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Executive Summary

Can we find another planet like Earth orbiting a nearby
star? To find such a planet would complete the
revolution, started by Copernicus nearly 500 years ago,
that displaced Earth as the center of the universe....
Astronomers are now ready to embark on the next
stage in the quest for life beyond the Solar System—to
search for nearby, habitable, rocky or terrestrial planets
with liquid water and oxygen.... The observational
challenge is great, but armed with new
technologies...astronomers are poised to rise to it.
—New Worlds, New Horizons, 2010

For the first time in human history, the
technological reach exists to discover and
characterize planets like Earth orbiting stars
other than the Sun. A space-based direct
imaging mission to ultimately find and
characterize other Earths is a long-term priority
for space astrophysics (NRC 2010).

The Exo-Starshade (Exo-S) Science and
Technology Definition Team (STDT) is tasked
by NASA to study the starshade-telescope
mission concept under the ‘probe’ class of
space missions, with a targeted cost of $1B
(FY15 dollars). Per the STDT charter, the
mission should be ready for a ‘new start’ in
2017, with launch in 2024, and science beyond
the expected ground capability at the end of the
mission. The Exo-S mission concept study
began in May 2013 and ran until delivery of the
Final Report in March 2015.

Science Goals and Observing Program

Exo-S is a direct imaging space-based mission
to discover and characterize exoplanets. With
its modest size, Exo-S bridges the gap between
census missions like Kepler and a future space-
based flagship direct imaging exoplanet
mission.

The Exo-S mission has four science goals.
The first goal is to discover new planets from
Earth size to giant planets. Within this goal is
the possibility of discovering Earth-size
exoplanets in the habitable zones (HZ) of Sun-
like stars—arguably one of the most exciting
pursuits in exoplanet research (Figure ES-1).

Figure ES-1. To the rest of the Universe, Earth appears as an
exoplanet. The starshade-telescope mission is capable of
imaging exoplanets with the properties of Earth orbiting at
least 10 Sun-like stars. Image: Earth as seen from the
Voyager | spacecraft at a distance of 4 billion miles. Credit:
NASA/JPL.

The second science goal is to measure
spectra of a subset of newly discovered
planets. The Exo-S spectral range is from 400-
1,000 nm, with a spectral resolution of up to
R=70, which enables detection of key spectral
features. Of particular interest are the so-called
sub-Neptune exoplanets, planets with no solar
system counterparts.  Spectral resolution
depends on the target brightness.

The third science goal is designed to
guarantee outstanding science return: to
characterize known giant planets, by measuring
spectra and constraining masses. The known
giant planets are detectable by virtue of
extrapolated position in the 2024 timeframe.

The fourth science goal is to characterize
planetary systems, with a specific interest in
studying circumstellar dust in the context of
known planets. Observations will shed light on
the dust-generating parent bodies (asteroids
and comets), as well as assess exozodi levels
for future missions.

Direct imaging exoplanet science is a
daunting task not afforded justice by a few
outlined goals. Several pressing astrophysical
questions have come to the forefront, including:
how much can be learned about planets with
limited spectral and temporal information; how
planets can be efficiently distinguished from
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background sources; how stray light from binary
stars should be handled; and how exozodiacal
dust levels higher than the solar system’s might
impact the science harvest of a direct imaging
mission. Answering these concerns requires a
large-scale dedicated effort in the coming years.

The science goals are carried out by an
observing program, created from balancing the
search for new exoplanets with the spectral
characterization of known giant planets. A key
factor is the time and fuel it takes to align the
starshade and telescope system to observe the
next target star, and therefore the number of
possible retargets available within the mission
lifetime.

An input star list is used to design an
efficient observing sequence. Each target star
is observed once during the first two years of
the mission. The list and number of target stars
(ranging from 40 to 55 for the two years) and
the predicted planet yield, depends on the
strategy for types of planets to be harvested
and telescope aperture. Three different case
studies are presented in this report. Follow-on
observations are possible during the third year
of the Exo-S mission, for confirmation of
potential  detections and  spectroscopic
observations. The actual observing schedule is
adaptable to real-time discoveries.

Starshade Description and Unique Advantages

A starshade flies in formation with a telescope
and employs a precisely shaped screen, or
external occulter, to block starlight, creating a
high-contrast shadow that enables direct
imaging of planets (Figure ES-2). Most
designs feature a starshade tens of meters in
diameter that is separated from the telescope
by tens of thousands of kilometers.

The main strength of a starshade mission is
that the starshade itself is nearly completely
responsible for starlight suppression. Most
significantly, the inner working angle (IWA; the
closest angle on the sky at which a planet can be
imaged) and the planet-star flux contrast
achieved in the telescope image (the reduction in

starlight at the planet location) are both
independent of the telescope aperture size. This
‘decoupling” of the IWA from telescope
diameter enables detection of planets down to
the size of Earths with a small and relatively
simple space telescope.

The starshade mission challenge is the
length of time needed to realign the starshade
and telescope for each new target star, which
can take several days to a couple of weeks.
Nevertheless, multiple feasibility studies
performed over the last several years
demonstrate that a compelling search and
characterization program is achievable.

A starshade offers many additional critical
advantages including: unlimited outer working
angle (OWA) for outer planet observing (field
of view limited by detector size), broadband
visible to near-infrared wavelength operation,
and high throughput for efficient spectroscopy.
Additionally, and most importantly, no special
optical or wavefront control requirements are
imposed on the telescope because the starshade
itself performs the starlight suppression.

Mission Designs

The Exo-S STDT studied two viable and
compelling starshade-telescope missions for
exoplanet direct imaging, targeted to the $1B
cost guideline and incorporating cost-driven
specific design solutions for several mission
aspects.

Figure ES-2. A starshade, also called an external occulter, is
a precisely shaped screen that flies in formation with a
telescope. The starshade blocks starlight to create a high-
contrast shadow so that only planet light enters the telescope.
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The first Exo-S mission concept is a
starshade and telescope system dedicated to
each other for the sole purpose of direct
imaging for exoplanets (the ‘Starshade
Dedicated Mission’ or ‘Dedicated Mission’).
The starshade and telescope co-launch, sharing
the same launch vehicle, conserving cost. The
telescope spacecraft provides the propulsion to
retarget and control formation. The starshade is
30 m (16-m-diameter inner disk with 22 7-m
petals [Figure ES-3]). The Dedicated Mission
orbits in a heliocentric, Earth-leading, Earth
drift-away orbit.

The Dedicated Mission’s telescope,
instrument, and spacecraft bus system are kept
to low-cost units with extensive flight heritage.
The telescope is a 1.1-m-diameter aperture
commercially available telescope used for Earth
imaging (NextView; with four currently
operational), with the predominant modification
being the addition of a lightweight sunshade.
The telescope has a conventional instrument
package that includes the planet camera, an
integral field spectrometer (IFS), and a guide
camera. The telescope spacecraft bus is based
on the Kepler bus. The starshade spacecraft is a
simplified version of the Wide-field Infrared
Survey Explorer (WISE) bus.

The second Exo-S mission concept is a
starshade that launches separately to
rendezvous with an existing on orbit space
telescope (the *Starshade Rendezvous Mission’
or ‘Rendezvous Mission’). A rendezvous
mission greatly augments the existing
telescope’s capability, reduces science down

Figure ES-3. Fully deployed starshade configuration.

time as the starshade repositions, and lowers
the cost and risk of the starshade direct
imaging science. With these advantages in
mind, the STDT elected to study the
Rendezvous Mission.

The existing telescope adopted for the study
iIs the WFIRST/AFTA (Wide-Field Infrared
Survey Telescope / Astrophysics Focused
Telescope Assets). The WFIRST/AFTA 2.4-m
telescope is assumed to have previously
launched to a halo orbit about the Earth-Sun L2
point, away from the gravity gradient of Earth
orbit, which is unsuitable for formation flying
of the starshade and telescope.

A telescope and its spacecraft are made
starshade ready by adding or modifying
hardware needed for formation flying (a guide
camera to receive a laser beacon signal from the
distant starshade and a radio transponder to
measure inter-spacecraft range), and an
appropriate broadband instrument for planet
detection and spectral characterization. The
impact on WFIRST/AFTA for starshade
readiness is  minimized; the existing
coronagraph instrument performs as the
starshade  science instrument, formation
guidance is handled by the existing coronagraph
focal planes with minimal modification, and an
added transponder.

For the Rendezvous Mission, the starshade
is 34 m (20-m diameter inner disk and 28 7-m
petals), and the starshade spacecraft performs
the retarget and formation control maneuvers.
The starshade spacecraft bus system is a simple
single-string design based on the WISE bus.
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Both mission options use a low-cost,
intermediate-class launch vehicle with a 5-m
diameter payload fairing.

Out of the two mission options presented,
the larger telescope offers an order of
magnitude reduction or better in integration
times relative to the baseline mission. This
translates into an increase in the number of
target stars observed and increases the number
of small planets that can be characterized to
the full desired level of R=70.

The starshade  design, fabrication,
deployment, and technology development are
provided in this report. While the starshade has
not flown before, extensive heritage exists

from large deployable antennas. A perimeter
truss has deployable antenna heritage and
forms the starshade inner disk and controls
deployed petal positions. The specific shape of
the petals is found via an optimization process
that creates the possible broadband shadow at
the telescope aperture for a given starshade
diameter and petal length.

Technology Development

Full-scale, ground-based end-to-end testing is
not possible for the full starshade-telescope
system; rather, it is replaced by a two-step
process. First, subscale testing will demonstrate
a dark shadow in broadband light in the lab and
validate the optical model to the required levels
of a few times 10™ contrast. The dark hole
formed by a full-size starshade at its distance of
25,000 to 50,000 km is described by exactly the
same diffraction equations as a small-scale
starshade in a laboratory facility. To date,
laboratory testing of starshades several
centimeters in diameter has validated optical
propagation models by achieving starlight
suppression in monochromatic light to a few
parts in 10™, close to required flight levels.
Second, metrology tests of the full-scale
flight starshade will verify that the starshade
will have the correct shape on-orbit.
A precision-manufactured petal prototype has
demonstrated that a starshade petal can be

3 ’ i
Figure ES-4. Deployment demonstration of a partial starshade
prototype from 2013 at Northrop Grumman Corporation
facilities.

manufactured to the required shape tolerances
with flight-like materials. Deployment tests
have shown that the petals can be deployed to
the required position tolerances (Figure ES-4).
The testing program gives high confidence that
a properly constructed starshade will perform
as predicted on-orbit.

Beyond optical model validation, precision
deployment, and shape control, the remaining
starshade engineering challenges (primarily
related to long-distance formation flying and
stray light control) are well understood and
achievable (see Section 9 and Appendix C).

