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High Definition Space Telescope (HDST)

e A 10-12 meter aperture UVOIR space telescope, with resolution of
100 pc everywhere in the visible universe

* Equipped with a coronagraph for direct imaging of exoplanets, for
discovery and characterization of tens of exoEarths

* A feasible, streamlined concept with:
— A segmented, deployable mirror in a warm telescope
— Diffraction-limited performance at visible wavelengths

— Full complement of coronagraphic, imaging, and spectroscopic
instruments

— Covering UV to near-IR wavelengths
— Photon-counting detectors in gigapixel arrays
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Coronagraphy and Segmented Apertures

In the TPF days, it was assumed that high contrast (>1e9) imaging required an unobscured,

monolithic pupil ...
used for high contrast imaging

but recent research shows that segmented apertures can indeed be

WFIRST-AFTA success story

By combining wavefront control and
coronagraph design, high performance
solutions have been identified for an
“‘unfriendly” aperture (large central
obstruction + spiders)

3 solutions are now being pursued:
HLC & SPC (baseline) and PIAACMC
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2.4-m telescope assembly

WFIRST-AFTA HLC simulated
image (J. Krist, JPL)

Wavefront control can significantly reduce residual
segment diffraction

DM1, ACAD solution pm DM1, adjustment
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ACAD: 2 DMs are used to shape the starlight, suppressing speckles and controlling
diffraction scatter to create a high contrast “dark hole”

Coronagraph solutions exist that are, by construction,
fully insensitive to pupil segmentation
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More on Segmented, Obscured Aperture Coronagraphy...

*  338.26, Wednesday: Laurent Pueyo et al, “High contrast imaging with an arbitrary aperture: active
correction of aperture discontinuities: fundamental limits and practical trades offs.”

*  258.09, Tuesday: Mamadou N'Diaye et al, “APLC/Shaped-pupil hybrid coronagraph designs with 10°
broadband contrast for future large missions.”

High-contrast imager for complex aperture telescopes (HiCAT):
APLC/Shaped-pupil hybrid coronagraph designs with 10'° broadband contrast for future large missions [ d

MN’Duaye"EChoquer AWLﬂwyo SEgmn"LLebwm"OLevacq”MPemn’JKWCALong'FlLa/oce C. Lajoie’,
, T. Groffs, N. J. Kasdin®, D. Mawet*, B. Macintosh®, S. Shaklarr’, R. Soummer't
* Space Telescope Science Institute MD, USA * mcm anlmmdom.&msawFr.mqnnwumuumﬂmmum!meummm-ummunmNmuuamuw mamadou@stsciedy Pl

Summary Assumptions
-2
We found novel coronagraphic designs combining Apodized Pupil Lyot Contrait celo
coronagraph (APLC) and shaped pupils (SP) to produce broadband PSFs with 10'° 2 -4 Dark zone pi=3.5M/D & po=20A/D
raw contrast dark zone at 4\/D over 0% bandpass with ATLAST-like aperture 5 Focal plane mask radius mR2=4\o/D
(45mas at 0.5Um for a 9.2m diameter). Based on existing technologies, these new |2 p 20% central obstruction
designs solve a critical issue for the observation of habitable worlds with future 2" e s e
large missions (N'Diaye et al. in prep). g e
The APLC/SP design will be implemented on the new HiCAT testbed at STScl in 3 -9 0.2% sperture size gaps
2015. Similar approaches are currently being developed for WFIRST-AFTA by |5 40% central obstruction
Princeton (Riggs et al. 2014, Zimmerman et al. in prep) and Grenoble (Carlotti et E Wil Lyot Stop 2% aperture size spiders
al. in prep). We will extend our design approach to vortex and dual-zone phase |2 ~ ] 20 segmentation
masks (Mawet et al. 2013, Soummer et al. 2003, N'Diaye et al. 2012) to directly ) 10% 3 %
image exo-worlds at 2\/D. -12| | H
\ 0 10 20 30 40 50
Focal Plane Mask Lyot stop g onin2alD) Method
Vi =2 T "Jﬂ\\ Based on our recent development of APLC solutions using
= shaped-pupil (SP) type optimizations to solve ID problem for
Broadband PSF / circular axi-symmetric pupils (N'Diaye et al. Ap] 2015), we here
with 10'° raw contrast extend our approach to 2D problem to address arbitrary pupils.
Aperture for ATLASF-like aperture We solve an optimization problem that maximizes the SP
Gy throughput under constraints on the coronagraphic intensity in a
given region for given aperture, FPM and Lyot stop geometries.
Log contrast
i 2y
Light propagation direction 4
Entrance pupil Focal Exit pupil Image
plane A plane B plane C plane D ¥
Implementation of
H : this kind of solution
1 in HICAT in 2015
1
Shaped pupil
boped g ! . i
I '
coronagraph
apodizer e Lyot stop Detector 'y I -12
HICAT
- Current status:
¢ Alignment completed in June 2014
* Characterization of 2 Boston DMs received in October 2014
APLC with shaped pupil apodization to produce this broadband star image
Coronagraph total throughput is 28 - Next steps:

