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Discovery Year

Radial Velocity
Transits
Microlensing

. Imaging
Astrometry
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The Evidence for Life on Exoplanets
--reflected light spectroscopy
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Angular Resolution: Interferometry

Angular Resolution and Collecting Area: Large Space Telescopes
Contrast Stability: Ultrastable Structures

Detection Sensitivity: Advanced Detectors

Starlight Suppression: Starshades

TECHNOLOGY

Starlight Suppression: Coronagraphs
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'WFIRST

Possible Pending Decadal Survey

TODAY  2020s 2025s 2030s 2035 and beyond
Exo-Earth
o Atmospheric . Biosignatures
O Exoplanet Chemistry Direct Imaging Habitable Habitable Lif
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Ll - .
G Exoplanetary Nearest Transiting ST Discovery Abundance
(7)) Atmospheres Planets Exoplanet Diversity M-Dwarf Rocky Planet
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2010 Decadal Survey Recommendation

Medium-scale

NATIONAL RESEARCH GOUNCL

TABLE ES.4 Space: Recommended Activities—Medium-Scale (Priority Order)

Recommendation

1. New Worlds
Technology
Development Program

2. Inflation Probe
Technology
Development Program

Science Appraisal of Costs?

Preparation for a planet-imaging mission  $100M to $200M
beyond 2020, including precursor
science activities

Cosmic microwave background (CMB)/ $60M to $200M
inflation technology development and

preparation for a possible mission

beyond 2020

“...high-priority science areas for which mid-term investments are needed
beginning early in the decade, including development of a variety of
technologies for exoplanet imaging, such as coronagraphs, interferometers,
and starshades, leading to possible late-decade down-selecting.”



Exoplanet Science Strategy
Released by National Academies in September 2018

“"l
EXOPLANET
\_‘ SCIENCE
STRATEGY
David Charbonneau (Harvard) Scott Gaudi (Ohio State University) .

Featured 7 recommendations, including:

Recommendation: NASA should lead a large strategic direct imaging mission capable of
measuring the reflected-light spectra of temperate terrestrial planets orbiting Sun-like

stars.




Possible Technology Path to Imaging Exo-Earth

W Possible Starshade‘_

Q Component/ Subsystem demo’s with WFIRST
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WFIRST Coronagraph
A key stepping stone
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WFIRST Coronagraph Tech Development

Achieved technology milestones to TRL 5
(see J. Trauger talk 8:00 Wednesday)

High-contrast coronagraph Deformable mirrors Integral field spectrograph +
masks with a highly obscured coronagraph
pupil
o
sl )/
NV
Low order wavefront Ultra-low noise EMCCD  Compatibility with a starshade
sense / control for space for possible rendezvous mission

pending 2020 Decadal Survey

a4
X

NSW
S




Possible Technology Path to Imaging Exo-Earth

w Possible Starshade i
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Segmented Coronagraph Design & Analysis
(SCDA) Study

 EXxEP-led study to evaluate coronagraph designs for a
segmented/obscured telescope

— Stuart Shaklan, Brendan Crill (JPL) are Study Leads, five teams

— Ensure that there is at least one coronagraph architecture that can meet the contrast
requirements of future large segmented space telescopes to directly image and
characterize exo-Earths.

« Promising designs delivered of APLC (STScl/GSFC), Vortex
(Caltech/JPL), HLC (JPL)

 Lessons Learned (see SPIE papers for details)
— Big dropoff in throughput when secondary mirror obscuration exceeds 30%
— Maximize inscribed diameter of primary

— Segmentation gaps are not a problem (if small) ‘

« Next Steps PR
. . LBV
— Test New apodization masks in testbeds =N

— Test robustness of designs to wavefront errors and tolerancing: N\~ LN
Do these coronagraphs put constraints on the ‘ @?7% N
telescopes that are unrealistic? ‘ 4

11



NASA TDEM Awards

« Annually competed awards solicited to meet NASA's priorities

« Active awards are advancing exoplanet direct-imaging technology and
yields =N

« Coronagraphy
— Vector Vortex (Pl Serabyn/NASA-JPL) \H,I
— Visible Nulling Coronagraph (Pl Hicks/NASA-GSFC) TDEM-14erabyn
— Deformable mirrors (Pl Bierden/BMC, Pl Helmbrecht/Iris AO)
— Polarization (Pl Breckenridge/UA)
— Lyot Coronagraph (Pl Trauger/NASA-JPL)

— Phase-Induced Amplitude Apodization-Complex Mask Coronagraph
(Pl Belikov/INASA-Ames)

— Apodized Pupil Lyot Coronagraph (Pl Soummer/STScl)

 Starshade

— Re-directed to starshade technology activity

TDEM-10
Helmbrecht

TDEM-17 Soummer 12



High Contrast Imaging Testbed Facility (JPL)

Advancing space coronagraph technology
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Contrast

High-Contrast Imaging Testbed (HCIT)
Decadal Survey Testbed
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Spectral bandwidth 10%

ﬂ o

Angular Separation (A/D)

Current best contrast
demonstration with 10% band
(Trauger -JPL)

Decadal Survey Testbed
Phase |: aiming to meet 10-10
contrast with 10% band and
a clear aperture in 2018

