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® Starshade Design
® Making it Work

® Operational Considerations



Nature’s Starshade

Create an
artificial eclipse
to block out
sunlight, place
telescope in
resulting
shadow.



Simple Ray Optics Description

A solid, circular occulter of radius R.

R

IWA = o = angle to tip of starshade
= R/Z
A 6m dia. disk at 6,000 km separation
gives access to 1AU at 10 parsec

First proposed by Lyman Spitzer in 1962



Why use a starshade?

* Immune to telescope errors
*Operates in broadband

*Maximizes throughput

*No outer working angle limitation
*Inner working angle set by geometry

Main limitation is the number of observations,
determined by fuel and mission time.

However, as with a coronagraph, we have to
consider diffraction . . . .



Diffracted field around circular disk

Allowing for diffraction, shadow no darker than 1e-3.

Shadow (linear scale)

Poisson’s Spot!

Circular Occulter

-20 -10 0 20
X in meters
Shadow (log scale)

Simulated star/planet
image

Shadow isn’t dark enough




Solving for Diffraction

Babinet’s Principle (linearity)
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Fresnel Transform

Estarshade — Ehole

Erole(




To achieve 10-'° suppression, a circular occulter
would need to be roughly 750 times larger and 750
times further away than ray optics solution to
control diffraction.

S0, the question becomes, how to design a starshade
that is smaller and closer while achieving the same
high suppression and small inner working angle.



Apodize the Occulter

It has been known since 1962 (Spitzer) that an apodized occulter
can produce the needed shadow.
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Apodize the Occulter
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Optimal Apodization

Vanderbei, et al. (2007) solved a linear program
to find apodization at discrete points along
radius using exact, scalar integral.

* Electric field suppression

* Shadow diameter
* Inner Working Angle Global minimum establishes

* Shortest wavelength of bandpass - size, distance, shape of

* Longest wavelength of bandpass occulter
* Smoothness
* Engineering features (gaps and tip widths)

The increased degrees of freedom allow for smaller
occulter design and flexibility to achieve constraints
such as larger gaps, petal length, or wider tips.



Convert apodization to binary occulter

Uses same approach as star-shaped pupil design.
Marchal (1985), Simmons (2005), Cash (2006), Vanderbei et al. (2007)
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y in meters

X in meters

y in meters

Suppression — ’

Contrast
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X in meters




Shadow

The shadow is designed to be larger than the telescope pupil to allow for
lateral motion. For the HWQO concept, we designed the shadow to be 10

m in diameter, for a +/- 2 m radial tolerance.

500nm: Field Amplitiude at Pupil

10 m diameter shadow

With a +/- 2 m radial tolerance,
the sensing requirement is
significantly relaxed compared
to laboratory results, and the
formation control bandwidth is
~ 600 s.

meters




‘MODERN’ HISTORY OF STARSHADE STUDIES

Negalor Spring to Catenary
Stray Light Vinimizing | Gable ant
Perimeter Frame Tensioned Mambrana

- ; # Region
Membrane Tensioning ’.-"

Cable Catanary ~—.__ RS

' ¥ o Degree
Cerifral Hub Latching Hinges

Stucture

7-5tage Te escoping
Boom Assemblies

New Worlds Observatory,
50 m, Cash 2008

HabEx, 52 m, 2019

« HWO concept parameters:

Starshade
diameter 52 m

* Tip width: 16 mm

* Gap width: 2.1 mm
* Petal length: 16 m

* Disk Diameter: 28 m

Dedicated Mission
1.1-m telescope
16-m truss with 22 bays
7-m petals
30-m total diameter

> (mDOT)

. ) g
: SOCV .
L Y s Nanosatellite: Teles
k\:‘\;‘ y):‘ *  [10 cm dperture]
b;"v

-77\ :
I\}
Microsatellite: Occulter
* [1 mradius]

cope

HOEE, 100 m
Mather 2020
Alternate design,

smaller petals, larger
overdll diameter,



Simulated Solar System

Starshade Rendezvous Mission
simulated image of

Beta Canum Venaticorum

8.44 pc, G05

plus solar system planets

.+ Jupiter
Exozodi with
Saturn Earth and Venus
‘ Background
galaxies
Hypothetical
dust ring at 15 AU

Camera: 1K pixels, 21 mas each Marc Kuchner 2014



Size: Examples

Roman 615-800 104 / 85
Rendezvous

Starshade diameter scales more slowly than telescope diameter.
The HWO concept starshade has a diameter of 60 m and an IWA, s of 51 mas.

