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OUTLINE

Participants

Starshade 101

Starshade Technology

SAG 24 Goals

Progress toward each goal:

– Why: Broadband characterization is important!

– What: Starshade design achieves broadband with high throughput

– How well: UV imaging simulations: How well does it work?

– How many: Exoplanet yield: How many planets can we characterize?
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STARSHADE 101
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55 thousand km Light years

Inner working angle 

(IWA)

Example: a 6-meter telescope with a 35 m 

diameter starshade at 55,000 km, 
providing deep contrast from 250-500 nm 

and IWA = 65 mas.

Observation geometry

Slew from target to target, 1-2 weeks/slew

R.Morgan, SURP 2023

R.Morgan, SPIE 2023

Science products are direct images and spectra

Starshades attributes:

• 100% throughput

• Wide bandwidth

• Deep Contrast

• Excellent in the UV
• Small Inner Working Angle

• Standard Machine Tolerances

• Work with any telescope, e.g. 

on- or off-axis, segmented or 

monolithic



STARSHADE TECHNOLOGY
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Princeton optical testbed  Precision mask

Half-scale precision petal

Stowed and partially deployed 10 m disk with optical shield

10 m disk with petals

10^-10 contrast

Hardware in the loop 

formation sensing 
and  control

Model Validation

Demonstrated deep contrast, formation 

sensing and control, stowage, deployment, 

accurate petals, thermal stability



SAG 24 GOALS

1. Assess the scientific value of access to the following observations:

  a. Broad, instantaneous spectral bandwidth (~100%)

  b.  Unrestricted outer working angle

  c. Low resolution UV spectroscopy down to <= 250nm, with the ability to search for the “ozone cutoff”

  d. High throughput observations.

2. Estimate the exoplanet detection/characterization yield of a notional Starshade for HWO covering 250 nm to 2 

um, e.g., to be used in conjunction with a visible-only HWO coronagraph.

3. Identify methods for the critical or complementary role of Starshade for exoplanet characterization, incl: 
determining the rocky nature of any  planet found by the HWO; determining the bulk composition of rocky planet 

atmospheres; characterizing biosignature gases on potentially habitable rocky planets.

 

4. Simulate end-to-end Starshade images including exozodi, and perform atmospheric spectral retrieval on the 

simulated images, to support Goal 3.

5. Starshade point design to support Goals 2-4.



PANCHROMATIC SPECTRAL COVERAGE IS ESSENTIAL
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(now)

Archean Earth (Feng et al. 2018; 

Damiano & Hu 2022; Hall et al. 2023)

• Many strong features, but multiple 

bands are required to distinguish 

molecules

Proterozoic Earth (Damiano et al. 2023; 

Tokadjian et al. 2024)

• Weaker features in the visible

• Deep, easily detectable O3 features

Goals 1 and 3 Progress: Low-res UV and Complementary Role

Archean Earth

Proterozoic Earth

- Need multiple features for each molecule. 

- Biosignature gases must be measured in 

the context of other gasses, e.g. want 

CH4 and O2 (O3 proxy) together.
- O3 is an important, easily detectable 

discriminator.



MULTIPLE BANDS FROM UV TO NIR ARE NECESSARY TO DISTINGUISH PLANETS
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(now)
Young et al. PSJ 5:7, 2024

Goals 1 and 3 Progress: Low-res UV and Complementary Role

This decision tree highlights the 

measurements that distinguish 

Archean, Proterozoic, and 

Modern Earths.  

Ozone is employed only after O2 

non-detection.

It would be interesting to 

reformulate the chart with 

O3 at the top. Immediately 

determine if O2 is present 

via O3, which can be done 
quickly. 



S5 BASELINE (SRM) AND HWO STARSHADES
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S5 Baseline HWO (UV-VIS) HWO (VIS-NIR)

Starshade Diameter 26 m 35 m 60 m

Disk/Petals 10 m, 8 m 17 m, 9 m 28 m, 16 m

Telescope 2.4 m 6 m 6 m

Wavelength 616-800 nm 250-500 nm 500-1000 nm

IWAtip (max/D), mas 1.5 /D, 103 mas 3.8 /D, 65 mas 1.9 /D, 65 mas

Separation 26.0 Mm 55.5 Mm 95.2 Mm

Fresnel Number 8.1-10.5 11.0 – 22.1 9.5-19.9

Diam/Sep^2 (m/Mm^2) 0.039 0.011 0.006

We also have a 30 m diameter design for a bandpass of 250-440 

nm and IWA = 65 mas.