* Final APLC/SP design and implementation (2015)
* Dark zone generation with Lyot coronagraph (Spring 2015)
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Coronagraph Contrast Performance

* |nner Working Angle (IWA) < 30/50 mas (at 0.6/1 um) — within the
Sun-Earth separation as seen from 20 parsecs distance

— Coronagraph IWA: <2.5A/DforD=10matA=1um; <3A/DforD =12 m

* Detection Contrast < 10-*° — combining raw contrast and PSF
calibration and subtraction

— Raw Contrast ~10° =2 demonstrated on subscale unobscured coronagraphs

* Consistent with predicted AFTA Coronagraph obscured aperture performance = soon to be
demonstrated

— PSF Subtraction: 10x to 30x
contrast improvement
* Exploiting techniques developed for
HST high dynamic-range imaging
(and ground-based observatories)
* Roll calibration and other speckle

identification methods will provide
further contrast improvement

Exoplanet HR 8799 System *

HSTNICMOS HST NICMOS with additional processing HR 8799 planet orbits

WFIRST/AFTA, HST and EXEP heritage provides a strong foundation for HDST.
Needed: coronagraph studies for 10-12 m, segmented, obscured aperture HDST

*Ref. R. Soummer, STScl
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Ultra-Stability

* Raw contrast of 10° to 10710 requires ~10 picometer stability of
the combined telescope and coronagraph wavefront
* Doable with a multi-tiered approach, some combination of:

— Passive thermal control: L2 orbit, flat-plate sunshield, long-dwell
observations =2 JWST heritage

— Active thermal control of optics (and structures) 2 < 1 mK
performance needs to be demonstrated

— Vibration suppression > industry-developed non-contact isolation
— Continuous Speckle Nulling, at very low BW

— Continuous Wavefront Sensing, using in- and out-of-band light >
builds on the developing AFTA Coronagraph LOWFS technology

— Picometer laser metrology—> SIM and non-NASA heritage <1 nm

— Small Deformable Mirrors: corrector mirrors in the coronagraph
- also consider segmented DMs and active PM segments

Needed. System-level design for ultra-stability, and the key device technologies
*Ref. S. Shaklan, JPL
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Mirrors

* Primary Mirror systems for a
10-12 m HDST benefit from

NASA and non-NASA
heritage

e Systems include substrates,
passive and active thermal

control, and (most likely) AMSD Lightweight ULE Segment AHM SiC-based
some level of figure control Substrate Segment Substrate

* Key challenges include:
— Diffraction-limited optical quality = demonstrated
— UV compatibility (uroughness, contamination, ...)
— Low cost, low mass, and rapid fabrication

* Trades include:

— Thermal control approach (low CTE vs. high conductivity)
— Level of figure control

Needed: mirror system wavefront stability to 10 picometers per 10 minutes — and
the ability to measure this level of performance
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Starshades

An HDST-optimized starshade would have:"
— A diameter of 80 m, with petals ~20 m long, for Fr = 12
— A distance from the HDST telescope of 160,000 km
— |WA of 50 mas for A <1 um, and 100 mas for A £ 2 um
— ~100% throughput (vs. 10-30% projected for coronagraph)
— Wide bandpass (vs. 10-20% projected for coronagraph)

e Starshades are better than coronagraphs for deep spectral
characterization, but retargeting time is likely to be days to weeks

 EXEP and Exo-S Probe studies have developed many key elements
for ~¥40 m-class Starshades

— Edge control, deployment, etc.
* Chief challenge for HDST is a design for an 80 m-class Starshade 2

candidate for on-orbit construction? or stop down and use a smaller
Starshade? or Fr < 107

 Needed: exoEarth yield analysis incorporating a Starshade, either

stand-alone or as a complement toa survey-optimized coronagraph
*Ref. S. Shaklan, JPL

Starshades provide an alternative in case coronagraphs fall short, and a
potentially useful complement for deeper characterization of identified exoEarths
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Maximizing Sensitivity and Throughput, FUV to NIR