Summary

The starshade-telescope system probe-class
mission offers a breakthrough opportunity for
space-based  exoplanet direct imaging:
compelling science can be returned at the same
time as the technological and scientific
framework is developed for a larger flagship
mission. The starshade can reach to the
discovery of Earth-size planets in the habitable
zones of nearby stars using a relatively small
space telescope. This capability is due to the
planet-star flux contrast and IWA being nearly
independent from the telescope aperture size.
The starshade is responsible for blocking the
starlight, enabling a non-specialized space
telescope. Starshade technology progress is on
track for a new start in 2017.
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1 INTRODUCTION
1.1  Scientific Introduction: Worlds
Innumerable

Humanity stands on a great threshold of space
exploration. On one side of this threshold is the
knowledge that planets orbiting stars other
than the Sun exist and are common. These
worlds beyond our solar system are called
exoplanets, and astronomers now understand
that one or more planets orbit nearly every star
in the Milky Way galaxy (Cassan et al. 2012).
On the other side of this great threshold is the
actual detection of these exoplanets: the robust
identification of Earth-like exoplanets (‘exo-
Earths’) with habitable conditions, possibly
with signs of life inferred by the detection of
‘biosignature gases’ in their atmospheres. To
cross this threshold of discovery, a space-based
telescope with the capability for starlight
suppression is needed. Such an observatory
must be designed to block out the blinding
light of the nearest stars and search for planets
orbiting these stars.

The charter of the Exo-Starshade (Exo-S)
Science and Technology Definition Team
(STDT) is to demonstrate a viable starshade-
telescope space mission concept targeted at
$1B that has a compelling and impactful direct
imaging exoplanet science program. The
primary goal of the Exo-S starshade-telescope
system is to discover new planets, from Earth
size to giant planets. Exo-S will be capable of
discovering rocky exoplanets in the habitable
zones (HZs) of the most favorable target stars.
A second major mission goal is to measure
spectra of a subset of newly discovered
planets, which will enable a first look at the
composition, structure, and diversity of these
worlds. A third mission goal is designed to
guarantee outstanding science return: to
characterize  known giant planets, by
measuring their spectra and masses. The
known giant planets are detectable by virtue of
extrapolated position in the 2024 timeframe. A
fourth mission goal is to study and reveal how

circumstellar dust is distributed in these
systems, which will help in the understanding
of dust-generating parent bodies (asteroids and
comets), as well as possibly point to unseen
planets below the mission’s direct detection
thresholds.

1.1.1  The Diversity and Ubiquity of Exoplanets

The planetary systems in our corner of the
galaxy show astonishing diversity, providing
astronomers with surprises at every turn. The
first planet discoveries revealed many Jupiter-
size planets orbiting very close to their stars, a
surprising finding that led to substantial
revisions in planet formation theory. These
initial discoveries raised questions about
whether planetary systems with architectures
more like ours might be unusual. From a
variety of observing techniques, it is now clear
that planets exist at all masses, semi-major
axes, and orbits—such that there will be a
variety of interesting planets to discover in any
parameter space (Figure 1.1-1). Furthermore,
while each planetary system is certainly
unique, there is still plenty of room for
habitable worlds like our own.

Of most excitement to the public and
exoplanet community is the NASA Kepler
space telescope findings that small planets are
extremely common in  our galaxy
(Figure 1.1-1). Kepler has specifically found
that: planets 1.75 to 3 times the size of Earth
are nearly 10 times more common than giant
planets (Fressin et al. 2013 and Howard 2013,
Figure 1.1-2); multiple planet systems
somewhat reminiscent of our inner solar
system are common (Lissauer et al. 2014,
Rowe et al. 2014); and approximately 1 in 5
Sun-like stars may have an Earth-size planet in
the star’s habitable zone (Petigura et al. 2013).

While most of the Kepler results are for
planets with orbital periods of 200 days or less,
due to observational selection effects, a logical
extrapolation is accepted as a solid inference:
that small planets in our galaxy are common.
Planets under a certain size (about 1.75 Earth
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(Image from Batalha 2014.)

radii) are likely to be rocky (based on the
densities of abundant materials in planetary
systems). This commonality of small
exoplanets strongly motivates a dedicated
space mission capable of searching the nearest
stars for rocky exoplanets.

The current harvest of small exoplanets
includes a completely unexpected finding: the
existence of planets with no solar system
counterparts, the so-called ‘super Earths’ and
‘sub-Neptunes’ loosely defined as between
about 1.75 to 3 Earth radii in size. The
prevalence of planets in this size range is
supported for a variety of orbital separations
by the transit technique (Fressin et al. 2013 and
Howard 2013), radial velocity (RV) surveys
(Howard 2013), and microlensing studies
(Sumi et al. 2010). Planets are referred to as
sub-Neptunes (or sub-Neptune-size planets) if
they have a thick ‘gas envelope’, and super
Earths if they are predominantly rocky with
thin atmospheres. The difference is a critical
one—planets with gas envelopes will almost
certainly be too hot at their surfaces to
accommodate life.

Super Earths and sub-Neptunes are a boon
for direct imaging searches like Exo-S. Super

Earths, being larger than the Earth, are easier
to detect than exact Earth twins—yet they still
hold the promise of habitability to life if found
in their circumstellar habitable zone. Sub-
Neptunes, even larger in size than super
Earths, will be even easier to detect, and the
brightest will offer the potential for
spectroscopic atmospheric  characterization.
Most sub-Neptunes found via transit searches
have surprisingly low mean densities. These
may be so-called ‘water worlds’ (with 50% or
more water by mass with thick steam
atmospheres), or massive rocky planets that
have significant H or H/He envelopes, or
smaller versions of Neptune that have a water
or methane interior with significant H or H/He
envelopes (see Figure 2.2-7, and Rogers and
Seager 2010). By observing the light of the
low-density sub-Neptune planets separately
from the light of their stars, Exo-S will be able
to offer a first glimpse into the true nature of
these worlds.

The field of exoplanets has seen many
other revolutionary discoveries in the last
decade, all supporting the diversity of
exoplanets and exoplanetary systems (Winn
and Fabrycky 2015). Most of the findings are
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Figure 1.1-2. The (A) size and (B) mass distributions of planets

orhiting close to G- and K-type stars.

The distributions rise substantially with decreasing size and
mass, indicating that small planets are more common than large
ones. Planets smaller than 2.8 Re or less massive than 30 Me
are found within 0.25 AU of 30 to 50% of Sun-like stars. (A) The
size distribution from transiting planets shows occurrence versus
planet radius. (B) The minimum mass (M sin i) distributions
show the fraction of stars having at least one planet with an
orbital period shorter than 50 days (orbiting inside of ~0.25 AU).
Both distributions are corrected for survey incompleteness for
small/low-mass planets to show the true occurrence of planets
in nature. (Image and caption from Howard 2013.)

1000

related to uncovering new populations of
exoplanets and defining their characteristics,
for example: hot Jupiters (Seager and Deming
2010); hot super Earths (Batalha et al. 2011);
circumbinary planets (Doyle et al. 2011);

compact multiple planet systems (Lissauer et
al. 2014); planets with a suggested high
carbon-to-oxygen (C/O) ratio (dubbed ‘carbon
planets’; Madhusudhan et al. 2011); sub-
Neptunes and super Earths (Howard et al.
2013), and others. The vast array of new
findings supports the sentiment that the
discovery space for exoplanets is large, and
that a dedicated, direct imaging mission like
Exo-S is the first step in entering this new
realm of exoplanetary exploration.

1.1.2  Exoplanet Atmospheres

The diversity of exoplanets is expected to extend
to planet atmospheres. Out of dozens of
exoplanet atmosphere observations (Seager and
Deming 2010; Madhusudhan et al. 2014), a
handful of hot transiting exoplanets have
detailed atmosphere measurements across a
wide wavelength range. The example of the
transiting hot sub-Neptune planet GJ 1214b,
observed in transmission with space- and
ground-based telescopes, is a good one (Figure
1.1-3). GJ 1214b is hypothesized to be
dominated by clouds (Kreidberg et al. 2014, and
references therein), which is unexpected because
the atmosphere was previously thought to be too
hot for water clouds but too cold for high-
temperature condensate clouds thought to be
possibly be present on hot Jupiters. The hot
transiting planet spectra are enough to gather a
glimpse at planets that are similar in size, mass,
and parent star type, but have different
atmospheres. On the other hand, a number of hot
Jupiters observed via transmission spectroscopy
at 2 um do indeed show water vapor absorption
(measured by the Hubble Space Telescope
[HST] Wide Field Camera 3 [WFP3]; e.g.,
Deming et al. 2013 and Wakeford et al. 2013).
At present, only a subset of exoplanets are
accessible to atmosphere observations. The
majority are transiting planets, which can be
observed in the combined light of the planet
and star without need for spatial separation of
the planet and star on the sky. Transiting
planets require a fortuitous alignment, and an
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Figure 1.1-3. Transmission spectrum of the hot sub-Neptune exoplanet GJ 1214b. a) Measurements from the Wide Field
Camera 3 (WFC3) instrument on the Hubble Space Telescope (black points) and other ground- and space-based telescopes
(grey points), compared to theoretical models (lines). The colored points correspond to the models binned at the resolution of the
observations. The error bars correspond to 1 o uncertainties. Data rule out a cloud-free solar composition (orange line) and a
high-mean-molecular-mass atmosphere (for example, 100% water, blue line). b) Detailed view of the GJ 1214b transmission
spectrum (black points) compared to high-mean-molecular-mass models (lines). The data are inconsistent with cloud-free high-
mean-molecular-mass scenarios. Data are consistent with a featureless spectrum. The featureless spectrum may be caused by
high-altitude clouds in the GJ 1214b atmosphere. Figure from Kreidberg et al. 2014. For details and data sources (other than the

HST/ACS points) see Kreidberg et al. 2014.

Earth analog around a nearby Sun-like star is
unlikely to be transiting. A few planet
atmospheres have been observed by a high
spectral dispersion cross-correlation technique
taking advantage of the planet’s orbital motion
and a known template of high spectral
resolution molecular lines (Snellen et al.
2010); this technique is limited to short-period
planets with a high Doppler shift in the
planetary spectrum compared to the stellar
spectrum. A third subset of planets with
observed spectra is giant planets far from the
star, via ground-based direct imaging in near-
infrared wavelength bands. The most
spectacular example of this is for the young
star and nearly face-on planetary system, HR
8799 (Figure 1.1-4). This system contains four
massive planets orbiting between 15-70 AU,
and spectra of all four planets have been

acquired in the near-infrared (Oppenheimer et
al. 2013; Konopacky, Quinn, and Barman
2013). The HR 8799 example shows the power
of direct imaging plus spectroscopy to reveal
intriguing differences in the compositions of
these planets despite their identical age,
forming from the same initial materials, and
very similar masses (57 M;).

Planets akin to those in our solar system
cannot have their atmospheres observed with
current technology and techniques. Space-
based direct imaging with Exo-S will open up
atmospheres of many types of planets to be
observed and studied by their reflected light
spectrum. The Exo-S accessible planet
atmospheres include some solar system analog
planets, if they are discovered to exist around
nearby stars (Section 2).
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1.1.3  An Anticipated Diversity for Planet
Habitability and Biosignature Gases

The variety of exoplanets in terms of orbits,
masses, and possibly atmospheres, is now
established. As a consequence, habitable
planets may vary widely and be different from
the Earth analog (see Figure 1.1-5, and Seager
2013 and references therein). The fundamental
reason is that surface temperatures are
governed by the atmospheric greenhouse
properties and the range of atmospheric
composition and mass is not predictable
a priori. For example, it is possible a 10 Earth
mass, 1.75 Earth radii planet with an H,-
dominated atmosphere could be habitable and
host biosignature gases (Seager et al. 2013).