The HWO IWA, . is just 1.48 A/D.
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Metrics (same as coronagraph)

Contrast: The ratio of the peak of the stellar point spread
function to the halo at the planet location.

Inner Working Angle: The smallest angle on the sky at
which the needed contrast is achieved and the planet is
reduced by no more than 50% relative to other angles.

Throughput: The ratio of the light in the planet PSF to the
nominal telescope PSF after high-contrast is achieved.

Bandwidth: The wavelengths at which high contrast is
achieved.

Sensitivity: The degree to which contrast is degraded in
the presence of aberrations.
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Contrast

Starshade designs with reasonable engineering constraints will perform
better than 1e-10. Here are the diffraction patterns for the HWO 60 m
starshade (the as designed shape, no perturbations).

Normalized Intensity, A = 1000 nm % ) Normalized Intensity, A = 1000 nm Normalized Intensity, A = 750 nm Normalized Intensity, A = 500 nm

-50 -
. .
50 . 50
100 100
150 150

-150 -100 -50 0 50 100 150 -150 -100 -50 50 100 150I50 -100 -50 50 100 150150 -100 -50 50 100 150

mas mas mas
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Contrast: Solar Glint Lobes

Solar Glint Lobes, 990-1000 nm

Sun

¢ = angle from
starshade normal
to Sun

Each lobhe ~ V=29.7

To Sun
7°-40° behind
the plane

To
telescope "6 = angle of edge in

plane of starshade.
6 = 0is specular.

N 10'10

"'he brightest contributors to instrument background near the IWA are
the two solar glint lobes resulting from the Sun illuminating the edges of
the starshade. Here we simulate imaging of a G4V V=5.65 star.

Solar Glint after 2% Calibr.

<1011

The brightness of solar glint lobes is mitigated by employing sharp, anti-
reflection coated edges. Highly accurate calibration is performed during
initial on-orbit checkout by moving the starshade closer to the telescope.

Solar glint lobes will have a visual magnitude of ~ 30 averaged over the

IWA.
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Throughput

Starshade throughput approximately follows the geometric
opening of the petals (shown here). Instrument throughput is
high because the cameras and spectrometers are relatively
simple.

For exo P lanet characterizatio n, overa || Geometric Throughput for HWO 60 m and 35 m HWO Starshades

———

throughput is high due to a
combination of:

« High starshade throughput
* High camera throughput
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* Large instantaneous

bandwidth

e Small calibration overhead o %0 s 8060

milli-arcsec
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Bandpass and IWA

The same starshade can be used at ANY maximum
wavelength. The IWA scales with wavelength.

900-1800 nm

500-1000 nm 60-m starshade at

95.2 Mm firom telescope
250-500 nm
/ 190.4 Mm

500 1000 1500 2000
Max in-band wavelength (nm)

23

500-1000 65 / 51 m
900-1800 117 1 92 47.6

338-750 97.5/76
450-1000 130 /102

For the 60 m, the IWA, 5 is at 1.48 A/D.




Bandwidth

A semi-infinite bandpass (A < A.,4x) IS achievable but requires a starshade
with long, narrow tips.

A finite bandpass is desirable because the bright light leaking on either
side of the suppression band can be used for formation flying.

Example out-of-band guiding signal from HabEx report.
We use HabEx as an example. HWO

will be similar.

When positioned for the visible band
(green line), the red box 1.6-1.8 um
provides the formation flying signal.
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When positioned for the IR band, the
blue box 0.3-0.5 um provides the
formation flying signal.