Goal 5 Progress: Starshade Design

“S5” is the name of the Starshade to TRL-5 activity (2018-2024)

The HWO UV-VIS starshade is comparable in size to the baseline starshade that we have 

extensively studied.  And it has better performance with relaxed tolerances (Shaklan SPIE 2024).



INVESTIGATE THE ABILITY TO CHARACTERIZE EARTH-LIKE 

EXOPLANETS USING AN HWO STARSHADE IN THE ULTRAVIOLET
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Investigations:

• What SNRs can we achieve for starshade observations of an Earth-twin in the UV? 

• How accurately can we constrain the 0.25 𝜇𝑚 ozone feature in modern Earth 
atmosphere as a function of SNR?

Goal 4 Progress: Imaging Simulation and Spectral Retrieval

Study Lead: Zahra Ahmed, Stanford University. With Simone d’Amico and Stuart Shaklan.

Exozodi models provided by M. Currie, based on dustmap (Stark 2011).

Observing conditions to vary: 

• Planet phase angle, system inclination, 
exozodi density, observing time

Realistic starshade model:

• Imperfect starshade, solar glint on edges 
and petal faces, micrometeoroid leakage, 
formation flying 



SIMULATED SCENE WITH 35 M STARSHADE

3 OF 10 BANDS SHOWN WITH AN EXO-EARTH AT QUADRATURE AND INCL = 60o
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Goal 4 Progress: Imaging Simulation and Spectral Retrieval

Realistic simulations show that the HWO 35 m will enable deep, accurate, NUV characterization of exo-

earths. SNR will be limited by the Exozodi, not instrument systematics.



EXAMPLE: POST-PROCESSED SPECTRUM
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• Inclined 30 degrees, 10 zodis, 3-day integration, planet at 120 degrees 

475– 500 nm Extracted Spectrum

Goal 4 Progress: Imaging Simulation and Spectral Retrieval

Using a simple post-processing pipeline, we are able to recover the planet signal in the presence of 

starshade systematics and resonant exozodi structures.
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Goal 4 Progress: Imaging Simulation and Spectral Retrieval

EXAMPLE: POST-PROCESSED SPECTRUM
• Inclined 60 degrees, 10 zodis, 3-day integration, planet at 120 degrees 

475– 500 nm Extracted Spectrum

Using a simple post-processing pipeline, we are able to recover the planet signal in the presence of 

starshade systematics and resonant exozodi structures.



35 M WITH SOLAR ELECTRIC PROPULSION (NEXT) THRUSTERS

Goal 2 Progress: Exoplanet Yield

The 35 m starshade can observe 180 targets over 10 years without refueling.



CHARACTERIZATION YIELD VS. TELESCOPE AND STARSHADE 

DIAMETER, ASSUMING PLANETS/ORBITS ARE KNOWN. Detection 

Assumptions:

- SR = 140

- SNR = 8.5

- 60 day observation 

cap

Starshade 

Assumptions:

- Diameter matched 

to telescope as 

shown.

- IWAtip = 65 mas

- Planet orbits known.

Coronagraph 

Assumptions:

- 20% bandwidth 

- Bands observed 

simultaneously

- 5 yr mission

- Planet orbits known

Coronagraph
820 – 1000 nm

Coronagraph
690 – 840 nm

Starshade
450 – 1000 nm

-> 5yrs

-> 10yrs

D=60 m

D=62 m

D=64 m

D=52 m

O2 search

H20 search

Goal 2 Progress: Exoplanet Yield

Decadal requirement

Starshade can meet the Decadal requirement with a 5-m telescope if the planet orbits are known.

It has the capacity to perform multiple characterization of the exoplanets.



CONCLUSIONS

• A 35 m starshade provides deep contrast and high throughput over a 

band from 250-500 nm with Inner Working Angle = 65 mas. 

