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Nature’s Starshade

Create an 
artificial eclipse 

to block out 
sunlight, place 
telescope in 

resulting 
shadow.
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Simple Ray Optics Description
A solid, circular occulter of radius R.

↵

1 AU

10 pc

IWA = alpha = 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 . . . .



Plain External Occulter (Doesn’t Work!)

Shadow isn’t dark enough

Simulated star/planet

           image

Circular Occulter

Poisson’s Spot!

Diffracted field around circular disk

Shadow (linear scale)

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

Shadow (log scale)



But we have to consider diffraction

Scalar diffraction through 
circular opening.

Fresnel Transform
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Fourier Transform



Babinet’s Principle (linearity)
Estarshade(r) = 1 - Ehole(r)
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Solving for Diffraction



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

So, the question becomes how to design a star shade 
that is smaller and closer while achieving the same 

high suppression and small inner working angle.



Babinet and Fresnel integral for circular occulter:

Ray Optics Solution:

Occulter Transmission (r) Shadow Intensity (rho)

11

0 0

Impossible!

Functions can’t be band limited and space limited at once 
without violating the uncertainty principle.
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Apodize the Occulter
It has been known since 1962 (Spitzer) that an apodized occulter 
can produce the needed shadow.

Big Occulting 
Steerable Satellite (BOSS)

Copi & Starkman (2000)

UMBRAS

Schultz (2003)
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Smoothly vary transmission by A(r)



How do you find the apodization?

There is no closed form solution to this integral in terms of 
elementary functions for A(r).   

There have been several numerical or approximate approaches.
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Scale set by 
Fresnel #

Given a shadow radius S  and desired suppression, solution for A(r) 
set by two parameters: Fresnel number and inner disc size. For 

given inner working angle, z found from Fresnel number.



Semi-Analytical Approach I
Copi & Starkman (2000) solved for the electric field at the 
center of telescope (rho = 0) only:

Occulter size, R, is tuned through iteration to achieve 
desired contrast across shadow and bandwidth.

They found closed form solutions with A(r) a series in Chebychev 
polynomials.  Coefficients then chosen to get very high contrast in 
center and best possible contrast over shadow and wavelength.
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Semi-Analytical Approach II
Cash (2006) also solved for the electric field at the center of 
telescope (rho = 0) while also approximating the integral by 
extending limit to infinity:
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He found closed form solution with A(r) a hypergaussian function.  
The two parameters are chosen to get broad shadow.  Width is 
typically quoted as “1/e” value.  Function is truncated at distance 
with minimal impact on shadow, setting R.  Iterated to get desired 
inner working angle.



Optimal Approach
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 
• * Shortest wavelength of bandpass 
• * Longest wavelength of bandpass 
• * Smoothness 
• * Engineering features (gaps and Ap widths)

The increased degrees of freedom allow for smaller 
occulter design and flexibility to achieve constraints 

such as larger gaps or wider tips.

Global minimum establishes 
size, distance, shape of occulter



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

Convert apodization to binary occulter



Shaped Occulter
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These curves are for Truss Diameter / Petal Length ratio = 20/7, bandpass 510-825 nm. 

Te
le

sc
op

e 
D

ia
m

et
er

 (m
) 

100 mas 

1.1 m telescope 
34

 m
 s

ta
rs

ha
de

 

IWA contours for a range of telescope & starshade sizes

Eric Cady



Starshade Rendezvous

2.4 m diameter 
telescope

26 m

26,000 km 

WFIRST + Starshade will enable 
direct imaging of  the habitable 
zones of nearby sun-like stars 
with sufficient sensitivity to detect 
and identify Earth-like exoplanets

Raw Contrast:
•1 x 10-10 (at IWA)
Spectral Bandwidth:
 26% bands between 0.425-0.975 µm
Inner Working Angles:
•0.103” at 0.62-0.8 μm