0.5

The formation flying alignment signal is Wavelength (Um)
the leaked Poisson spot from the star.

24



Summary of Key Advantages

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

WA

Telescope stability, Works equally well with any Circular aperture
shape, segmentation aperture shape, segmented or
monolith, on- or off-axis.
Does not drive stability.




Making it VWork

Mechanical Design and deployment
Error budgeting

Manufacturing tolerances and stability
Optical model verification



Generation 2 Perimeter Truss Design

Another spacecraft

telescope)

g-

(e.
can stack on top

ring

i

Compact stowed volume
fits in 5m fa

Bus system mounts to
central hub with optional
propellant tanks in center

Optical edges define
apodization function and
control solar glint
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Gen 2 Deployment (no metrology)







Error Budget & Requirements

Employ a detailed error analysis
examining all perturbations to set an error
budget and requirements on manufacture

and deployment.



Sensitivty — Error Budget Tree

Systematic Noises Sources

‘Background objects, sofar

Photometric Noises Sources

| | | Propulsion plume, Instrument All systematics + detector
glint, earthshine, moonshine, Contrast read noise. dark current
: : telescope scatter -10 ! ’
milky way and other bright P UEsil :
coSMicC rays
bodies
Unallocated Starshade Starshade Micro- Lateral
Margin N°m_'f'_‘a' Shape Error meteoroid Formation
(ng‘:;:d) Allocation Holes Position
5 X 10-11 3.9 X 10_12 3.36 X 10'11 3 X 10-12 9.5 X 10'12
3.75 x 101 1 cm? per 18 m? +-1m
Mechanical: Astronomical: Formation Flying:
Tips > 3 mm IWA <72 mas Shadow Diam
Gaps > 1.5 mm Bandpass >44m
Petals <8 m 425-552 nm




Shape Allocation breakdown

Char. Feature CBE3sig Cont.
Petal Width (um) Bias 20.00 0.25
Edge Segment x and y position (um) Random  20.00 0.25
Edge Segment x and y position (um) Bias 10.00 0.25
Edge Segment clocking (urad) Random 33.33 0.25
Edge Segment shape (sinusoidals) (um) Bias 13.00 0.50
Petal Interface radial position (mm) Random 0.17 0.25
Tip segment width (um) Bias 13.00 0.50
Petal higher order (sinusoids) (um) Bias 1.00 1.00
Edge Segment shape (sinusoidals) (um) Random 13.00 0.50
Tip segment shape (sinusoids) (um) Bias 13.00 0.50
Tip segment width (um) Random 13.00 0.50
Edge Segment Shape residual (f> 3 cycles/segment) Bias 13.00 0.50
Petal Interface radial position (mm) Bias 0.04 0.25
Petal Interface clocking angle (urad) Random 100.00 0.25
Tip segment shape (sinusoids) (um) Random  13.00 0.50
Edge Segment clocking (urad) Bias 5.00 0.25
Petal Interface elliptical mode (mm) Bias 0.10 0.50
Petal Interface tangential position (mm) Random  0.03 0.25
Tip segment x and y position (um) Random  20.00 0.25
Tip segment x and y position (um) Bias 10.00 0.25
Petal Interface higher order polygon modes (mm) Bias 0.10 0.50
Petal 1-cycle in-plane shape error (width preserving) (mm) Random  0.03 0.50
Quadratic bending (cantilever beam bending) (mm) Random  0.05 0.50
Tip segment clocking (urad) Random  33.33 0.25
Quadratic bending (cantilever beam bending) (mm) Bias 0.05 0.50
Tip segment clocking (urad) Bias 5.00 0.25

SUM

Max Exp.
2.50E+01
2.50E+01
1.25E+01
4.17E+01
1.95E+01
0.21
1.95E+01
2.00E+00
1.95E+01
1.95E+01
1.95E+01
1.95E+01
0.04
0.00
1.95E+01
6.25E+00
0.15
0.03
2.50E+01
1.25E+01
0.15
3.75E-02
7.50E-02
4.17E+01
7.50E-02
6.25E+00