Most of the ~gases in the Earth’s  Figyre 1.1-4. Direct imaging of young exoplanetary system
atmosphere that exist to the 100 parts per HR8799b, c,d, and e, at infrared wavelengths. All four

trillion level, with the exception of the noble planets show spectral features hinting at a different balance of
gases, are produced by life, although most of atmospheric constituents, including methane, acetylene,

’ . ' . carbon dioxide, ammonia, and the possibility of iron and
them ?ISO exist due to phOtOCh?mlcal O Silicate clouds. Credit: W.M. Keck Observatory.
geological processes. Therefore, while oxygen

Hydrogen-atmosphere planets
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Figure 1.1-5. The extended habitable zone. The light blue region depicts the ‘conventional’ habitable zone for N2-CO2-H20
atmospheres. The red region shows the habitable zone as extended inward for dry planets, as dry as 1% relative humidity. The
outer brown region shows the outer extension of the habitable zone for hydrogen-rich atmospheres and can even extend out to
free floating planets with no host star. The solar system planets are shown with images. Known super Earths (here planets with a
mass or minimum mass less than 10 Earth masses) taken from Rein 2012. (From Seager 2013.) See Seager 2013 and
references therein. For a discussion of the inner edge of the habitable zone, see Zsom et al. 2013 and references therein. For a
discussion of the traditional habitable zone, see Kopparapu et al. 2013.
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is touted as the most robust biosignature gas,
the need for a broad spectral range is essential
to detect unexpected gases (as compared to
photochemical equilibrium planet atmosphere
models) that may attribute to life. (For a
review and further details see Seager and Bains
[2015].)

While Exo-S will be capable of surveying
at least 10 stars for Earth-size exoplanets, the
opportunity that planets larger than Earth could
be habitable or host life opens a promising
avenue for discovery, since the difference
between a planet of 1.75 and 1 Earth radii is
significant  from  the  standpoint  of
observational detection and characterization.

1.1.4  Why Space-Based Direct Imaging?

The space-based direct imaging search for
Earths is a natural and essential next step in a
continuing series of NASA exoplanet
missions. Only space-based direct imaging can
eventually find a large number of Earth-size
planets orbiting Sun-like stars and identify
them as Earth-like by spectroscopy.

Many other planet search activities that
aim to reach down to habitable zone rocky
planets are underway but nearly all are focused
on M dwarf host stars. The high-contrast
measurements required for rocky planets
orbiting K dwarf through Sun-like and larger
host stars can only be accomplished from
space, above the blurring effects of Earth’s
atmosphere.

Transiting Planets

Earth-size planets transiting Sun-like stars are
unsuitable for atmospheric characterization
because the projected atmosphere annulus of
such planets onto a Sun-like star area is likely
too small to be measured by the transit
transmission technique (Kaltenegger and Traub
2009). The numerous Earth-size planets
transiting Sun-size stars discovered by NASA’s
pioneering Kepler Space Telescope were never
intended for atmosphere follow-up (see Section
1.3 for future planned transit space discovery
missions). Earth-size planets transiting nearby

M dwarf star planets will be discovered by the
all-sky NASA’s Transiting Exoplanet Survey
Satellite (TESS; launch 2017; Ricker et al.
2014) with a handful anticipated to be in the
star  habitable zone with  atmospheric
characterization enabled by the James Webb
Space Telescope (JWST).

Non-Transiting, High Orbital Velocity (i.e., Short-
Period) Planets

The large ground-based telescopes of the
future may characterize the atmospheres of
known small planets orbiting M dwarf stars (as
discovered by RV surveys or even by transit
surveys) by working with a high spectral
dispersion cross-correlation technique taking
advantage of the planet’s orbital motion and a
known template of high spectral resolution
molecular lines. While this is limited for
habitable zone planets to a handful of the
brightest M dwarf stars and planets in short
periods, one to a few Sun-like stars might be
accessible (Snellen et al. 2013).

Direct Imaging from Ground-Based Telescopes
(See Figure 1.3-1)

Habitable planets around bright nearby
M dwarf stars can be directly imaged in
reflected light at near-IR wavelengths with
large ground-based telescopes (20-40-m
diameter aperture) optimized for small IWA
high contrast imaging. Owing to the small star
size and the smaller orbital distance for
habitable zones as compared to Sun-like stars,
a rocky planet-to-M dwarf star reflected light
contrast is 107 to 10° (already similar to
capabilities of  upcoming generation of
Extreme-AO [adaptive optics] systems on
existing 8-m aperture diameter ground-based
telescopes.) While direct imaging of Earth
analogs around Sun-like stars requires a
detection contrast performance (~107%) that
cannot obtained from the ground, habitable
planets around M dwarf stars are at ~107
contrast in reflected light at near-IR
wavelengths. The habitable zone for nearby M
dwarf stars is angularly very small (<40 mas)
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and in the near-IR requires a ~30-m diameter
telescope. Optimistically, a couple of hundred
M dwarf stars are suitable to be surveyed
(Guyon and Martinache 2013).

115 Summary

The Exo-S mission of a starshade-telescope
system will impact exoplanet science in a
foundational way by finding and characterizing
a set of exoplanets only accessible by space-
based direct imaging. ‘Comparative
exoplanetology’ by way of atmospheric
spectroscopy enables comparison of the
sample of hot Jupiters to their colder giant
planet counterparts. Spectra of a number of
sub-Neptunes have the potential to help us
understand the nature of these enigmatic
planets. If Earth analogs are common, the
Exo-S mission has outstanding potential to
detect planets of Earth size in the habitable
zones of a couple of dozen nearby Sun-like
stars.

12

1.2.1 Starshade Conceptual Introduction

A starshade (also called an external occulter) is
a spacecraft with a carefully shaped screen
flown in formation with a telescope
(Figure 1.2-1). The starshade size and shape,
and the starshade-telescope separation, are
designed so that the starshade casts a very dark

Technical Introduction

Inner working
angle (IWA)

25to 50 Mm

Telescope aperture separation

diameter 1.1 mor 2.4 m

Qn .

7

and highly controlled shadow, suppressing the
light from the star while leaving the planet’s
reflected light unaffected. In this way, only the
exoplanet light enters the telescope. Most
designs feature a starshade tens of meters in
diameter that is separated from the telescope by
tens of thousands of kilometers.

One might expect, based only on geometric
optics, the starshade to be only a bit larger than
the diameter of the telescope aperture, circular
in shape, and flying in formation close to the
telescope. However, diffraction around a
circular occulter results in a degraded shadow
that is many orders of magnitude brighter than
needed for exoplanet imaging. The degraded
shadow could be mitigated by employing a
much larger and more distant starshade, but the
size and distance rapidly becomes prohibitive.
Since the early 1960s, it has been known that a
circular screen with a radial apodization at large
starshade-telescope separations would create a
sufficiently dark shadow with a reasonably
sized starshade. While such a radial apodization
is not manufacturable with sufficient accuracy,
it can be approximated using a ring of petals,
leading to the special shape of the starshade.
Within the family of solutions for the starshade-
telescope separation, and the starshade overall
size, petal number and shape, the actual solution
chosen and its implementation is ultimately
driven by engineering design constraints.

30-m or 34-m
diameter starshade

Figure 1.2-1. Schematic of the starshade-telescope system (not to scale). Starshade viewing geometry with IWA independent of

telescope size.
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1.2.2 History

The idea of using an (apodized) starshade to
image planets was first proposed in 1962 by
Lyman Spitzer at Princeton (Spitzer 1962). In
this landmark paper (in which he also
suggested that NASA build and fly what would
later became the Hubble Space Telescope and
the Chandra Observatory), he proposed that an
external occulting disk could be used to block
most of the starlight from reaching the
telescope, thus enabling the direct imaging of
planets around nearby stars. He realized that
diffraction from a circular disk would be
problematic for imaging an Earth-like planet
due to an insufficient level of light suppression
across the telescope’s pupil. He posited that a
different edge shape could be used instead,
foreshadowing today’s approach. In 1974, the
idea was revived by G.R. Woodcock of the
Goddard Space Flight Center using apodized
starshades. In 1985, Marchal (1985) discussed
the use of an opaque disk surrounded shaped
petals, but while they were impractically large,
they foreshadowed the modern design.

In 1995, the floodgates of exoplanet
discovery were opened and interest in
occulters grew. Several mission concepts were
proposed using apodized starshades. Copi and
Starkman in 2000 revisited the apodized
starshade and found transmissive solutions
defined by polynomials; their proposed
mission was called the Big Occulting Steerable
Satellite (BOSS). A few years later, Schultz et
al. (2003) proposed a similar mission dubbed
UMBRAS (Umbral Missions Blocking
Radiating Astronomical Sources). However,
these suggestions were hampered by the
difficulty in manufacturing a transmissive
surface within the tight tolerances necessary.
In 2004, Simmons (2004 and 2005) again
looked at using starshades based on shaped
pupil designs and suggested that the star-
shaped design (Vanderbei et al. 2003) was
promising.

Then, in 2006, Cash (2006) showed that an
occulter consisting of an opaque solid inner

disk surrounded by petals forming an offset
hypergaussian function, tip-to-tip about 60 m
in diameter, created a broadband, deep
shadow. With a small IWA and reasonable
manufacturing tolerances, this design finally
allowed for the possibility of an affordable
solution.

Designs based on a solid inner disk and
shaped petals form the basis of several
variations in the apodization function.
Vanderbei et al. (2007) developed a non-
parametric, numerically generated approach to
petal shape design. The resulting numerical
designs allow for optimization considering
engineering constraints such as petal tip and
valley width, petal length, and overall
diameter, while preserving desired science
performance.

In 2008, two teams were selected under the
Astrophysics Strategic Mission Concept Study
(ASMCS) to study starshades. Cash et al.
(2009) reported on the New Worlds Observer,
while Kasdin et al. (2009) described THEIA.
Both missions were proposed with a 4-m-
diameter telescope coupled with a starshade to
achieve the sensitivity required to characterize
Earth-like planets in the habitable zones of
their parent stars.

1.2.3 Starshade Strengths

There are several strengths that a starshade
approach brings to exoplanet imaging and
characterization. Most significantly, the IWA
and the contrast achieved in the telescope
image (the reduction in starlight at the planet
location) are separated.

A starshade operates by suppressing the
light from a parent star before it enters the
telescope where it can scatter and hide the very
faint planet. Suppression is defined as that
fraction of the parent star’s light that is
allowed to enter the telescope.

Contrast is the amount of background
signal in a single telescope resolution element
expressed as a fraction of the central star’s
brightness. Contrast can be degraded by
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scattered and diffracted unsuppressed starlight,
exozodiacal light, local zodiacal light, and
detector dark noise.

With a starshade, the starlight is almost
entirely suppressed, and the IWA Ilimit at
which a planet is visible off the limb of the
starshade depends only on the size and
distance of the starshade. In principle, even a
tiny telescope would be adequate for direct
imaging of small exoplanets. In practice, the
telescope aperture must be sufficiently large to
provide adequate signal and low enough noise
from the residual limitations on contrast.