Wide field UV-optical camera,UV 
spectrograph, exoplanet camera and IFS

•Raw Contrast:
•1 x 10-10 (at IWA)
•Inner Working Angles:
•0.058” at 0.3-1 μm (ss)
•0.062” at V band (cg) 
•Outer Working Angles:
•6” (ss-imaging)
•1” (ss-spectra)
•0.83” (@ 0.5 μm, cg-imaging/spectra)

Spectroscopy:
•R=7 from 200 to 450 nm (ss)
•R=140 from 450 to 1000 nm (ss/cg)
•R=40 from 1 to 1.8 μm (ss/cg)



Line-of-
Sight

Observation
Arc

Reconfiguration
maneuvers

Target
Star

Miniature Distributed Occultor Telescope: mDOT 
Simone d’Amico & Bruce Macintosh 

•Low Earth Orbit (LEO) starshade 
smallsat
•3-m diameter starshade
•6U cubesat w 10 cm telescope
•Inner working angle 0.6”, B-band 
contrast 10-7

•Sensitive to dust disks to ~5 zodi

Alex Madurowicz, Stanford



Simulated Solar System



20 PSFs log-uniform in semi-major 
axis seen with 1 lambda/D IWA

20 PSFs log-uniform in semi-major axis seen 
with 4 lambda/D IWA and 4x larger D

A note on starshade IWA

While starshade IWA nominally independent of lambda/D, image 
resolution still matters; IWA > lambda/D

Slide courtesy of Chris Stark



Comment on OWA

• Starshade has no 
OWA

• •
• Contrast improves 

drastically outside 
starshade’s IWA

• •
• Defects 

(‘speckles’) 
confined to 
starshade’s 
location in image

Simulation credit: 
Leonid Pogorelyuk and Anthony Harness



Making it Work

• Mechanical Design and deployment
• Error budgeting
• Manufacturing tolerances and stability
• Optical model verification

The next talk will cover the S5 technology 
development and verification program at NASA.



!!2!

Compact stowed volume 
fits in 5m fairing 

Inner Disk formed by a 
perimeter truss, wire spokes,  
optical shield and central hub 

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

Petals formed by a 
furlable lattice structure, 

optical shields and pop-up ribs 

Optical edges define 
apodization function and 

control solar glint 

Another spacecraft 
(e.g., telescope) 
can stack on top 

Generation 2 Perimeter Truss Design





Gen 2 Deployment (no metrology)





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

and deployment. 

Error Budget & Requirements



Error Budget Tree ExoPlanet Exploration Program

Instrument Contrast Contributors
Conservatively set at longest wavelength in each science band

8

Instrument 
Contrast
1 x 10-10

Starshade 
Nominal 

(Specified)  
Shape

3.9 x 10-12

Unallocated 
Margin

5 x 10-11

Starshade 
Shape Error
Allocation
3.36 x 10-11

Micro-
meteoroid 

Holes
3 x 10-12

Lateral 
Formation 
Position

9.5 x 10-12

3.75 x 10-11 1 cm2 per 18 m2 +/- 1 m 

Mechanical:
Tips > 3 mm

Gaps > 1.5 mm
Petals < 8 m

Astronomical:
IWA < 72 mas

Bandpass
425-552 nm

Formation Flying:
Shadow Diam

> 4.4 m

•

•

Calculations/data for Nominal, 
Micrometeoroid holes, and 
Formation Flying can be found in 
the backup material.

Background objects, solar 
glint, earthshine, moonshine, 
milky way and other bright 
bodies

Propulsion plume, 
telescope scatter

All systematics + detector 
read noise, dark current, 
cosmic rays

Systematic Noises Sources Photometric Noises Sources



Shape Allocation breakdown
Char. Feature CBE 3 sig Cont. Max Exp. CBE Cont Max Exp Cont