* “Photon counting detectors” - Low read noise and dark current

— Exo-Earth Spectroscopy: Count rate per pixel requires ultra-low noise
detectors in Vis/NIR

— UV General Astrophysics — sensitivity boost
e Coatings: enhancing across the board throughput

— Broadband, UV-NIR coatings with high R down to 92 nm
— Possible impact of enhanced coatings on WFE being assessed

Needed: ultra-low noise, photon counting detectors in the visible and near IR
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Highest Priority Technologies

TechnologyiNeeded®orHDST CurrentBtatus
TechnologyP! Maturity@fl
Category TechnologyP! Performancel@oal |Details Heritagel? Current@®erformance Goal®erf. |Priority
Segmented@ perturell RawontrastFTTTe Image-Plane@nd/ord WFIRST/AFTAG Unobscured®perture, Sevelening ||<fest
Coronagraphy <Fle-9 . i ContrastX[Fle-9
ContinuousBpecklel WFZensingRrror{i Pupil-Plane Coronagraph,ExEP]
Coronagraph . Coronagraphesigns studies,TPF <BEFmM Developing |Highest
nulling@VF&ontrol <BBmM
i i
PSEBUbtraction 1OEIEBQx§tontrastl PSF@nat'chlng,I]olll HST 100x§t9ntrast@educhonl Seveleping ||Eidres
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- e RE
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Industry@®&D 3
MirrorfThermal@ pmBtabilitydor Combmmgﬁbasswe@ndl Nor.1 NASA;ENASAR nmiBtability TRLE Highest
- Control coronagraph active@nethods various
UltraBtability = : d T Aehtwoiahid
Metrologypm) 'cor,n_e er ompact,Hghtwelght SIM,MNon-NASA nmMccuracy TRLEB High
precision laser@russi@netrology
; HE
Starshade Adv.anced[?otarshadel DEEBOM FrEa2 Depl.oyment,@d.gel NASAGEXEP;R DEoF0EN Sellersnea e
designl precision;dongHife Industry@®R&D
i
censitivitvangg  Ura-lowNoise@ndz 3?;5;:;@;8?%& Exzz’t'fgit: - NASAOR, Lowmhoise,thighMED
HVILY ~  UV-sensitivel ) B P . pl_' commercial® photon-counting®is-NIRl TRLEZ-6 Highest
Throughput ;@ark®0.01@-/s;2 |characterizationBndVE
Detectors . sources and@V&@etectors
QE(FUV):2®0% general@strophysics
®

HDST highest priority technologies address key performance

issues, building on past and current NASA project and program
investments
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A Path Forward

 Most key HDST technologies are already being
developed, under NASA COR and ExXEP Programes,
WFIRST/AFTA, JWST, and other sources

* Most of the highest HDST technical risks will be retired by
successful completion of these projects, especially the
WEFIRST/AFTA Coronagraph — a technology precursor for
HDST

 An HDST can be credibly proposed to the 2020 Decadal
Survey for start in the mid to late 2020s, with some
additional study, starting now

 These HDST-specific studies should build incrementally
on current activities, to exploit the current rapid progress
while keeping costs low
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Specific Recommendations

e Design and analyze coronagraphs for a segmented, obscured HDST
aperture, building on synergies with EXEP and AFTA Coronagraph
 Develop methods for ultra-stable telescopes for coronagraphy

— Mirror and structure technologies for picometer stability and low cost,
building on NASA/COR and non-NASA programs

— System architectures for low vibration (non-contacting isolation, e.g.)

— Methods for stability control, including continuous WF sensing, picometer
metrology, DMs

* Continue development of ultra-low noise detectors in Vis/NIR
* Continue and expand exoEarth Yield studies, to include Starshade
and mixed Coronagraph/Starshade architectures
— Develop Starshade concepts compatible with 10-12 m class telescopes
— Keep up with evolving scientific and technical understanding
* Explore on-orbit servicing in collaboration with NASA and other
agencies
— Far term: consider on-orbit assembly of Starshades or even telescopes
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Starlight Suppression Status
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Lower Priority, Architecture-Dependent Technologies

* Highest priority is given to technologies that are common to multiple potential
architectures

* These lower-priority technologies include telescope architecture-dependent options,
that would be best pursued under a pre-project architecture study