CBE Cont
5.68E-13
5.54E-13
4.97E-13
4.27E-13
3.54E-13
1.85E-13
1.22E-13
1.13E-13
1.02E-13
7.62E-14
6.76E-14
5.41E-14
4.82E-14
4.39E-14
4.23E-14
2.97E-14
2.34E-14
6.30E-15

2.02E-15
9.12E-16
8.66E-16
1.77E-16
4.31E-18
3.85E-18
3.58E-22
2.06E-23

3.32E-12

Max Exp Cont

8.88E-13
8.66E-13
7.76E-13
6.67E-13
7.96E-13
2.88E-13
2.75E-13
4.52E-13
2.29E-13
1.71E-13
1.52E-13
1.22E-13
7.53E-14
6.85E-14
9.51E-14
4.63E-14
5.26E-14
9.84E-15
3.16E-15
1.42E-15
1.95E-15
3.97E-16
9.71E-18
6.02E-18
8.06E-22
3.22E-23

6.04E-12



Experiment vs. Requirement
Table 6.4-4. Comparison of TDEM results with Exo-S

3-0 error bounds for petal edge deviations (+ 100 pm) requ Irements.

Demonstra- Achieved Required
p—\h\ Key Technology e ioddon | v
g Petal Segment

cale 100 TDEM-09 | #45um | +68 um

Shape (Random)
M ced e TDEM-09 | +45um | +45um

Position (Random)

Figure 9.4-2. Measured petal shape error (green arrows) vs. R d I P t I
100 pm tolergnce for 1 x 10710 imaging (gray band) shows full a _Ia e a TDEM-1 0 i1 00 IJm i1 50 um
compliance with the allocated tolerance. POSItIOﬂ (BlaS)

08.21.2013 15:18 -
Kasdin TDEM-10 Kasdin TDEM-11 Final Report
Final Report

Mean contrast at worst-case wavelength of 2.15 x 10-1°



Spinning the Starshade

« Benefits of spinning
* Reduce local thermal shape variations

« Circularize leakage from shape
defects

e Speckles smear into annuli, not to
be confused with an exo planet.

« Relaxes deformation requirements:
driven by photometric leakage

rather than systematic leakage.

e Butdoes not eliminate localized
solar glint and formation flying
scatter

* No big reaction wheels
* Robust fault tolerance

« Downside

* Requires some additional fuel to Shaklan, SPIE, 2011

rotate the angular momentum vector



Experimental Optical
Verification

Verify the scalar optical modeling used for design and
performance predictions is correct via subscale tests

Princeton Starshade

Conducted by
Anthony Harness

Camera 2.2m Tube Laser
Station Segment Station Station



Laboratory Starshade Design at Flight Fresnel
Number

Inner Starshade Laboratory Starshade

-0.02 -0.01 0 0.01 0.02 002 -001

Inner Tips: 16.2 um wide, 500 um long
Outer Tips: 27 um wide.



Sample Lab Results

Single wavelength: 641 nm

Bright lobes are due to

[arcseconds]

interaction with the mask
edge as light propagates

through narrow valleys
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[arcseconds] [arcseconds] “Thick Screen Effects”

R

0.0e+00 1.7e-10 3.5e-10 5.2e-10
Contrast

Demonstrated ability to achieve 1e-10 contrast
with lab starshade.