Because the starlight never enters the
telescope, there is no need for specialized
optics to achieve high contrast (which typically
reduce throughput), and a relatively simple
space telescope is all that is needed. On-axis
obstructions or mirror segments do not
interfere  with starlight cancellation and
wavefront correction is not required (which
frees the telescope from tight thermo-
mechanical requirements).

An additional significant feature of the
starshade-telescope system is the absence of an
outer working angle (OWA). A 360°
suppressed field of view (FOV) with angles
from the star limited only by the detector size
is obtained with each image. This is
particularly useful for imaging debris disks or
planets at large orbital separations, thereby
studying planetary systems as a whole.

The starshade works over a broad
bandpass. Numerically optimized designs
balance the desired bandpass with other
science drivers and engineering constraints.
Hypergaussian designs have no lower limit to
their bandpass.

The starshade-telescope system can detect
Earth-size planets in the habitable zone of Sun-
like stars even with a small telescope (on order
of 1- to 2-m aperture diameter). This ambitious
statement is allowed by the fact that nearly all
of the starlight suppression is done by the
starshade. As long as the tolerances for
starshade petal precision manufacturing,

deployment, and formation flying control are
met (see Table 1.2-1 and Section 6.4), the
Exo-S mission will be capable of reaching the
10 contrast level needed to directly observe
Earth analog exoplanets around Sun-like stars.
An important related point supporting
starshades with small telescopes is that
wavefront correction is not required. If high-
precision wavefront correction were required,
the telescope collecting area would be a limiting
factor on the starlight suppression, since
wavefront sensing and control relies on
collecting enough target starlight to sense the
time-dependent optical imperfections that need
to be corrected. In the wavefront correction
case, small telescopes put Earth-Sun flux
contrast levels out of reach.

The starshade’s powerful capability for
starlight suppression means the challenges of
reaching the required IWA all lie with the
starshade. The contrast, on the other hand, is
limited by the convolution of the telescope
response with the unsuppressed light, the
internal telescope noise, and the sources of
background from the sky. The challenges
associated with producing a successful
telescope-starshade system can be divided into
‘programmatic challenges’ and ‘technical
challenges’.

Table 1.2-1. Summary of technology status and plans.

Key Challenges Driving Spec Technology Status

Deformations < Verified by analysis
Dynamic stability {15 ppm after 10 s with large margins

Non-uniform Verified by analysis
Thermal stability |deformations < 10 ppm|with large margins
Manufacturing  |Petal width < 100 pm |Demonstrated per
tolerance (4 mil) TDEM-09
Deployment In-plane petal root Demonstrated per
tolerance position < 0.5 mm TDEM-10
Edge-scattered  |Edge radius curvature |Demo in progress
sunlight <l pum per TDEM-12
Laboratory
contrastdemo {1019 contrast at flight [Demo in progress
and model Fresnel Number per TDEM-12
validation

Requires

Sensing for lateral technology

Formation flying |control £1 m demonstration
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1.24 Programmatic Challenges

The starshade represents a new kind of system,
one that has never been flow before, and
therefore presents unique programmatic
challenges. First, a full-scale, ground-based
end-to-end system test for the starshade-
telescope system is impossible because of the
large size of the occulting screen (tens of
meters), the large separation distances between
the telescope and starshade (tens of thousands
of kilometers), and the guidance, navigation,
and control (GN&C) formation flying
requirements. Subscale testing (see Section
6.3), together with computer performance
modeling and simulations is the only
alternative.

The second programmatic challenge is
operational: for a given mission duration, the
starshade has a limited number of retarget
maneuvers (on the order of 30 per year) due to
retarget times (from several days to a couple of
weeks) and fuel constraints, meaning that only
a limited number of stars can be observed over
the mission duration. More than one starshade
can lessen, but not remove, the problem of
limited number of target stars. For a shared
telescope, the retargeting time would be used
for general astrophysics observations, allowing
about 25% of telescope time for exoplanet
direct imaging.

1.2.5 Technical Challenges

The major technical challenges must be
considered in light of flight-proven technologies
for analogous commercial large deployable
antenna systems in addition to highly successful
starshade-specific NASA-funded technology
demonstrations over the last years. This
subsection provides a brief overview of the
starshade mission’s technical challenges;
concept technology readiness is detailed in
Section 9.

Key technology challenges, once considered
tall-pole  issues, but now  considered
demonstrated are: precision petal manufacturing,

precision deployed positioning, and on-orbit
stability.

Petals must be precisely manufactured to
the specified petal width profile, or optical
apodization  function  (with  tolerance
<100 um). This capability was successfully
demonstrated by a Technology Development
for Exoplanet Missions (TDEM) activity (see
Figure 1.2-2).

Petals must be precisely deployed to the
specified petal root positions, as controlled by
the perimeter truss (in-plane root positions
<500-750 um). This capability was
successfully demonstrated by a TDEM activity
(see Figure 1.2-3).

Petal width profiles must be precisely
maintained on-orbit (non-uniform thermal
deformations <10 ppm). This capability was
successfully  demonstrated by analysis.

Predicted deformations are a small fraction of
allocations. Dynamic deformations are also
allocated and successfully demonstrated by
analysis with large margins, aided by the
structural attenuation and damping provided by

S~—

Figure 1.2-2. Flight-like petal. Petal shown in picture is an
early prototype used for manufacturing tolerance verification
tests.

1-10



Exo-S STDT Final Report

1—Introduction

—

Figure 1.2-3. Starshade stowage and deployment test with
four petals and a 1t generation starshade truss.
JPL/Princeton/NGC.

the starshade. Dynamic deformations are
allocated after some transient period during
which larger deformations are acceptable
because they are not sensed by the instrument.

Key starshade technology challenges,
currently considered tall-pole issues and in
work are: optical model validation by subscale
contrast performance demonstration, control of
edge-scattered sunlight, and development of the
starshade optical shield (OS) blanketing system
(see Appendix B for OS details). Activities are
funded to address these issues prior to 2017.

Formation flying at distances of tens of
thousands of kilometers is an issue that has not
been previously demonstrated. Formation flying
is needed to keep the telescope positioned
within the dark shadow created by the starshade
to a lateral tolerance of +1 m. Additionally, the
separation distance must be kept within
+250 km for effectiveness of the optical
bandpass. Mitigating the driving lateral control
challenge are the low disturbance environments
of heliocentric Earth-leading, Earth drift-away
or L2 orbits. As a result, the formation flying
challenge is primarily sensing the relative
lateral position of the starshade. The Exo-S
mission accomplishes this sensing with a fine
guidance camera (FGC) operating with the
telescope. Activities to demonstrate sensing and
control algorithms and hardware have been
recently selected as part of the 2013 NASA
ROSES TDEM program.

1.2.6  The Range of Starshade Mission
Concepts

The starshade mission concept has a vast range
of options. A starshade can be co-launched
with a telescope or launched separately for a
rendezvous with an existing starshade-ready
telescope. A starshade-ready telescope is one
that has hardware needed for formation flying
(a guide camera to receive a laser beacon
signal from the distant starshade and a radio
transponder to measure interspacecraft range),
and an appropriate broadband instrument for
planet detection and spectral characterization.
The starshade spacecraft or the telescope
spacecraft can be charged with moving to
retarget on the next target star. The telescope
could be dedicated to work only with the
starshade, or the telescope could be shared
with a space telescope for general astrophysics.

The starshade and telescope orbit must be
away from the high gravity of Earth orbit for
long-distance formation flying control. A co-
launched starshade and telescope could go to a
heliocentric drift-away orbit—either Earth-
trailing (e.g., Spitzer, Kepler) or Earth-leading
—or the Earth-Sun L2 orbit. A starshade that
launches independently for later rendezvous
with an existing telescope would have to go to
the Earth-Sun L2 orbit. A concept of two or
more starshades to work with a single telescope
would also be viable and would enable more
efficient use of the telescope as one starshade
could be used for observations while the other is
repositioned to the next observational target
(Koleman and Kasdin 2007).

A range of starshade sizes have been
discussed from a small starshade on order of
30 m in diameter that would work with a 1.1-
m-diameter aperture telescope, through a 70-m
starshade that would have gone with the JWST
(Soummer et al. 2010), all the way up to a
>100-m-diameter starshade that would be
paired with a future 10- to 16-m class
telescope (Postman et al. 2012; Seager et al., in

prep).
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Given the cost and schedule constraints of
the Exo-S STDT study, only two of the
possible mission concepts were studied. Both
have starshade sizes with perimeter truss
deployment systems that have heritage from
large radio communication high-gain antenna
systems.

1.2.7  Summary
Starshade technology development has
approached a point where successful

technology demonstrations and well-defined
technology gaps enable a clear path forward
with manageable risk (see Appendix C,
Technology Plan). An appropriate funding
effort for the remaining engineering challenges
will enable achievement of technology
readiness goals. For more details on the
technology gap list and technology
development plans, see Section 9 and
Appendix C.

1.3 State of the Field at the Time of Probe
Launch: The Exoplanet Science
Landscape in 2024

Planetary systems consist of a range of planets
from giant planets through sub-Neptune-size
planets through rocky terrestrial planets and even
down to Moon-size planets, and belts of small
bodies that generate debris particles. Ongoing
research, upcoming developments in ground-
based instrumentation, and the launch of new
space missions will continue to advance
knowledge of exoplanetary system components
in the coming decade. Nevertheless, a probe-
scale exoplanet direct imaging mission can offer
unique capabilities. This subsection sets the
likely context for exoplanet science at the time
Exo-S would launch.

1.3.1 Indirect Detections Using Stellar Reflex

Motion

Radial velocity surveys have detected 583
planets as of late 2014 (http://exoplanets.eu);
the median orbital period of these detections is
around 1 year. While the median semi-
amplitude of these detections is 38 m/sec

(http://exoplanets.org; larger than the solar
reflex velocity induced by Jupiter), only a dozen
planets have measured RV semi-amplitude
below 2 m/sec. The best claimed detection to
date has a 0.5 m/sec semi-amplitude for the
very bright star alpha Centauri B. Today’s
measurement precision of 50 cm/sec is expected
to improve toward 10 cm/sec with the Very
Large Telescope (VLT)/ Echelle SPectrograph
for Rocky Exoplanet and Stable Spectroscopic
Observations (ESPRESSO) and  similar
instruments on extremely large telescopes
(European Extremely Large Telescope [E-
ELT], Giant Magellan Telescope [GMT], Thirty
Meter Telescope [TMT]). However, stellar RV
jitter arising from spots and activity sets a
natural noise floor near 2 m/sec (Bastien et al.
2014). Only in the quietest stars—or through
careful averaging, filtering, and detrending of
the data—will RV detections be achieved for
semi-amplitudes below 1 m/sec. Such detect-
ions will also be limited to stellar types F8 or
later because earlier types lack a sufficient
density of narrow absorption features. RV
surveys to date have detected most of the
Jupiter-mass planets within a few AU of late-
type stars, but generally lack sensitivity to
Neptune-mass planets outside a few tenths of an
AU (Howard and Fulton 2015). A new
dedicated RV program with 50 cm/sec precision
and focused on direct imaging targets could, by
2024, extend this sensitivity to planets of
Saturn-mass and greater with periods up to 20
years, and to 8 Mg super-Earths with periods of
several years. Complementary measurements of
stellar astrometric wobble by the European
Space Agency (ESA) Gaia all-sky survey will
detect and measure orbit inclinations for planets
of Jupiter mass or larger and periods <5 years
around unsaturated nearby stars (V>6), and
could potentially be extended to stars as bright
as V=3 with pipeline software improvements
(Martin-Fleitas et al. 2014). The orbital
elements for the inner giant planets of nearby
late-type stars should be well in-hand by 2024.
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1.3.2 Transits

Transit observations with the Kepler (and
COnvection ROtation et Transits (CoRoT))
space telescopes have revealed the frequency and
radius distribution of short-period (P<1 yr)
exoplanets by photometrically monitoring
selected fields of solar-type stars. The 2017
TESS mission will identify shorter-period
(P ~<several weeks) planets around several
hundred thousand bright field stars distributed
around the sky. Around M stars, TESS detec-
tions will extend down to 1 Regin the habitable
zone. RV follow-up of TESS detections will
reveal their mass distribution and the planetary
mass-radius relationship. Spectroscopic measure-
ments made during transit and secondary eclipse
by the JWST, ELTs, and other facilities will
constrain the temperatures and albedos of these
planets, and for clear, low-molecular weight
atmospheres may detect high-opacity atmos-
pheric species such as Na I, H,O, and CH,4. The
PLATO (PLAnetary Transits and Oscillations of
stars) mission will launch in 2024 and identify a
new sample of transiting planets. By 2024,
transit work should have built a strong statistical
picture of the bulk properties of inner planetary
systems and collected atmospheric spectral
information for many of their larger objects.