&Rontrol

alignment

methods

JWST

TechnologyiNeeded®or@TandidateBrchitectures CurrentBtatus
Technology® Performancel
Category Technology®rovided Needed Details Heritagel Current@®erformance Maturity Priority |Scope
—
. Structuralhermalz  PBtapilitydor® Non-NASA;INASAT . _ _
UltraBtability coronagraph,Ehmp . umBtability TRLEB High Architecture
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o i
UltraBtability N,on cwtactmgj 140&iB@solation Industry@®R&D 80mIBAsolation TRLZ High Architecture
vibrationsolation
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UltraBtability o vibration;iask low-disturbance@OSE Industry TRLEB High Architecture
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= . i . 5
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Lower Priority, Device Technologies

* These are higher-TRL devices and methods needed for any HDST

TechnologyiNeeded@orandidate@rchitectures CurrentBtatus
TechnologyPl Performancel
Category Technology®rovided Needed Details Heritagel? Current@®erformance Maturity Priority |Scope
Sy e YL Sl el o Needsontrol@oncept Segmenteddacesheet,? . .
Coronagraph coronagraph@BVFE matchPM,Z10pme| Industry@®&D RLB Medium |Device
development <100pmBENFC
control WFC
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oronagrap WF&ontrol pm <100pmENFC ow evice
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i
, R AN (0 HighReflectanceFUVE , ,
Throughput Coatings 70%,V/Vis:B85- NASAECOR . . TRLEA-6 High Device
Mirroroatings
90%
Suence@:latal PSFBubtraction sl LowRostRl HST Operational [High Science
processing contrast
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Starshade and Far-Term Technologies

 Starshades provide an important alternative in case coronagraphs fall short, and a
potentially useful complement for deeper characterization of identified exoEarths

* These starshade technologies are needed for scale-up to HDST-optimized capabilities

TechnologyiNeeded@orandidate@rchitectures CurrentBtatus
TechnologyPl Performancel
Category Technology®rovided Needed Details Heritagel Current@®erformance Maturity Priority |Scope

Full-scaleBtarshades?

Models@hotF et
Starshadel@nodelingl ValidationEtIHHR |arefhotipossibleBn@hel y

Starshade o NASAGEXEP validated@t@raceable® Developing |High Starshade
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. Optlmlzed@ori Operat.ln.glzr."trateglesi Days@olveeksa . '
Starshade Starshade®perations exoEarthField@nd® that@ninimizeRffects®fd | NASAFEXEP retargetingdime Developing |High Starshade
characterization® |retargeting geting

Starshadeformationf Shadowtontrol3 Includes@netrolo

Starshade ? 1@n@ver®100,0008 By NASAGEXEP Developing |High  |Starshade

flying propulsion,tc.

kmBightdines

 Servicing has been vital for the Hubble Space Telescope performance and longevity

TechnologyiNeeded@orandidate@rchitectures CurrentBtatus
TechnologyPl Performancel
Category Technology®rovided Needed Details Heritagel Current@®erformance Maturity Priority |Scope
i
. ,RObOtIC. High®ost;fhigh@alue;? . Mature,
Farerm Servicing infrastructurel@ . . HST Astronauts,@Jsing@BTS Low Farerm
) scopels@nulti-project Abandoned
required
On-orbit@ssembly®fE Bobotlc NeededforHargest? NASATDPTIIX,?
Far@erm Starshadel®ri2 infrastructurel@ structures;@ost@mpactl Early@®hase |Low Farerm
: DARPA,®thers
Telescope required notknown
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11m HDST within

shroud

The NASA “ATLAST” Study ~ mworsiss

36 JWST Size Segments <% Serviceable Instruments

= Glass or SiC, Thermally . Externally Accessible
Stabilized

Telescope Isolated from the
Spacecraft

= 6-axis non-contacting isolator
= Signal and power fully isolated

Deployed Baffle

Actively Controlled SM

= 6-axis actuation

= Metrology to Instruments
(and PM as needed)

_ Gimbal allows the Telescope
independence from the Sunshield i
= Maintains Sunshield at constant by

i \ 7 I
temperature while Telescope . )

Design scales from =
9.2to 11m or larger 7:’ \

3 Layer Sunshield, deployed from below using 4 booms
= Sunshield kept at a constant angle to the sun: a warm, stable sink
= Stray light protection from Sun, Earth and Moon

 The NASA/STScl Advanced Technology Large Aperture
Space Telescope engineering reference design concept

— JWST heritage: sunshield, deployment, passive thermal control,
wavefront control, many lessons learned

— NASA heritage: starlight suppression, metrology

— Non-NASA heritage: light-weight non-cryogenic optics, non- — f -

contacting isolation, detectors and electronics A

— Launch vehicle: EELV-class or SLS Block 1 to ~12 m aperture; SLS L
Block 2 for larger apertures