Operational Considerations

Formation flying

Viewing Constraints
Solar diffraction and glint
Slew time and DRMs



etargeting and Stationkeeping
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Control Loop

measure position by
fitting pupil image

Linear Quadratic
Regulator with Integral
Control and Unscented
Kalman Filtering




Hardware-in-the-loop Stationkeeping Test

Simulated Formation keeping with actual position measurements from
Princeton testbed

Pupil Plane

Focal Plane

Contrast

2.0/ ‘ . ,
| —— Estimation
1.51 | Actual
1.0-—--- [ e e e St A B B
0.51

o AN WGP

—0.51

Y-component [m]

i e e T et
|

—1.51

—2.01 |
0.00 025 050 0.75 1.00 1.25 150 1.75 2.00
Time [hours]




Viewing Constraints

" Z YA Exoplanet o ¢
Op IV,
Reg;
ue Regio, Starshade
Telescope
gun-Li"
4—@ /7 —O & > X
@, N L2
Sun Earth Moon
Halo Orbit
> | % >
_/L 1 — u
\ /

40 to 83 deg Field of Regard

Soto, et al.



Sample Target Availability

Starshade Rendezvous

epsilon Eridani (1)
tau Ceti (2)
Procyon A (3)
epsilon Indi A (4)
Sirius A (5)
omicron 2 Eridani (6) =
Altair (7) —
delta Pavonis (8) =
82 Eridani (9) ————— |
sigma Draconis (10) —— — | |
beta Hyi (11) L e
beta CVn (12) =3 = L
1 Ori (13) =N =N =3

Vega (14) —_—
Mu Herculis (15) | = =N —
Fomalhaut (16) _ - =

QQQ QQQQQ 0 QQQQQ 0
2 e 9 «3’%\"»”"\',\%0'5”"5“"5‘5@@@@”6“6\6065@“@‘51\"

Days since 2029/1/1

‘\,

Selected high completeness (>0.5) targets with no optical companions.
Targets are distance range between 3 — 8 pc.

Viewing windows determined by solar exclusion angles.

Two ~30-day windows per target per year is typical.



Example DRM — Rendezvous

2029 2030 2031+
J FMAMIJ J AS ONDJ FMAMIJ J A S ONUD J F

DSN Contact with DSN 34 meter antenna 2 hours/day, 3 days/week; 4 days/week during maneuvers

—

™
>
\

Spacecraft

c
N Cumulative Science Delta-v
Events and l °q§° . 2
Maneuvers S & (7}
S »*"%v""'»*"’ & 7 S
ré\\@\"fé\' Qb = @Q
YOF S & Science Maneuvers E Q
vav_ 1 I | L1 I I I A | 11 L 111 -UV
Q
Epsilon Indi A 19 31 e
Altair 12 o
Q
Delta Pavonis e
Procyon A x
Ll

5cience Sirius A

Omicron 2 Eridani [V}

20
16
23
' 21
’8
Epsilon Eridani 17 "
A 15 22

14

82 Eridani

Tau Ceti

Mission Timeline

Red line segments are slews (2 days to 2 weeks)

Red dots: single day’s observation

Horizontal bars: target star observability windows based on Sun angular constraints

Courtesy Doug Lisman



Optimized Mission Planning — EXOSIMS

Monte Carlo simulation
=9+120°-90° -60° -30° 0° 30° GO accounting for optimal
integration times, fuel
use, retargeting time, and
keep out zones to

Completeness balance completeness,
0.03 0.04 0.05 0.06 0.07 0-08 SpeC’[rOSCOpy, reViSitS!
o| z|o 4|§l oo 60 80 and number of targets.

Soto, et al., 2019



4 m telescope - Example Yield Results

o ad

‘ ‘.\0;\ e
06090082 o000 04 4o 220 0000800
0 5 10 15 20 25 30

Unique Planet Detections

Sample comparison of probability distributions of detecting an Earth using
a coronagraph with IWA of 2 and 3 lambda/D, a multi- and single-
distance starshade and a hybrid mission with both coronagraph and star
shade (such as HabEx) with a 4 m telescope.

Savransky 2010



4 m telescope - Full and Partial Spectra
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Full Spectral Characterizations Partial Spectral Characterizations

* 21/D coronagraph is necessary to get any spectra

* 3 I/d has non-negligible probability of zero planets.

* Number of full spectra for coronagraph limited by red end (1000 nm)
* SDO & MDO close in performance

* Hybrid best performance but assumes 3 |/D coronagraph is possible



Thank You