Although not limited to transits, there is an
exoplanet atmosphere characterization
technique worth mentioning: high resolution
(R > 100,000) spectroscopic cross-correlation
template matching for exoplanets orbiting fast
enough so that their atmospheres are Doppler-
shifted with respect to the star. This technique
robustly identified CO and H,O on exoplanets,
including non-transiting ones (Snellen et al.
2010). This technique may be used with the
large 20-40 m ground-based telescopes of the
future to characterize the atmospheres of
known small planets in the habitable zone of
late M dwarf stars (as discovered by radial
velocity surveys or even by transit surveys),
though the number of favorable M dwarf target
stars may be limited (Snellen et al. 2013).

1.3.3  Exoplanet Imaging Detections

Only a handful of exoplanets have been imaged
directly in their near-infrared thermal emission
(e.g., Marois et al. 2010; http://exoplanets.eu).
This is due to the limited contrast capabilities of
current  instrumentation  (Lawson 2013,
Figure 1), especially at small angular separations
from a star. A new generation of high-contrast
imagers based on extreme adaptive optics
systems is now being deployed behind large
ground-based telescopes. Dozens of exoplanet
imaging detections at 10”" contrast and ~0.5"
separation should be achieved by these systems
in the near-infrared (Gemini Planet Imager
[GPI], VLT Spectro-Polarimetric High-contrast
Exoplanet Research [SPHERE], Subaru
Coronagraphic  Extreme  Adaptive  Optics
[SCEXAOQ]), which would enable detection and
spectroscopy of thermal emission from warm
(T>500 K; very young or massive) gas giant
planets. An appropriately designed extremely
large telescope (ELT) in the 30-m class would be
capable of such detections at even smaller inner
working angles ~0.12", but with only modestly
better contrast. However, the extreme adaptive
optical systems needed for such observations are
not currently baselined for ELT first-generation
instruments, and thus are not expected to be on-
sky until the late 2020s.

Ground-based, high-contrast imaging is
limited by rapid wavefront changes arising
from atmospheric turbulence. For a solar twin
at 10 pc distance (H mag 3), a deformable
mirror sized to create a ~0.5" radius dark field
cannot suppress the residual speckles to levels
fainter than 107" of the central star brightness.
This limit is defined by the available photons
per subaperture in a reduced coherence time
(Oppenheimer and Hinkley 2009, Table 2) and
is nearly independent of telescope aperture
size. To detect fainter objects, speckle
averaging and subtraction methods must be
employed. It is unclear how well this could be
done, as the temporal behavior of residual
atmospheric speckles at 107’ contrast has never
been characterized. Experience at less
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challenging contrast levels suggests that
detections a factor of 10 below the raw
contrast floor should be achievable. 107
contrast would enable detections of thermal
emission from nine massive giant planets
around nearby solar-type stars (Stapelfeldt
2006). It has been suggested that ELTs could
detect planets in reflected light as small as
1 Rg at this contrast level, if they are present in
the habitable zones of bright nearby M dwarfs
(Guyon and Martinache 2013). Optimistically,
up to 200 target stars are available, however,
the required stellar properties (V<8 for
sufficient guidestar photons, d<22pc to
resolve the habitable zone with an ELT) may
limit the number of target stars.

JWST/Near Infrared Camera (NIRCam)
coronagraphy should be capable of detecting
companions at contrasts of 107 at separations
beyond 1.5 arcsec, capturing objects like our
own Jupiter in 4.5 ym thermal emission if they
are orbiting the nearest M stars. The uncertain
luminosity evolution of young giant planets
clouds the picture somewhat (Marley et al.
2007), but it appears that the some of the more
massive planets orbiting nearby (d<20 pc),
young (age<1 Gyr), low-mass (M<1.0 Msun)
stars could be in view by 2024.

1.34 Disk Imaging

Imaging of protoplanetary disks is being
revolutionized by the Atacama Large
Millimeter/submillimeter ~ Array  (ALMA),
which will be able to resolve dynamical
structures driven by protoplanets at angular
resolutions approaching 0.01 arcsec. Proto-
planetary disks in the nearest star-forming
regions (d~150 pc) are ideal ALMA targets, as
their high optical depths give them high surface
brightness in the submillimeter continuum.
Debris disks are found around older main-
sequence stars, with many nearby (d~25 pc)
examples. They are optically thin with a much
lower dust content and much fainter
submillimeter continuum emission; it will
therefore be a challenge even for ALMA to
resolve their detailed structure. ALMA will map

a limited number of the brightest debris disks
(Ld/Lstar>10™) at 0.1 arcsec resolution. In
addition to their exoplanet imaging capability,
new adaptive optics coronagraphs now being
deployed to large ground telescopes should
image bright debris disks with comparable
resolution and with sensitivity a few times
better than ALMA but in the near-infrared
(Perrin et al. 2015). Similar instruments on
ELTs would extend the resolution and IWAs of
such studies to 10 and 30 milliarcsec,
respectively. With its 0.3 arcsec resolution at
20 pm, JWST will resolve warm dust emission
around a sample of nearby A stars. New warm
disks identified by the Wide-field Infrared
Survey Explorer (WISE) mission will be
particularly important targets. A wealth of new
data detailing the internal structure of bright
circumstellar disks will have emerged by 2024,
seeding a new theoretical understanding of disk
structure, dynamics, and evolution.

1.3.5 Summary

While the advances described above will be
remarkable scientific milestones, they fall well
short of the goal of obtaining images and
spectra of planetary systems like our own, as
shown in Figure 1.3-1. The TESS mission will
detect inner terrestrial planets transiting nearby
cool stars, but their spectroscopic characteriza-
tion will be restricted to red dwarf stellar hosts
and will be challenging even using JWST.
High-contrast imaging will detect and charac-
terize warm giant planets, but not cool objects
at 107 contrast, like our own Jupiter and
Saturn in their orbits around a solar-type star.
Sharp images of dusty debris disks will be
obtained, but only those with optical depths
several hundred times that of our own asteroid
and Kuiper belts. RV and astrometric surveys
will have identified the majority of nearby
stars hosting giant planets. What is currently
missing from the 2024 exoplanetary science
toolbox are space observatories that can study
photons from cool planets (ranging from giants
down to super Earths) and resolve tenuous dust
disks around nearby Sun-like stars.
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Figure 1.3-1. Direct imaging contrast capabilities of current and future instrumentation. (From Lawson 2013.)
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2 SCIENCE GOALS AND OBJECTIVES

2.1  Science Goals

Exo-S mission science goals:

1. Discover new exoplanets from Earth size to giant
planets

Measure spectra of a subset of newly discovered
planets

Measure spectra and masses of currently known
giant planets

Study planetary systems including circumstellar
dust

The Exo-S mission has four science goals. The
first goal is to discover new planets from Earth
size to giant planets. Within this goal is the
possibility  of  discovering  Earth-size
exoplanets in the habitable zones (HZ) of at
least 10 Sun-like stars—arguably one of the
most exciting pursuits in exoplanet research.

The second science goal is to measure
spectra of a subset of newly discovered
planets. The Exo-S spectral range is from 400—
1,000 nm, with a spectral resolution of up to
R=70, which enables detection of key spectral
features. Of particular interest are the so-called
sub-Neptunes, planets with no solar system
counterparts, loosely defined as 1.75 to 3 times
the size of Earth. The sub-Neptune planets
have very low densities compared to Earth, yet
their actual composition is not known.

The third science goal is designed to
guarantee outstanding science return: to
characterize known giant planets, by observing
their spectra and measuring or constraining
planet mass. The known giant planets are
detectable by virtue of extrapolated position in
the 2024 timeframe. Molecular composition
and the presence/absence of clouds or hazes
will yield information on the diversity of giant
planet atmospheres.

The fourth science goal is to characterize
planetary systems, with a specific interest in
studying circumstellar dust in the context of
known planets. Observations will shed light on
the dust-generating parent bodies (asteroids

and comets), and the dynamical history of the
system, as well as possibly point to unseen
planets below the mission’s direct detection
thresholds. An assessment of dust levels in the
habitable zones of nearby stars is a major
unknown affecting mission planning for future
flagship mission concepts.

The science yield, in terms of how many
planets are discovered and to what spectral
resolution small planet atmospheres can be
characterized depends both on the observing
strategy (how the finite number of starshade
retargets are allocated) and the telescope
aperture.

2.2 The Imaged Planetary System
To illustrate what data from the Exo-S will
look like, a simulated image for the

Rendezvous Mission is presented in Figure
2.2-1. The image shows a hypothetical
planetary system around the nearby (8.44 pc)
GO V star Beta Canum Venaticorum if it
contained all eight solar system planets, a
cloud of warm dust comparable to the solar
zodiacal cloud (1 zodi) and a dust ring from a
Kuiper belt located 15 AU from the star. The
center of the image is blocked by the starshade.

The brightness of the giant planet Jupiter
analog (just to the right of image center)
vivifies Exo-S’s science goal of characterizing
known giant planets; this planet creates the
brightest pixel in the image by far.

The Saturn analog (the bright point left of
image center) and the terrestrial planet analogs
Earth and Venus illustrate the Exo-S mission’s
capability to discover new planets. The Earth
and Venus analogs appear as colored peaks
(left and right respectively) on top of the
exozodiacal dust.