Phase |l: replace clear pupil
with a segmented/obscured
(static) aperture in 2019

Phase lll: replace static
aperture with a dynamic
segmented/obscured
telescope simulator in 2020
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Possible Technology Path to Imaging Exo-Earth

Wy Possible Starshade
g Component/ Subsystem demo’s with WFIRST .
T <
m TRL s ————— * - S
o demo BN
< 1y
b~ AAD
“n (pending 2020 \
ATRL 6 ’ Decadal Survey)
. L |
o , , , - ”l‘ = Possible Exoplanet
Mask design, modeling, demo’s DST - - . ..
§ Aosonsel AP Lab demo's Possible Pre-Formulation b Strategic Mission
phase .Technology.
g of 1010w - &3‘ 4 ' \‘.\ W PN
% contrast s RRG - > /ﬂﬁ ]
g I R e - 4
Ultra-stable opto-mechanical system , o ., BN ’\bgi
concepts, detectors, mirrors y » |
" ¥
== P (pending 2020
Decadal Survey) (pending 2020
pending
2020 Decadal WEFIRST Decadal Survey)
| ‘ Survex ‘ Launch I
Toda 2020 2030

HabEx and LUVOIR interim reports are now available




Possible New Worlds Exoplanet Telescopes
(mid-2030s) B

starshade ———

Large Ultra-Violet
Optical Infrared _— Sveam ok al
Telescope (LUVOIR) e s ?

&
‘2

Habitable Exoplanet
Imaging Mission
(HabEXx)

16



LUVOIR Mission Concept

(see talk this morning)

15m on-axis mirror (120 ~1.5m
segments) space telescope using a
coronagraph

Key Technologies:
— An ultra-stable opto-mechanical structure enabling 10 pm rms wavefront
stability
* isolation stages, laser metrology, capacitive edge sensors, thermal control

— Segmented-aperture coronagraphy at 10-19 contrast, = 10% band

« APLC design is the leading candidate — work being done in coorq_hTanor‘; w(i)th | R%@f‘
SCDA

* needs to be demonstrated in the lab
— Meter-class segmented mirrors with SFE <5 nm rms

— ultra-low noise near-infrared detectors




HabEx Mission Concept IR

OBSERVATORY

Holex

(see R. Morgan talk, next)

« Off-axis 4 m monolith telescope primary
equipped with both a starshade and a
coronagraph for starlight suppression

« Key technologies:

— 52 m diameter starshade

« architecture goes beyond WFIRST rendezvous
architecture

CL#18-3792

— 4 m glass monolith for space with 1 nm stability
« Largest monolith ever flown

— Microthrusters replacing reaction wheels for fine
pointing
« Successfully flight qualified as part of LISA
Pathfinder

— ultra-low noise near-infrared detectors

18



In-Space Assembled Telescope (iSAT) Study

* Chartered by NASA SMD and APD to answer the
question
When is it worth assembling telescopes in space
rather than building them on the Earth and
deploying them autonomously from individual
launch vehicles?

« Study Leads: Nick Siegler (JPL), Harley Thronson
(GSFC), Rudra Mukherjee (JPL)

* Final deliverable is a White Paper to the Decadal
Survey Committee in Spring 2019

* Activity 1a: Modularizing a 20 m space telescope
— Workshop held at Caltech June 5-7

* Activity 1b: Assembling and testing the 20 m
modularized telescope in space
— Robotics, orbit, launch vehicle, assembly platform
— Workshop held October 2-4 at LaRC



Possible Technology Path to Imaging Exo-Earth
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Starshade Techno|ogies (see P. Willems talk, Wednesday a.m.)
Maturing to TRL 5

Formation Sensing

Starlight Suppression

Suppressihg scattered light off petal
edges from off-axis Sunlight

Maintaining lateral offset requirement
between the spacecraft

Deployment Accuracy and

(see A. Harness
talk, Wedesday a.m.) Shape Stability

Wi

Model Validation &
suppressing diffracted light
from on-axis starlight

f \ B Fabricating the petals

(see Freebu ry talks, _ _ _ _ to high accuracy
Positioning the petals to high accuracy, blocking on-axis starlight,

Wedesd ay a.m ) maintaining overall shape on a highly stable structure 21



Towards an exo-Earth imaging and
characterization mission

T/X nduring Qllests National Aeronautics and Space Administration
- Daring Visions
NASA Astrophysics in the Next Three Decades

- New Worlds,

=\ lew .HC)f}Z'UrEj Astrophysics Implementation Plan:
S A 2016 Update

EXOPLANET EXPLORATION PROGRAM

_1-_:’~"'_ Technology Plan Appendix
gy ,‘v ‘;?‘é e Exoplanet Exploration Program Office
: g 5' JPL Dacument No: D-38883
2010 Decadal Survey APD Implementation Plan NASA _APD EXEP Technology Plan
(2012, 2014, 2016) 30 year vision (2013) Appendix (2018):

updated annually

« STDT final reports (early 2019)

« 2020 Decadal Survey final report (December 2020)

— will set the nation’s science priorities, including
recommendations for NASA astrophysics missions

22
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