Petal Width (um) Bias 20.00 0.25 2.50E+01 5.68E-13 8.88E-13
Edge Segment x and y position  (um) Random 20.00 0.25 2.50E+01 5.54E-13 8.66E-13
Edge Segment x and y position  (um) Bias 10.00 0.25 1.25E+01 4.97E-13 7.76E-13
Edge Segment clocking (urad) Random 33.33 0.25 4.17E+01 4.27E-13 6.67E-13
Edge Segment shape (sinusoidals) (um) Bias 13.00 0.50 1.95E+01 3.54E-13 7.96E-13
Petal Interface radial position (mm) Random 0.17 0.25 0.21 1.85E-13 2.88E-13
Tip segment width (um) Bias 13.00 0.50 1.95E+01 1.22E-13 2.75E-13
Petal  higher order (sinusoids)  (um) Bias 1.00 1.00 2.00E+00 1.13E-13 4.52E-13
Edge Segment shape (sinusoidals) (um) Random 13.00 0.50 1.95E+01 1.02E-13 2.29E-13
Tip segment shape (sinusoids) (um) Bias 13.00 0.50 1.95E+01 7.62E-14 1.71E-13
Tip segment width (um) Random 13.00 0.50 1.95E+01 6.76E-14 1.52E-13
Edge Segment Shape residual (f> 3 cycles/segment) Bias 13.00 0.50 1.95E+01 5.41E-14 1.22E-13
Petal Interface radial position (mm) Bias 0.04 0.25 0.04 4.82E-14 7.53E-14
Petal Interface clocking angle (urad) Random 100.00 0.25 0.00 4.39E-14 6.85E-14
Tip segment shape (sinusoids) (um) Random 13.00 0.50 1.95E+01 4.23E-14 9.51E-14
Edge Segment clocking (urad) Bias 5.00 0.25 6.25E+00 2.97E-14 4.63E-14
Petal Interface elliptical mode (mm) Bias 0.10 0.50 0.15 2.34E-14 5.26E-14
Petal Interface tangential position (mm) Random 0.03 0.25 0.03 6.30E-15 9.84E-15
Tip segment x and y position (um) Random 20.00 0.25 2.50E+01 2.02E-15 3.16E-15
Tip segment x and y position (um) Bias 10.00 0.25 1.25E+01 9.12E-16 1.42E-15
Petal Interface higher order polygon modes (mm) Bias 0.10 0.50 0.15 8.66E-16 1.95E-15
Petal 1-cycle in-plane shape error  (width preserving) (mm) Random 0.03 0.50 3.75E-02 1.77E-16 3.97E-16
Quadratic bending (cantilever beam bending) (mm) Random 0.05 0.50 7.50E-02 4.31E-18 9.71E-18
Tip segment clocking (urad) Random 33.33 0.25 4.17E+01 3.85E-18 6.02E-18
Quadratic bending (cantilever beam bending) (mm) Bias 0.05 0.50 7.50E-02 3.58E-22 8.06E-22
Tip segment clocking (urad) Bias 5.00 0.25 6.25E+00 2.06E-23 3.22E-23

SUM 3.32E-12 6.04E-12
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Kasdin TDEM-11 Final ReportKasdin TDEM-10 
Final Report

Experiment vs. Requirement 

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



•Local errors, e.g. a displaced petal, scatter into 
speckles in the image plane.

•Speckles look like planets.
•Speckle requirement is 1e-11 contrast.

•Spinning the starshade smears the speckles into 
annuli.
•Background requirement is 1e-10.

•This leads to a 3x relaxation of shape requirements.
•Same requirements apply to planet detection and 

characterization since limited by zodi and exozodi 
rather than instrument.

•Spin rate: up to 12 rev/hr, limited by retargeting fuel 
(assumed 1 kg per 90 deg turn) 

Spinning the Starshade

Shaklan, SPIE, 2011



Experimental Optical 
Verification

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

25 mm

Princeton Starshade 
Testbed

Conducted by 
Anthony Harness

At  ambient temperature and air pressure.