The exozodiacal dust cloud is the bright
ring at the image center. Exozodiacal dust is a
challenge for all planet-imaging missions.
Although the peak of the exozodiacal signal in
this scene is comparable to the brightness of the
Venus spot, the image of Earth is about twice
as bright as the exozodiacal light background
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Starshade Rendezvous Mission
simulated image of
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Figure 2.2-1. Simulated image of the Rendezvous Mission’s
observation of a solar-system-like planetary system orbiting a
nearby Sun-like star. The image is a composite of three bands
(510, 658, 825 nm), square-root scaled and mapped to blue,
green, and red to create a false-color image. The planets in this
simulation are all placed at quadrature, with albedos (and colors)
taken from Traub (2003) and adopting a Lambertian scattering
phase function. The simulation includes photon noise, read
noise of 2.8 e-/pixel and dark current of 5.5e-4 e-/pix/sec,
assumes a total throughput of 20% and a 2000 second read
cadence. For reference, with these assumptions, the Venus twin
in this system is detected at a signal to noise ratio of about 12.
The model for background galaxies was generated with the
lllustris cosmological simulation (Vogelsberger et al. 2014)
converted to mock images using stellar population synthesis
models (Torrey et al. 2014). (Courtesy of Gregory Snyder at the
Space Telescope Science Institute).

in that pixel. Vivid images of a complete dust
ring made by the starshade will help constrain
the scattering phase function of the dust, which
in turn should enable some level of subtraction
of the dust signal from the planet light.

Exo-S will observe different components
of planetary systems as illustrated by the
hypothetical Kuiper belt dust ring at 15 AU
from the star. Exo-S will likely discover and
make spectacular images of such cold dust
rings around some of the target stars. The dust
ring in the image is brighter than the Kuiper
belt but fainter than prior survey limits
(Hillenbrand et al. 2008).

Exo-S will see background objects that are
superimposed on the planetary system, as
illustrated by the green background galaxies
(lower right of the image). With an assumed
integration time of 1 day, the sensitivity of this
model scene is roughly comparable to that of
the original Hubble Deep Field, which
contained roughly one galaxy in every 6 square
arcseconds, meaning about six galaxies would
appear in the Exo-S field of view.

2.3

An overview for the expected science return
for individual planets for different types of
observational targets is presented in this
section. The planetary systems accessible to
Exo-S can be divided into three types: systems
in which giant planets are already known to
exist; systems in which Earth-size planets in
the habitable zone are detectable by Exo-S;
and systems in which planets larger than Earth
(i.e., super Earths, sub-Neptunes, and other
new types of planets not seen in the solar
system) are detectable. The exoplanet zoo
extends to planets around stars other than Sun-
like, which includes different stellar radiation
environments at the planet.

Measured spectra of exoplanet
atmospheres are at the heart of the Exo-S
mission’s planetary characterization. From
spectra, key molecular constituents in
exoplanetary atmospheres may be identified, a
fundamental planetary property. From the
atmospheric composition, information on the
bulk composition of the planet’s interior may
be inferred, in some cases constraining planet
formation and evolution processes. Exo-S will
greatly advance the field of exoplanet
characterization by accessing many types of
planets in the planetary zoo for the first time.

The Exo-S mission has spectral capabilities
in the range of 400-1000 nm, in three separate
bands. The bands are blue, green, and red, and
the actual wavelength ranges for each color are
shown in Table 2.3-1. The starshade covers
the full spectral range in three separate

Exploring the Exoplanet Zoo
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Table 2.3-1. Starshade parameters.

Mission Dedicated Rendezvous
Starshade WA | km Band WAl km Band
Parameters (nm) (nm)
Blue Band 80 |38675| 400-647 | 71 |49500| 425-602
Green Band | 102 |30330| 510-825 | 100 | 35065| 600-850
RedBand | 124 |25025|618-1000| 118 |29805| 706-1000
bandpasses. To preserve the optical

performance in each bandpass, the starshade
must move towards or away from the telescope
(the separation distance increases in inverse
proportion to wavelength to preserve the same
optical performance). The IWA, which is the
angular size of the starshade radius as seen by
the telescope, also changes accordingly. The
bandpasses and starshade-telescope separations
and IWAs are captured in Table 2.3-1.
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A comparison of spectra (observed or
modeled) of Earth, other solar system planets,
and exoplanets is presented in Figure 2.3-1.
The comparison highlights the Exo-S science
return for each type of target system as well as
illustrates the anticipated quality and resolution
of exoplanet spectra.

2.3.1 Known Giant Planet Masses and

Atmospheres

Giant planets known to exist from ground-
based radial velocity (RV) surveys are a
priority for Exo-S as a category of planets for
guaranteed science return. Based on their size
and hence brightness, Exo-S can obtain
relatively high-resolution spectra (R=70,
SNR=10). The list of currently known giant

T T T T T T T
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L —— Jupiter
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Figure 2.3-1. Differences and similarities in brightness and spectral features for a variety of exoplanet types. Optical reflectance
spectra of a diverse suite of exoplanets are shown without added noise. The Jupiter spectrum is based on the observed
spectrum in Karkoschka (1994). The other two Jovian planet spectra are models from Cahoy et al. (2010). The Neptunian and
water world spectra are models from Renyu Hu (personal communication). The Earth spectrum is a model developed to match
Earth observations from the EPOXI mission (Robinson et at. 2011), while the super Earth is that model scaled by (1L.5R /1

R )= Figure 2.3-1a s for the 1.1-m Dedicated Mission and Figure 2.31b for the 2.4-m Rendezvous Mission. These plots roughly
represent the best spectra possible with each mission. In both cases, there are 2 pixels per resolution element (Nyquist
sampling). For the Rendezvous Mission plot, all spectra were convolved to a spectral resolution of 70. The fainter planets cannot
be observed to this high a resolution with the Dedicated Mission, so the Earth, super Earth, and sub-Neptune spectra were
convolved to R=10. Three representative flux error bars are placed at 0.5 um. The errors are the noise per pixel for spectra

with SNR=10 per resolution element. Image credit: A. Roberge.
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planets that Exo-S could observe is shown in
Table 2.3-2.

Prior to launch of Exo-S, most of the
orbital properties of the known giant planets
will have been determined from RV
measurements, with the exception of orbital
inclination. A photometric measurement of the
known giant planet by Exo-S at the right time
would collapse the remaining uncertainty on
the planetary orbit, enabling all orbital
elements to be known. The planet orbit
inclination will enable the upper limit on
planetary mass to be converted into a true mass
(albeit with measurement uncertainties).

Planet mass is a fundamental property of a
planet because it is connected to a planet’s
internal and atmospheric structure and it
affects basic planetary processes such as the
cooling of a planet, its plate tectonics,
magnetic field generation, outgassing, and
atmospheric escape. Therefore, combined with
the amount of energy received by the planet at
the top of its atmosphere from the host star, a
mass measurement and model atmosphere
calculations will be well-suited to bring a
significant increase in an understanding of a
known giant planet. Note that Gaia will
measure orbital inclinations for planets with
masses larger than Jupiter’s mass and with
orbital periods less than one year (Section 1.3).

The first image of the planet will not only
yield a planet mass determination but also an
apparent brightness and separation from the
star. The apparent brightness can be converted
into a true brightness considering the planet’s
illumination phase as derived from the orbital
information.

The planet radius is also a fundamental
planetary property and while it is conceivable
to infer a planet size from the planet’s true
brightness, it is not possible because of the
unknown planet albedo. Both planet size and
albedo contribute to the planet’s true
brightness. A few approaches to constrain the
planet radius are possible. First, mass-radius
relationships of known planets could be used

Table 2.3-2. Known giant planet targets for the Exo-S mission.

HIP Common d(pc) # Planets
7513 Ups And 13.49 4
7978 Q01 Eri 17.43 1
10626 HD 13931 b 44.23 1
16537 epsilon Eridani 3.21 1
22336 HD 30562 26.42 1
22627 GJ179b 12.29 1
24205 HD 33636 b 28.36 1
26394 Pi. Men 18.32 1
27253 HD 38529 39.28 2
31592 7Cmab 19.75 1
33212 HD 50554 b 29.91 1
37826 Pollux 10.36 1
40952 HD 70642 b 28.07 1
43587 Rho Cnc 12.34 5
49699 HD 87883 18.2 1
50473 HD 89307 b 32.36 1
53721 47 UMa 14.06 3
65808 HD 117207 b 33.05 1
71395 HD 128311 16.5 2
74500 23 Lib 26.21 2
79248 14 Her 17.57 1
80337 HR 6094 12.78 1
83043 BD+25 3173 10.34 1
83389 HD 154335 18.59 1
85647 GJ676 A 16.45 4
86796 Mu Ara 15.51 4
90485 HD 169830 ¢ 36.6 2
95467 HD 181433 d 26.76 3
96901 16 Cyg B 21.21 1
97336 HD 187123 ¢ 48.26 2
98767 HD 190360 15.86 2
99825 HD 192310 8.91 2
106353 | HD 204941 b 26.9 1
106440 | HD 204961 4.95 1
109388 | BD-055715 9.1 1
113137 | HD 216437 26.74 1
113421 | HR 8734 19.86 2
116616 | HD 222155hb 49.1 1
116727 | Gam Cep 14.1 1

to infer a probability distribution of radii given
the known planetary mass. Second, models of
the planet might be capable of placing
constraints on the planet albedo thereby
constraining planet size. Models interpreting
low-resolution spectra may constrain a planet
surface gravity, together with the planet mass
can give constraints on planet radius. An actual
determination of either albedo or planet radius,
would require follow-up observations that
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would subsequently map out the illumination
phase light curve. This challenging
measurement (Seager, Whitney, and Sasselov
2000) is most accessible for planets with low
orbital inclinations. The current Design
Reference Missions (DRMs) do not plan for
such follow-up observations during the prime
mission phase of Exo-S.

Exo-S will obtain spectra of up to R=70.
The planet’s spectrum will provide a wealth of
further  information over a brightness
measurement. The shape of the spectrum would
help determine the wavelength-dependent
reflectivity of the planet, which is controlled by
atmospheric thickness and any cloud and haze
layers (Figures 2.3-2 and 2.3-3). The overall
spectral shape will therefore give an indication
of the presence or absence of cloud or haze
layers. Absorption features from CHi, H.O,
NHs;, and CO, and emission features from Na
and K are within the wavelength range of
anticipated Exo-S observations. The depths and
widths of these features would be measured,

1.0

- R=70, 10 nm bins —— 2 AU Jupiter
=
08+ CHy » CHy 0.8 AU Jupiter |
[ ' CHs
3 I CHa ] CHe
(] 4 4.
= 06 - NHz| | NHs/
L : , ]
Wik W _
S f ]
@
02+ ]
0.0L : . : T
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 2.3-2. Giant planet spectra: geometric albedo spectra
of real and modeled giant planets. The spectra have been
convolved to R=70 spectral resolution and re-binned onto a
wavelength grid with 10 nanometer bins. The observed
spectra of Jupiter and Neptune from Karkoscha (1999) are
shown with red and blue lines, respectively. Two model giant
planet spectra from Cahoy et al. (2010) are also plotted. They
are warm Jupiter-like plants located 2 AU (orange line) and
0.8 AU (gray line) from a Sun-like star. The 2 AU Jupiter is
very bright due to water clouds, while the 0.8 AU Jupiter is
cloudless and darker.

from which the concentrations of these species
could be determined or constrained.

