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ExoPlanet Exploration Program

We Tolerance a Spinning Starshade
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A local defect looks like a planet.

A spinning defect does not look like 
a planet and contributes to the 
photometric but not the systematic 
noise floor.

Spinning also mitigates local heating 
due to shadowing.

We tolerance against a photometric noise floor of 1e-10.

The systematic noise floor is related to 1) Formation 
Flying, 2) Solar Glint, and 3) Front-side illumination.

It will be stable and calibratable.
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Main Terms of Starshade Shape Error Budget
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Example local and global perturbation
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Starshade Petal Designs
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Rendezvous Earth-Finder Design

2 cm wide tips
8 mm wide valleys

2 cm wide tips
8 mm wide valleys

4 cm wide tips, 
1 cm wide valleys
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Example from Error Budget Spreadsheet
Manufacturing Allocation for Rendezvous Design (JY21)
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Key Requirements
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Error Budget Requirements and Allocations
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Manufacturing Error Budget
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Experiment vs. Requirement
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Kasdin TDEM-11 Final ReportKasdin TDEM-10 
Final Report
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Exo-S Rendezvous vs. Rendezvous Earth-Finder
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Rendezvous   Rendezvous E-F
Pre-Launch Deployment
Petal Radial Position (Bias) 200 um 200 um

Post-Launch Deployment
Petal Radial Position (Bias) 250 um 200 um

Thermal
Disk-Petal Differential  Strain (Bias) 20 ppm 13 ppm
Tip segment strain 500 ppm 250 ppm
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Disk vs. Petal CTE
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20 ppm differential tolerance 
between petals and disk.
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Thermal Modeling Results
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The petals change temperature more than the inner disk.  To reduce 
differential expansion we design petals to have a smaller CTE than the disk.
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Thermal Requirement Tolerancing
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This chart shows combinations of CTE error on battens, longerons, and Temperature 
errors, that do not exceed the 20 ppm differential expansion requirement.
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Solar Edge Glint
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Requirement:  
Radius of curvature (in microns) 
Reflectivity (in %) 
ROC * Refl < 12
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Surface Reflectivity

• Black kapton material
• Measured BRDF of coupons
• Computed net reflectivity at telescope 

after integrating over petals and 
conical section of disk.
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1 zodi is V=28 in a 0.1 arcsec beam
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Solar Light Leakage

• Micrometeoriods punch holes in the top 
and bottom surfaces, and through the 
central layer of foam.

• Sunlight enters the top through the holes, 
forms a ‘bath’ of light in the middle, and 
exits the bottom toward the telescope

• Model of multiple reflections, small 
leakage, absorption, resembles a lossy
optical cavity.
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𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 =
𝑇𝑇𝐾𝐾2𝑇𝑇𝐹𝐹

1 − 𝑅𝑅𝐹𝐹𝑅𝑅𝐾𝐾 2 − 𝑅𝑅𝐾𝐾2𝑇𝑇𝐹𝐹2
𝐼𝐼0

Permissible Hole Area vs. Kapton Reflectance

A plot of hole area vs. Kapton reflectance for rF = 0.1, tF = 0.01, α = 10, 
opaque Kapton, and small hole fraction demonstrating the small, 
approximately linear response to changes in Kapton reflectance of an 
optical shield with low-transmittance foam.



ExoPlanet Exploration Program

Integrated Modeling Example: Petal Shape
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1) Manufacture of 
Petal to Flight 
Dimension Tolerance

2) Measure shape on 
precision CMM

3) Measured shape, 
with structural and 
edge errors identified

4) Optical model propagates light 
assuming measured petal shape.

5) Statistical predictions of 
contrast using optical model 
and treating measured shape 
as representative of all petals.
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Integrated Modeling Example: Thermal Gradients

21

Optical Propagation Model

Sine Waves on Edge amplitude a

Contrast C in Image plane

Sensitivity dC/da

Mechanical 
Deformation Model

Fourier Analysis into 
Sine Waves on Petal 
Width

Contrast 
predictions

Thermal Model: 
Batten 
Temperatures at 
different Sun 
Angles

Fit uniform 
expansion term 
(carried 
separately in 
error budget) and 
determine 
amplitude of 
residual non-
uniform term.

Monte Carlo 
Simulation of non-
uniform Batten 
Temperatures 
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Integrated Modeling Example: CIELO Model
CIELO = JPL integrated modeling tool,  Hoff et al, SPIE 8127 (2011).
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Model particulars:
210k radiation exchange elements
170k thermal degrees of freedom
1M structural degrees of freedom

Occulter at 5 deg Grazing Angle to Sun 
Steady-State Temperature Solution (°K)

Occulter at 5-deg Grazing Angle to Sun Rotating 
Simulation – 1 Revolution per 30 Minutes
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Backup
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Starshades with Different Edge Smoothness
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Nominal Contrast * 1e-12
400 nm 475 nm 550 nm

LN15 3.8 2.3 6.9
LU21 3.7 2.3 7.6
LU7 3.9 2.1 9.3

All three designs are 40 m diameter 
with 8-m petals, IWA = 50 mas, 
Working with a 2.4 m telescope.

        Sensitivity to 0.5 mm radial petal motion 
∆Contrast * 1e-12
400 nm 475 nm 550 nm

LN15 8.5 12.5 10.1
LU21 8.7 12.3 8.9
LU7 8.8 12.1 6.2

Table shows change in contrast
including mixing with the nominal
field.
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Starshade Design: Rendezvous Observing Bandpasses

• Blue: starshade farther from 
telescope
– Detection in imaging 

channel, guiding in IFS
• Red: starshade closer to 

telescope
– Characterization on IFS, 

guiding with imaging 
channel.

• Implications
– Starshade designed to 

have a bandpass
– Out-of-band rejection 

requirements on 
bandpass filters
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Silicon Cutoff

Optics 
Cutoff

1e-8 out-of-band 
rejection needed 
here.

Figure 11. Bandpass for the Rendezvous mission for three different starshade-telescope distances.  When 
positioned for observation in the red and guiding in the blue (red curve), rejection of 1e-8 is required below 
~500 nm.

To guide using WFIRST coronagraph instruments – without adding an IR 
camera – the Starshade must leak blue light while forming a dark shadow 
in red light.  

(mas)
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Contours of constant IWA
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Goal Science, Floor Science
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