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

Laboratory Starshade Design at Flight Fresnel 
Number



Sample Lab Results

7

Single wavelength: 641 nm
•
Bright lobes are due to 
interaction with the mask 
edge as light propagates 
through narrow valleys
•
•“Thick Screen Effects”

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



Operational Considerations

• Formation flying
• Viewing Constraints
• Solar diffraction and glint
• Slew time and DRMs



Retargeting and Stationkeeping

Soto, et al.

p̂2 !
ẑ × p̂1

jẑ × p̂1j
(8)

and

p̂3 ! p̂1 × p̂2 (9)

The pitch and clock angles, α and δ, are defined as spherical angles
relative to P. The normal vector is then

n̂ ! cos αp̂1 " sin α cos δp̂2 " sin α sin δp̂3 (10)

For the retargeting portions of the starshade mission, we assume no
preferential attitude: on average, half of the starshade area faces the
sun throughout the trajectory (or, equivalently, α ! 60°). The clock
angle is assumed to be, on average, δ ! 0°.
The total force exerted on the starshade throughout its motion [15]

is

fSRP ! 2PA cos α#b1p̂1 " $b2 cos α" b3 %n̂& (11)

where b1, b2, and b3 are optical coefficients with values taken from
Glassman et al. [7]. Integrating the full equations of motion with
initial conditions in the vicinity of the nominal (precomputed)
telescope halo orbit provides the motion of the starshade.

B. Establishing Line of Sight

During station keeping, the size of the shadow cast onto the
telescope pupil plane by the starshade depends on the triangle formed
by d, the constant separation distance between the telescope and

starshade [8], and the starshade radius RS. This defines a geometric
inner working angle θI [1], which is the smallest angle from the
telescope-starshade LOS an exoplanet can be situated before its light
too gets suppressed by the starshade, given by

tan θI !
RS

d
(12)

We assume values for the starshade radius and θI that, together,
specify the separation distance.
The starshade begins the retargeting trajectory at a distancedalong

the LOS to target star i at time ti; it ends at a distancedalong the LOS
to target j at time tj ! ti " Δt, whereΔt is the slew time [7,8]. More
details can be found in the work of Soto et al. [9].

C. Solving the Boundary Value Problem
The starshade positions are well defined at the endpoints of the

retargeting trajectory but the corresponding velocities are not. This
boundary value problem (BVP) is solved using Eqs. (1–3). We use
similar methods as Kolemen and Kasdin [8]: the collocation
algorithm solve_bvp, which is a Python implementation found in
the scipy package [16]. A detailed explanation of our
implementation was provided by Soto et al. [9]. The final continuous
trajectory from the LOS of star i to the LOS of star j is depicted in
Fig. 3. These solutions set the velocities at the start and end of the
retargeting trajectory: vRT$ti% and vRT$tj% respectively.

D. Calculating Fuel Cost

Changes in velocity at the transitions between station keeping and
retargeting shown in Fig. 3 are modeled as impulsive maneuvers,
which instantaneously change thevelocity vectorwithout altering the
position vector. We quantify the fuel use by these velocity changes
Δv. The velocity of the starshade in the inertial frame IvSK must
match the inertial velocity of the telescope during station keeping [8],
which is converted from the rotating to the inertial frames using
rotation matrices defined by Koon et al. [13]. The retargeting

Fig. 1 Diagram of the sun–Earth rotating frame in the ecliptic plane
with locations of L2 and telescope–starshade–star configuration shown.
Target stars outside the sun’s keepout region are observable to the
telescope.

Fig. 2 Diagram of R and P frames used in equations of motion. P
frame is defined perpendicular to the sun–starshade vector. Based on
work of Dachwald et al. [15].