• It is highly effective at measuring low-resolution spectra in the UV/Vis.

• With precursor knowledge of planet orbits, and without refueling, the 

starshade can make ~ 180 characterizations over 10 years.  

• Broad bandwidth observations are crucial. Spectral “snippets” are not 

sufficient.

• O3 250-400 nm determines whether the planet is Proterozoic vs. archaic 

Earth.



Telescope diameter study (coronagraph vs starshade)

BACKUP SLIDES



INSTRUMENT CONTRAST ROLLUP FOR 2.4M ROMAN TELESCOPE

181/28/2025

Total Instrument Contrast

or Leaked Starlight

5 E-11 

Total Starshade Shape Error

at 60% Confidence Level

2.0 E-11

Temporal mean

lateral formation error

0.7 E-11

Starlight leaked thru micro-

meteoroid holes after 5-yrs

0.4 E-11

Nominal shape

residual contrast

0.4 E-11

Cruise mode shape errors 

not driving technology

0.2 E-11

Total

Petal Shape Error

7.1 E-12

Total

Petal Position Error

2.9 E-12

Petal Shape Accuracy

Mfr.+ storage creep 

1.1 E-12 

Petal Shape Stability

On-orbit temperature

2.3 E-12 

MS 6B*MS 5B

MS 2

Petal Position Accuracy 

Deployment

3.0 E-13

Petal Position Stability 

Deploy/thermal cycles

3.3 E-13

MS 7B MS 7D

100% contrast-shape

model uncertainty

14.3 E-13

MS 2

Petal Position Stability 

On-orbit temperature

8.0 E-13

Petal Shape Stability

Deploy/thermal cycles

1.2 E-12 

MS 5A

Prime bandpass = 615-800 nm (26%)

IWA at tips = 103-mas = 1.5 max / D

MS8B*
(with 2.5 MUF)

Sunlight leaked thru micro-

meteoroid holes after 5-yrs

Direct edge scatter

29.5 Vmag
Secondary surface 

reflections

Scattered or 

Leaked Sunlight

MS 3

Milestone 4

(MS 4)

MS 1

Instrument detector 

noises
Astrophysical noises 

including exozodi

Shown by analysis to be dim relative to MS 3

Total Starshade Shape Error

at 95% Confidence Level

3.3 E-11

Boost confidence 

level to 95%

1.3 E-11

100% Contrast Reserve on

Petal Shape & Position Errors

1.0 E-11

Large segmented petal Assy error

with available metrology tools

1.1 E-12

SAT allocation

All noises flow up planet sensitivity as the top-level requirement

25% contrast-shape

model uncertainty

1.4 E-12 

< 1 E-10 Goal

41%  allowable shape error growth

These are mean contrasts from milestone reports, unless otherwise specified, and per max expected shape errors including MUFs.

* Contrast is relative to MS8A results.



INSTRUMENT CONTRAST ROLLUP FOR 6M HWO TELESCOPE

191/28/2025

Total Instrument Contrast

or Leaked Starlight

1.3 E-11 

Total Starshade Shape Error

at 60% Confidence Level

1.0 E-12

Temporal mean

lateral formation error

7.0 E-12

Starlight leaked thru micro-

meteoroid holes after 5-yrs

0.2 E-12

Nominal shape

residual contrast

4.0 E-12

Cruise mode shape errors 

not driving technology

0.1 E-12

Total

Petal Shape Error

3.6 E-13

Total

Petal Position Error

1.4 E-13

Petal Shape Accuracy

Mfr.+ storage creep 

5.5 E-14 

Petal Shape Stability

On-orbit temperature

11.5 E-14

MS 6BMS 5B

MS 2B

Petal Position Accuracy 

Deployment

1.5 E-14

Petal Position Stability 

Deploy/thermal cycles

1.7 E-14

MS 7B MS 7D

100% contrast-shape

model uncertainty

7.2 E-14

MS 2B

Petal Position Stability 

On-orbit temperature

4.0 E-14

Petal Shape Stability

Deploy/thermal cycles

6.0 E-14

MS 5A

Prime bandpass = 250-440 nm (55%)