It is important to note that not all molecular
species can be measured for all planets; for
example, only warmer giant planets would
exhibit spectral features from H,O (in colder
planets H,O is trapped as solid or liquid
particles in clouds) and only the warmest giant
planets will have Na and K in atomic form (in
colder planets the alkali metals are in gas
phase or solid molecules). Only high
abundances of NH3; and CO will be detectable,
because  they have relatively  weak
spectroscopic features.

From spectral features, many things could
be inferred, albeit with  significant
uncertainties. For planets with clouds at an
altitude that is favorable (Hu 2014), the C/H/O
ratio of the planet’s atmosphere could be
determined from observing two or more
spectral features of the same molecule. For
each  individual planet,  compositional
information can be used with models of
atmospheric structure to estimate the planet’s
surface gravity.

The bulk composition of known giant
planets is relevant for planetary formation

theories, as elemental composition is
0.8 e | ERERERELES ERZEERTAL EAEATAZE EZZEZRZLZ (RESLEZREDES T
Jupiter Neptune
I R=70 — R=70
— R=50 R=50
F— R=20 — R=20
06F
8 |
a |
@©
e 04
"q_)' L
£ |
3
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Figure 2.3-3. Jupiter and Neptune spectra (Karkoschska
1994) degraded to spectral resolutions of R=20, 50, and 70.
The strongest water vapor band in this spectral wavelength
range is seen at 940 nm.
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ultimately a function of that formation history.
The composition of planets may be related to
star type, stellar metallicity, planet orbit
(especially with respect to the ice line),
migration history, size of the planet, and
formation mechanism. While Exo-S will not
have a large enough sample of planets to
address all these individual factors affecting
composition, it will add to a growing data set
with which researchers will tackle these issues.

New planets may be discovered in systems
with known giant planets, namely planets of
too low mass to have been detected by any
prior RV surveys. A maximum planet mass
could be determined by the upper limits or lack
of RV detections. Dynamical stability
calculations of systems with multiple planets
may also be able to provide constraints on
planet mass, given information or assumption
about the planetary orbits (e.g., Barnes and
Greenberg 2006).

2.3.2 Earths in the Habitable Zone

For a set of extremely valuable targets, the
small inner working angle (see Table 2.3-1)
and optical performance of Exo-S will allow
the mission to discover planets in the habitable
zones of their stars. The goal is to characterize
these planets as best as possible. For Earth-size
planets, the Exo-S spectral resolution depends
on the telescope aperture and the planet
brightness, and in some cases will be limited to
imaging detections.

The most interesting targets Exo-S will
attempt to observe will also be the most difficult
to detect and characterize. Earth-size planets in
the habitable zones of their stars are at the edge
of detectability for the mission, because their
faintness requires long integration times.
Detection confirmation is achieved by
integrating all the light across the entire
observation  band.  Characterization  via
spectroscopy is far more difficult than detection
(Figures 2.3-1 and 2.3-4), because the
observation requires a high SNR in each
spectral resolution element. The significantly

—_
(8]
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Figure 2.3-4. Simulated reflected light Earth spectrum
degraded to spectral resolutions of R=200, 70, and 10.

longer integration time for spectroscopy over
discovery is prohibitively long in some cases.
For many Earth-size planets in the habitable

zone, colors instead of spectra will be
measured.
The lack of spectra will complicate

confirmation of point sources as planets,
because spectral information is useful for
discriminating between planets and
background sources (see Section 3.1). Without
such information, any point sources would
effectively be planet candidates until they are
confirmed as planets by some other means.

For targets for which spectroscopy is
infeasible, confirmation of the light source as a
planet will take place in one of two ways. For
stars with high proper motion, confirmation
would occur by continuing to observe until the
star moves at least one point spread function
(PSF) width on the detector, to establish
common proper motion between the planet
candidate and star. For stars with low proper
motion, it will take too long for this movement
to occur and it would be more efficient to
revisit the target at a later epoch. For these
purposes, the ‘cutoff’ between high and low
proper motion is the time for a revisit (between
two to four weeks). This means that Exo-S
would continue to observe targets with proper
motion sufficient to move the star one PSF
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width in two to four weeks or less; and would
leave other targets for confirmation with a
follow-up observation, possibly in the third
year of the mission, or by other means as
described in Section 3.1.

For the best Earth analog targets, the
Dedicated Mission will be able to obtain low-
resolution (R=10, SNR=10) spectra (Figure
2.3-1a). This basic information may allow
confirmation or rejection of a planet candidate
without a revisit. Additionally, the low
resolution spectrum would allow the following
determinations: the presence/absence of a thick
atmosphere via the effects of Rayleigh
scattering; the presence/absence of hazes and
clouds via their reflectivity and absorption
properties. This will be enough to contribute to
a preliminary classification of the planet, but
confirmation of it as a rocky body or its
habitability ~ would require  follow-up
observations with a larger-diameter telescope.

Higher-resolution spectra (R=70, SNR=10)
are obtainable for the most favorable Earth
analog planet candidates with the Rendezvous
Mission (Figure 2.3-1b). Spectra (especially in
the case of a cloud-free atmosphere) can enable
immediate confirmation of planet candidates
based on spectral feature wavelength and depth.
The spectra will also yield identification of
atmospheric gases such as water vapor
(indicative of liquid water oceans for small
planets) and methane (of interest for geological
and biological reasons).

The first detections of biosignature gases
are of immense interest to the exoplanet
community. A spectral resolution of R=70
would enable measurement of the biosignature
gas Oy if it is present in the lower atmospheres
of exoplanets. Detecting both O, and H,0 is
important to rule out some false positive
scenarios (Domagal-Goldman et al. 2014). The
green (and red) band is suitable for observing
the gas O, and the red band is most suitable for
observing H,0 vapor features.

Regardless of the level of spectroscopy,
any Earth-like candidates observed would

deliver critical preliminary information on this
class of worlds. This would build a bridge to a
future exoplanet flagship mission, which
would be able to utilize even larger apertures,
smaller inner working angles, and larger
wavelength ranges to assess planet habitability
and any presence of biosignature gases.

2.3.3  Sub-Neptunes, Super Earths, and a
Variety of Star Types

Exoplanets are incredibly diverse and not
limited to giant planets (Section 2.3.1) or
Earth-size planets (Section 2.3.2) but extend to
the full range of sizes (and masses and
densities) allowed by physics. While there are
no solar system planets larger than Earth but
smaller than Neptune, such planets appear to
be the most common planets in our galaxy
(Howard et al. 2010; Buchhave et al. 2012;
Burke et al. 2013; Sumi et al. 2010). This
leaves the exoplanet community in a situation
where little is known about the most common
type of exoplanet. Note that super Earths are
defined as planets that are predominantly
rocky with thin atmospheres whereas sub-
Neptune planets are loosely defined as planets
with a massive enough gas layer that it forms
an ‘envelope’.

Fortunately, because they are larger than
Earth, the sub-Neptune planets are favorable
for detection and characterization with Exo-S.
With measured spectra, headway can be made
through the great deal of uncertainty on their
possible bulk compositions (see the diversity
of anticipated spectra in Figures 2.3-5 and 2.3-
6.) In particular, the presence or absence of
clouds and possibilities for solid surfaces
beneath a thin atmosphere may be inferred
from the depth of spectral features across a
wide wavelength range. The analysis of any
photochemical hazes may also lend insights
into the chemistry of the planet, and also help
infer the bulk chemical processes from which
those hazes are derived. Such hazes are known
to exist on Venus and Titan, are present in
smaller quantities on the solar system giant
planets, and have already been proposed to
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Figure 2.3-5. Geometric albedo spectra of modeled sub-
Neptunes (R. Hu, private communication). Neptunes and sub-
Neptunes will appear somewhat similar in terms of albedo
spectra. The very natures of sub-Neptunes are unknown, and
three possibilities are outlined in the cartoon diagram.
explain some ground- and space-based
exoplanet transmission spectra observations.
Of particular interest is that super Earths or
even some low-mass sub-Neptune planets
exterior to the traditional habitable zone may
have suitable surface temperatures to host life
by a strong greenhouse gas atmosphere or
envelope composed of H, (Pierrehumbert and
Gaidos 2011).

The relatively high-resolution R=70 spectra
of sub-Neptune (or Neptune-size) planets will
deliver much of the same information as the
R=70 spectra of the gas giants (see Section
2.3.1 and for an additional sample spectrum
see Figure 2.3-7). Specifically, the abundances
of H,O, CH,, and potentially NHsz will be
measured, as will the presence/absence of
clouds and photochemical hazes. From these
measurements, elemental ratios (C/O/H/N)
may be constrained through modeling.

It is fair to say that atmospheric
measurements of sub-Neptune-size exoplanets
are critical for making progress in
understanding this new class of planet.

T T
Mini-Neptune
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F — Super-Earth Earth
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Figure 2.3-6. Simulated spectra of small planets. The Earth,
Venus, and super Earth models are from the Virtual Planet
Laboratory (VPL; http://depts.washington.edu/naivpl/). The sub-
Neptune model is from Renyu Hu (personal communication). The
spectra have been convolved to R= 70 spectral resolution and re-
binned onto a wavelength grid with 11 nanometer bins.
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Figure 2.3-7. A theoretical spectrum for a metal-rich Neptune

at 2 AU, valid also for smaller planets (i.e., sub-Neptunes)

degraded to spectral resolutions of R = 20 and 70. The

strongest water vapor band in this spectral wavelength range

is seen at 940 nm. CHa is needed to identify a planet as a sub-

Neptune and not a rocky world with a thin atmosphere.

500

Atmospheric composition may lead to an
understanding of the sub-Neptune planet
formation pathways, as the elemental
compositions may be determined by their
formation location and orbital migration within
a protoplanetary disk.

2.4  Approach to Target Selection

The approach to target star selection is based
on two main factors. First, the total number of
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Appendix B—Optical Shield

Figure B.3-4. Origami-based deployment of the OS. Top: deployment of a representative tabletop prototype. Bottom: depiction

of full-scale starshade deployment.

Another design consideration for the inner
disk OS is the need to minimize OS stresses
imparted to the inner disk truss. The OS is
designed to be mechanically decoupled from
the truss structure. It is firmly attached to the
starshade’s center hub, and loosely connected
to the truss. OS panels will have ‘closeouts’—
carbon-fiber edge coverings that will overlap
with the truss structure to form a continuous
light barrier without mechanically attaching to
the truss (Figure B.3-5).

B.3.3 Petal OS

Since the petals simply wrap around the hub
when stowed, no elaborate folding and packing
scheme is required. Of greater concern with
the petal OS is its effect on the shape of the
overall petal. Petal OS—-induced stresses into
the petal structure must be minimized. To
achieve this, the petal OS is made up of many
separate flexible panels that are individually
and  pseudo-kinematically  attached, or
‘shingled,” to the graphite composite petal
lattice structure (Figure B.3-6). Each flex-
panel will be fixed at the corner closest to the
petal root and center spine. Additional
nonfixed attachment points along the petal

Figure B.3-5. Edge closeout design for the optical shield.

center spine and petal battens allow for radial
expansion of each flex-panel away from the
fixed attachment point,  mechanically
decoupling each OS panel from the petal
structure. Mounting the OS panels in this way
(Figure B.3-7) prevents thermally induced
mechanical deformations into the petal lattice
structure.

