade, 16m petals 
on a 20m inner disk.  70mas IWA at tips over 300-
1000nm.)

How does S5 translate to IROUV?  

What size starshade would be appropriate for 
IROUV?

For a 6m telescope, depending on assumptions, 
we would get excellent results for starshades in 
the range of 56-70m.

One point design shown in parametric design 
space at left: 56m starshade with 16m petals, 
24m inner disk. 65mas IWA at tips over 500-
1000nm.0
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Starshade size curves for 6m telescope with 500-1000 nm bandpass (IROUV)
(7.2 Fresnel zones on petals that form 57% of diameter)

Total dia. (left) 

Petal length
(right)

65-mas IWA at tips

56-m starshade
16-m petals
& 24-m disk

89-Mm separation IWA = n lmax/D

1.
89

Telescope distance

*Pre-decisional, for planning and discussion purposes only
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Morgan, et al., “An exploration of expected number of exoplanets for a 6m class direct imaging observatory”

*Pre-decisional, for planning and discussion purposes only
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• Require two spacecrafts aligned to line-of-sight
• Relatively long times between observations (~ few days to weeks)
• Limited targets due to limited propellant and time for starshade movements
• Not possible to conduct a full-scale end-to-end optical testing on the ground

– Relies on ground sub-scale lab and field tests with validated high-fidelity models

• The starshade does all the starlight suppression before the light enters the telescope, hence:
– does not require advanced telescope stability
– wavefront sensing and correction is unnecessary
– doesn’t care what type of telescope (segmented, on-axis; aperture shape)
– starshade will not drive the requirements of the telescope (i.e. enables cheaper telescope)

• Better IWA: ~ 1.5 λ/D vs ~ 3-4 λ/D (emulating a larger telescope)
• High throughput: ~ 40-50% (emulating a larger telescope)
• Larger FOV, limited by detector size rather than DM (can capture simultaneous multi-planet 

systems and debris disks)
• Capable of operating in the UV

Starshades: Advantages and Disadvantages
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• Starshades have closed the Starlight Suppression and Formation Flying 

milestones, and are in progress towards closing the final Mechanical 
milestones; a TRL5 review is underway for IROUV.

• Starshades have demonstrated 1e-10 contrast, exceeding expected 
IROUV requirements.

• Starshades can cover UV to NIR (200nm to +1300nm).
• Starshades have high multispectral photon throughput, and support 

spectroscopy past 800nm.
• Exoplanet yields are being investigated for starshade-only and 

starshade+coronagraph missions.
• S5 starshade architecture and progress to date is broadly compatible 

with the planned IROUV mission, for all three technology gaps (part of 
S5 activity closeout).
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Questions?