IWA at tips = 65-mas = 4.3 max / D

MS8B

Sunlight leaked thru micro-

meteoroid holes after 5-yrs

Direct edge scatter

30.9 Vmag
Secondary surface 

reflections

Scattered or 

Leaked Sunlight

MS 3

Milestone 4

(MS 4)

MS 1

Instrument detector 

noises
Astrophysical noises 

including exozodi

Shown by analysis to be dim relative to MS 3

Total Starshade Shape Error

at 95% Confidence Level

1.7 E-12

Boost confidence 

level to 95%

0.7 E-12

100% Contrast Reserve on

Petal Shape & Position Errors

5.0 E-13

Large segmented petal Assy error

with available metrology tools

5.5 E-14

SAT allocation

All noises flow up planet sensitivity as the top-level requirement

25% contrast-shape

model uncertainty

7.1 E-14

< 1 E-10 Goal

41%  allowable shape error growth

These are mean contrasts scaled from the Roman case by 1/20 per the n D IWA indicated contrast sensitivity to shape errors.



Goals

This SAG will bring together an interdisciplinary team of scientists who 

study exoplanet characterization in order to flesh out areas of Starshade 

science that are unique and complementary to the coronagraph and 

should be prioritized in the coming years. The goals that will be 

addressed by this SAG are as follows.



Motivation

With the initiation of the Habitable Worlds Observatory (HWO) we must 

identify the key measurements needed to establish exoEarth habitable 

conditions. The Starshade SAG motivation is to elucidate the unique and 

critical science Starshade enables, complementary to the coronagraph.

UV capability

• Rich in molecular diagnostics not accessible at visible and near-IR 

wavelengths

• Contains the “ozone cut off”

Simultaneous broad-band spectral coverage

• Identification of multiple gases for characterizing the planet types 

• Identification of  individual gases by more than one spectral feature.

High throughput 

• Necessary for gathering spectra of numerous faint exoEarths 

• Can efficiently optimize a general observatory schedule 

• Enables polarization measurements 



S5 BASELINE VS. HWO STARSHADES
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Well-resolved IWA, 3.8 /D:  telescope resolves perturbations away from the planet.

Large Fresnel Number, 11-22: easier to form a shadow, reduced sensitivity to perturbations.

D/Separation2, 0.011: Solar glint scales as edge length / distance^2. Smaller means fainter glint.

S5 Baseline HWO (UV-VIS) HWO (VIS-NIR)

Starshade Diameter 26 m 35 m 60 m

Disk/Petals 10 m, 8 m 17 m, 9 m 28 m, 16 m

Telescope 2.4 m 6 m 6 m

Wavelength 616-800 nm 250-500 nm 500-1000 nm

IWAtip (max/D), mas 1.5 /D =103 mas 3.8 /D = 65 mas 1.9 /D = 65 mas

Separation 26.0 Mm 55.5 Mm 95.2 Mm

Fresnel Number 8.1-10.5 11.0 – 22.1 9.5-19.9

Diam/Sep^2 (m/Mm^2) 0.039 0.011 0.006

Given the same quality of build and same materials, HWO UV-

VIS has 4x better contrast (1.3e-11) than the 26-m starshade 

that we have studied in the S5 program

Resolving the 

starshade

Bigger is more 

‘geometric’

S5 = Starshade to 

TRL5 Activity, funded 

2018-2024.

Goal 5



PROJECT OVERVIEW
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EXAMPLE: POST-PROCESSED SPECTRUM 
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•  Face-on system, 10 zodis, 1-day observation 

475– 500 nm Extracted Spectrum

Goal 4 Progress



WHY STARSHADES?

Parameter HWO 35-m UV/VIS Starshade concept Demonstrated

IWA 65 mas = 3.8 /D @ 500 nm 1.8 /D

OWA Unlimited 3.6 /D

Bandwidth 67% 12.5%

Instrument Contrast < 4e-11 <1e-10 (75% search area)

Throughput 100% 90%

Telescope stability, 

shape, segmentation

Works equally well with any aperture:

on- or off-axis, 

segmented or monolith, 

does not drive stability, 

does not drive coating uniformity.

Circular aperture

25

Starshades remove the starlight before it can scatter into the telescope.
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