Figure B.3-6. Overlapping ‘shingles’ that prevent light leaks
between panels.
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Pseudo-kinematic mechanical release directions

One flex-panel segment 6 degree exclusion zone

(orange)

i Petal structure

Figure B.3-7. Petal showing flex panel layout and kinematic
release directions.

To prevent light from leaking between
flex-panels, each flex-panel has thin Kapton
flaps (Figure B.3-6) that overlap adjoining
panels and prevent light leaking between the
panels. These flaps are not mechanically
connected, allowing each panel to expand and
contract separately.

The petal OS panels do not deploy relative
to the petals on which they are attached, but
remain restrained to the lattice structure as the
petals are wrapped around the hub. When in
stowed configuration, the petal OSs are lightly
compressed, a measure that provides the
additional benefit of damping petal vibrations
during launch. Preliminary analyses indicate
that the baseline foam selection will
substantially increase the first few vibration
modes of the entire starshade during launch.

Lastly, the petal OS panel-to-petal edge
transitions are covered with an overlapping
closeout (Figure B.3-5) that covers any gaps
between the panels and the petal structure
without mechanically connecting the two.

B.4  OS Design Development

The optical shield development plan is in
place, and progress is being made toward
reaching TRL 5 by FY17 (Figure B.4-1). The
work to reach this goal breaks down into four

\ Optical Shield Development Plan \

FY15

Petal OS Conceptual Design and Tests
Material Selection

Ascent Venting/Vacuum/Vibration Test

Rev. 12712015
FY16

| Jan | Fob | Mar | Apr | May | Jun | Jul ] Aug [ Sop | Oct | Nov | Dec [ Jan | Fob [ Mar | Apr | May [ Jun [ Jul | Aug

Micrometeorite Analysis/Test ]
Design Concept | ]
Petal OS Design
0S Design and Processes Finalization | ]

0OS Attachment Method and Interfaces
0OS Edge Closure
OS Prototyping/Testing
Petal OS Full-Scale Fabrication
Lighweighted Foam Fabrication/Procurement
Custom Black Kapton Thickness Procurement
OS Panels Fabrication
OS Test Pre-Installation

Petal OS Integration on Full-Scale

f— Summary Task Bar - Planned Activity

Figure B.4-1. OS development schedule.
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areas: panel development, petal OS
development, inner disk OS development, and
system-level testing.

B.4.1 Panel Development

Panel development work has made significant
progress. Panel materials testing and selection
have been completed. Based on reflectivity and
opacity testing, and known suitability for space
applications, a black Kapton (Figure B.4-2)
has been selected as the panel light-blocking
surface material. The film includes a *scrim’
grid of tear-resistant material, providing
protection against tear propagation. Urethane
foam has been chosen as the panel separation
layer. The current design uses a lightweight,
1.6-cm-thick sheet. The materials are bonded
together with 3M Fastbond® 49 adhesive.

A fabrication process for the panels has
also been established. Panels will be fabricated
in large, roughly meter-square segments. Prior
to bonding, the foam sheet will be
lightweighted  with material cutouts
(Figure B.4-3). One layer of Kapton will be
bonded to the foam sheet at a time. The
Kapton is placed on a granite block with the
scrim side up; adhesive is then applied to the
scrim side of the Kapton. To minimize the
mass of the adhesive, a ‘screeding’ technique,
similar to a screen-printing process, is used
(Figure B.4-4). The foam is then placed on the
adhesive and allowed to set. The process is
repeated for the other side.

The foam-sandwich flex-panels introduce a
need to address air exhaust during spacecraft
ascent. The panels have been designed to
withstand the pressure differential during
launch until the escaping gas from the foam

Figure B.4-2. 25.4-micron black 100XC Kapton® with ripstop.

Figure B.4-3. Urethane open-cell foam, dye-cut for light-
weighting.
Qty 2, .003" thick
screeder rail
“Screeder” (straight edge) e
Removes excess epoxy

Granite Block

r-

Foam (1.6cm thick)

( Granite Block

Figure B.4-4. Diagram of screeding process. Process uses a
48" straight-edge and 0.003" thick feeler gauges to apply a thin
and even adhesive layer.

eliminates the difference. Testing has
demonstrated five times the needed strength
margin, accommodating pressure change rates
of up to 5 psi per second (35 kPa/s). No further
outgassing tests are needed before system-level
vacuum tests.

The panels will need to undergo
micrometeoroid testing. Prior to subjecting the
test panel to micrometeoroid bombardment,
the panel’s opacity will be measured. Particles
similar in size and mass to micrometeoroids
will be accelerated to 5-10 km/s and fired at
the panel. The angle of bombardment must be
varied to simulate the more random directional
bombardment expected in space. The mass
flux of the bombardment will be in line with
micrometeoroid modeled fluxes for a 3-year
mission. Following bombardment, the opacity
of the panel will again be measured to compare
against requirements. Lastly, the panel will be
visually inspected to assess the size and
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density of pinholes, and to identify any
unexpected damage.

Throughout the early portion of the OS
development, a series of system-level
mechanical and thermal analyses will be
performed to feed-forward results of these
models into the panel (as well as the inner disk
and petal OS) development. Additionally, tests
on panel mechanical and thermal properties
will help update these models and enable better
assessment of the entire OS system.

B.4.2 Inner Disk OS

Work will continue on the inner disk OS in
parallel with the petal OS. An initial folding
scheme exists and will be refined this year.
The final folding pattern for the inner disk OS
requires several iterations of CAD modeling
and prototyping.

The following will be completed this fiscal
year: a panel-to-panel hinge prototype will be
developed and tested for mechanical
properties; pseudo-kinematic mounting
hardware will be designed and prototype parts
fabricated; edge closeout designs will be
finalized and fabrication methods settled.

This prototype build up will lead to a Y-
scale inner disk OS, which will be integrated
into a Y%-scale inner disk truss structure. This
Y-scale prototype will be used to debug inner
disk OS fabrication and assembly problems,
and complete limited inner disk testing and
adjustments ahead of the full ¥2-scale starshade
system tests.

B.4.3 Petal OS

A conceptual design for the petal OS now
exists and early mechanical modeling has
begun. A prototype interpanel flap, to light
tight the spaces between panels, has been
designed and fabricated (Figure B.3-6). Petal
OS attachment methods will be evaluated and
prototype hardware will be constructed in the
spring and early summer of this year. The edge
closeout method and materials have been
settled. Prototype closeout design and
fabrication will be carried out this summer.

All  of this prototype  hardware
development is working toward the
construction of a “2-scale prototype petal OS.
An existing Y2-scale petal structure will be
used for this development. This scale model of
a petal will be used to debug the petal OS
design, as well as fabrication and assembly
methods. In addition, this model will be used
to conduct early thermal tests to verify the
petal OS mounting method.

In FY16, a full scale (7-m) petal prototype
development will begin. This prototype and its
associated tests will bring the petal design to
TRL 5 by FY17. To support this prototype, a
full-scale petal OS will be built. A series of
thermal tests to verify the petal shape (and the
lack of petal OS-induced stresses into the petal
structure) are planned.

B.4.4 System Level Testing

To complete the TRL 5 validation of the
starshade OS system, a number of system level
analyses, simulations and tests will be needed.
Mechanical and thermal modeling of the OS
has already begun and the results are being
used in early OS panel design decisions. This
modeling work will continue into the TRL 5
system tests with model fidelity being
improved by incorporating test-measured
performances into the models. Development of
a working tabletop model to simulate the
actual starshade deployment steps is now
under way and will demonstrate concept
feasibility. But the most difficult and important
validation work ahead is the system-level
deployment tests on the Y-scale starshade
model that will be used to elevate the starshade
(and OS) design to TRL 5.

Unlike most of the other validation work
discussed so far, the deployment tests require
significant up-front effort to develop a
deployment test facility. This facility must
have sufficient room to conduct the tests and it
must have a gravity compensation capability to
simulate space-like conditions when the
starshade is deployed.
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The design of this gravity off-loading
system (Figure B.4-5) requires careful
consideration of a number of factors related to
the OS. OS panels require additional support
lines along the inner disk OS, in addition to the
support lines for the hub and the truss. Panel
construction and fold lines allow for tether
points for proper weight transfer. The inner
disk OS unfolds in a spiral motion, resulting in
the preferred tether points following a path
different than the radial paths of the deploying
truss nodes. To accommodate their path, a

second, OS gravity off-loading system hub is
located above the starshade truss off-loading
hub and deploys in a controlled fashion,
matched to the rotation of the starshade hub.
Support lines are always above a radial fold
peak in the inner disk OS origami crease
pattern.

These deployment tests, including stowage
verification, proper unassisted deployment,
petal positional and shape tolerances, will be
the TRL 5 validation for the OS design.

Figure B.4-5. Gravity compensation rails, support lines, and starshade. Note that all the support lines are vertical.
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C TECHNOLOGY PLAN

The Exo-S technology gaps and their
retirement flow plans are shown in Figures C-
1 through C-4. The costs of the major activities
needed to complete the technology
development are included in Table C-1. A
discussion of the technology work (both
completed and what lies ahead) is included in
Section 9. Figures C-1 through C-4, Table C-
1, and the discussion in Section 9 define the
technology plan needed to develop the
starshade missions described in the Exo-S
study.
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Figure C-1. Starshade edge scatter technology gap retirement flow plan.
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Figure C-2. Starshade optical verification and formation flying technology gaps retirement flow plan.
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Figure C-3. Starshade petal development technology gap retirement flow plan.
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Tech Gap 5 Inner Disk
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Figure C-4. Starshade inner disk structure development technology gap retirement flow plan.
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Table C-1. Starshade technology development task cost estimates.

ID # Title IES S OREE Cost Estimate

a) Upgrade testbed and operate

b) Verify specification and develop design solution
b

c

S-1 | Control edge-scattered sunlight ') Modeling support to NGAS $1.7M

) Develop & test edge prototype + tip section

Develop & operated edge segment testhed: strain test, radius profile, in-plane profile

)
) Provide test article with sharp edges
) Develop lab testbed

') Model edge phenomenon $0.8M
c) Characterize sensitivities in field
¢') Modeling support to NGAS

Demonstrate contrast and suppression

e performance and validate optical models

a) Develop image processing and control system algorithms, develop FGS breadboard, demo

perf. in_Princeton optical testbed 2

S-3 | Demonstrate lateral formation-sensing accuracy

a) Develop petal blanket testbed & POC blanket
a') Develop prototype petal blanket

b) Petal and system designs
d)
€)

Demonstration of flight-like petal fabrication and

deployment Procure petal level metrology system & operate $10.2M

Produce full-set of optical edges and tip section
f) Procure petal materials/parts (long-lead composites)
g) Assemble petal, integrate blanket/edgesttip, deploy test & demo manufacturing tolerance

Develop POC truss at 1/2 scale (no blanket) and demo functionality
Develop gravity compensation fixture in bldg 299

Design blanket and produce bench size mockup

Produce prototype blanket, integrate w/ POC truss, demo deploy tolerances $8.8M
e) Produce full set of simulated petals

f) Petal unfurl control system

g) Integrate unfurl control system & simulated petals and demo contiguous unfurl/deploy*

M — N— [ —

Demonstration of inner disk deployment with

a
b
c
. . d
optical shield

— —

Total:
$23.7M
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