Fig. 3 Schematic of two starshade flight modes: station keeping with
star i, retargeting to star j, and station keeping with star j. An angle ψ
separates LOS vectors to the two stars.
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Control Loop

Linear Quadratic 
Regulator with  Integral 
Control and Unscented 
Kalman Filtering

measure position by 
fitting pupil image



Position SensingPupil Sensor

} Starshade’s diffraction pattern approximated by a Bessel
function:

I(x , y) ⇡ J2
0

 
2⇡R

p
(x � xs )2 + (y � ys )2

�z

!
(�)

} xs and ys solved via non-linear least squares

��



Simulated Formation keeping with actual position measurements from 
Princeton testbed 

Hardware-in-the-loop Stationkeeping Test



Viewing Constraints

p̂2 !
ẑ × p̂1

jẑ × p̂1j
(8)

and

p̂3 ! p̂1 × p̂2 (9)

The pitch and clock angles, α and δ, are defined as spherical angles
relative to P. The normal vector is then

n̂ ! cos αp̂1 " sin α cos δp̂2 " sin α sin δp̂3 (10)

For the retargeting portions of the starshade mission, we assume no
preferential attitude: on average, half of the starshade area faces the
sun throughout the trajectory (or, equivalently, α ! 60°). The clock
angle is assumed to be, on average, δ ! 0°.
The total force exerted on the starshade throughout its motion [15]

is

fSRP ! 2PA cos α#b1p̂1 " $b2 cos α" b3 %n̂& (11)

where b1, b2, and b3 are optical coefficients with values taken from
Glassman et al. [7]. Integrating the full equations of motion with
initial conditions in the vicinity of the nominal (precomputed)
telescope halo orbit provides the motion of the starshade.

B. Establishing Line of Sight

During station keeping, the size of the shadow cast onto the
telescope pupil plane by the starshade depends on the triangle formed
by d, the constant separation distance between the telescope and

starshade [8], and the starshade radius RS. This defines a geometric
inner working angle θI [1], which is the smallest angle from the
telescope-starshade LOS an exoplanet can be situated before its light
too gets suppressed by the starshade, given by

tan θI !
RS

d
(12)

We assume values for the starshade radius and θI that, together,
specify the separation distance.
The starshade begins the retargeting trajectory at a distancedalong

the LOS to target star i at time ti; it ends at a distancedalong the LOS
to target j at time tj ! ti " Δt, whereΔt is the slew time [7,8]. More
details can be found in the work of Soto et al. [9].

C. Solving the Boundary Value Problem
The starshade positions are well defined at the endpoints of the

retargeting trajectory but the corresponding velocities are not. This
boundary value problem (BVP) is solved using Eqs. (1–3). We use
similar methods as Kolemen and Kasdin [8]: the collocation
algorithm solve_bvp, which is a Python implementation found in
the scipy package [16]. A detailed explanation of our
implementation was provided by Soto et al. [9]. The final continuous
trajectory from the LOS of star i to the LOS of star j is depicted in
Fig. 3. These solutions set the velocities at the start and end of the
retargeting trajectory: vRT$ti% and vRT$tj% respectively.

D. Calculating Fuel Cost

Changes in velocity at the transitions between station keeping and
retargeting shown in Fig. 3 are modeled as impulsive maneuvers,
which instantaneously change thevelocity vectorwithout altering the
position vector. We quantify the fuel use by these velocity changes
Δv. The velocity of the starshade in the inertial frame IvSK must
match the inertial velocity of the telescope during station keeping [8],
which is converted from the rotating to the inertial frames using
rotation matrices defined by Koon et al. [13]. The retargeting

Fig. 1 Diagram of the sun–Earth rotating frame in the ecliptic plane
with locations of L2 and telescope–starshade–star configuration shown.
Target stars outside the sun’s keepout region are observable to the
telescope.

Fig. 2 Diagram of R and P frames used in equations of motion. P
frame is defined perpendicular to the sun–starshade vector. Based on
work of Dachwald et al. [15].

Fig. 3 Schematic of two starshade flight modes: station keeping with
star i, retargeting to star j, and station keeping with star j. An angle ψ
separates LOS vectors to the two stars.

2 Article in Advance / ENGINEERING NOTES

D
ow

nl
oa

de
d 

by
 C

O
R

N
EL

L 
U

N
IV

ER
SI

TY
 o

n 
A

ug
us

t 6
, 2

01
9 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
1.

G
00

37
47

 

40 to 83 deg Field of Regard
Soto, et al.



Solar Edge Glint & Diffraction
• Model of solar glint from 26 m 

starshade at 26,000 km 
observed with WFIRST at 63°
sun angle.

• Model is based on measured 
data of scatter from an etched 
amorphous metal edge, the 
design baselined for flight. 

• The inner working angle (104 
mas) is shown for reference. 

WFIRST

Starshade

Sun

Sun 
Angle



Sample Target Availability

• 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.

Starshade Rendezvous



J F M A M J J A S O N D

J F M A M J J A S O N D

Epsilon Indi A

Altair

Delta Pavonis

Procyon A 

Sirius A

Omicron 2 Eridani

Epsilon Eridani

82 Eridani

Tau Ceti

J F M A M J J A S O N D J F M A M J J A S O N D

J F M A M J J A S O N D J F M A M J J A S O N D

Spacecraft 
Events and 
Maneuvers
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Mission Timeline
Red line segments are slews (2 days to 2 weeks)
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Horizontal bars: target star observability windows based on Sun angular constraints



Optimized Mission Planning – EXOSIMS

Soto, et al., 2019

Monte Carlo simulation  
accounting for optimal 
integration times, fuel 
use, retargeting time, and 
keep out zones to 
balance completeness, 
spectroscopy, revisits, 
and number of targets.  

V. Mission Simulation Results
The results of a mission simulation using the linear cost scheduler

are shown in Fig. 7; assumptions and mission parameters are listed in
Table 1 [20], which are similar to the Wide-Field Infrared Survey
Telescope (known as WFIRST) mission [21]. Starshade parameters
are taken from studies of the Exo-S mission [6]. Dry and total masses
are estimated by assuming the launch vehicle capabilities of a Falcon
9 [22]. In this case, the schedule contains 29 total observations for the

three-year mission; six led to positive detections, and three full
spectral characterizations were completed.
Figure 7 shows observed target star positions as filled circles (in the

equatorial coordinate system), with the circle color representing the
completeness value of each target. The first observed target ismarked
with a bold border. Line colors denote the amount ofΔv used for each
retargeting slew; line thickness decreases as the mission progresses.
We conducted an ensemble of 1000mission simulations, with each

of the different selection schemes outlined in Sec. IV.B. Normalized
yield frequencies and total observations are shown in Figs. 8 and 9.
The linear cost function produced, on average, the most unique
detections and conducted more observations due to more strategic
fuel use.

VI. Conclusions
A fuel cost interpolant based on full solutions to the circular

restricted three-body problem starshade trajectories was presented,
which effectively explored the slew time tradespace for any pair of
targets. These efficient and fast approximations were also
implemented within Exoplanet Open-Source Imaging Mission
Simulator to perform ensembles of end-to-end exoplanet direct
imaging missions for starshade-based imagers. The introduction of
these accurate and fast dynamical fuel cost solutions was shown, in
simulation, to increase both the total number of observations

Table 1 Mission parameters and
assumptions

Parameter Value
Mission time 3 years
Halo period 179 days
Pupil diameter 2.37 m
Δmag 22.5
Planet population Kepler-like [21]
Total Δv 2094.33 m∕s
Inner working angle 72 milliarcsecond
Starshade diameter 26 m
Separation distance 37,242.26 km
Isp 308 s
Dry mass 1250 kg
Total mass 3500 kg

Fig. 7 Sample schedule generatedusingnewobservation scheduler for a
starshade mission. Each circle represents the location of a different
observed star.

Fig. 8 Frequency of unique detections for three ensembles of 1000mission simulations using a randomwalk, maximum completeness (Max Comp), and
linear cost scheduler.

Fig. 9 Frequency of number of observations for three ensembles of 1000
mission simulations using a random walk, maximum completeness, and
linear cost scheduler.
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4 m telescope - Example Yield Results

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



• 2 l/D coronagraph is necessary to get any spectra 
• 3 l/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 l/D coronagraph is possible
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