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Overview

1. Coronagraphy Background
High-contrast direct imaging
Ground- and space-based coronagraphy
2. Current and Future Space Mission
Roman Space Tele |
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Large Binocular
Telescope Interferometer

2 NASA/ESA/CSA Partnership Ground Telescopes with NASA participation

3 CNES/ESA

VLT
(Breakthrough/ESO
10 micron imaging)

Next big wave
(2020s and 30s):
Direct imaging
of exoplanets
from space
(Roman and HWO)
and from the
ground
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The Case for Direct Imaging

Discovery and characterization of 51 Eri b (Macintosh et al, 2015) 12-year timelapse of HR 8799

GPl/H-band GPI/J—band NIRC2/L'—band
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The Challenge of Direct Imaging

Point Spread Functions for 4-m Telescope

(2) Separation

4

(1) Contrast Ratio
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Angular separation, mas
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(1) Contrast ratio between star's and Earth-like planet's
point spread function (PSF) peak is 10 orders of
magnitude at visible bands.

(2) Angular separation of 100 mas needed to image an
exoplanet at 1 AU in the habitable zone for stars at
10 parsec away is between star's and Earth-like
planet's point spread function (PSF)

To reach deep contrast ratios consistent with exoplanet
imaging a space telescope needed.



Coronagraphy

- Bernard Lyot built and tested three solar coronagraphs at the Pic du Midi Observatory from 1930-1939

Image source: Lyot, 1939

- Apodized Pupil Lyot Coronagraph (APLC) architecture describes most stellar coronagraph types which share the
same architecture but have different requirements (Contrast, Separation, Field of View, etc.)
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Image source: Based on Sivaramakrishnan, 2001
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Roman Coronagraph Instrument .J

Credit: Caltech/JPL
Roman Coronagraph
Instrument

Image Credit: g
NASA GSFC |
Coronagraph

integration with
Roman Space

Telescope

*Roman coronagraph is a
technology demonstration
instrument on the Roman Space
Telescope

= Credit: Performance summary
Eric Cady et al (2025 — JATIS)
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20Mean C: 4.0e-08 (3-9)/D); 3.3e-08 (6-9)/D)

=15

-10 * Roman coronagraph has demonstrated
contrast requirements in TVAC tests for
two coronagraph configurations

* Coronagraph instrument assembled and

N integrated with Roman Space Telescope
" * Contrast levels of reaching ~3e-8
i consistent with imaging Jupiter-sized

& Narrow FOV Mode (HLC) exoplanets in reflected light
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Habitable Worlds Observatory
Lage UV-Optical-IR Telescope

Image Credit: HWO Technology HWO is a UV/Optical/IR tel o izad for direttly i .
Project Office (TMPO), Burns (2024) ; NEREIfS ' ptica telescope OptImIZ? or directly |maglng
habitable earth-like planets and do transformative general astrophysics

Pre-Phase A has begun:
Exploratory Analytic Cases 1-3
defined by TMPO being studied for
on-axis and off-axis telescope

' L : :

First telescope designed EAC 4-5 being currently defined

specifically to search for signs -5 s :

of life on planets EAC 1+ EACZ: o EAC3 i

outside our solar system Off-axis, hexagon Off-axis, keystone On-axis, hexagon Credit: Feinberg (HWO Townhall,
segmentation segmentation ‘segmentation January AAS 2025) ,

8-m diameter 6-m diameter 7.2-m outer diameter




Searching for Global Biosignatures

A
()
3
s \ & Modern Earth
2 | Preliminary simulation
SATURN ;
¢ [
JUPITER ><.
VENUS—/
? Ozone(03=)&
;g_ Oxygen (02)
" ; - i—_,‘ S :
Image Credit: Kammerrer, Pueyo, ‘:,,, : 0.5 = o 10 1.5
Juanola.—Parramon 5 7 g :?b ‘VVa\/eIength [um] Credit: Lustig-Yaeger (JHU-APL),

Robinson (NAU), Arney (GSFC)

: Analyze light directly reflected by the pIanet with little or no starlight mixed in




Emerging Technologies in Astrophysics Workshop

Cross-disciplinary meeting with experts across four emerging technology areas:

Artificial Advanced
- Intelligence B Materials: 3D
B and Machine printing, meta
*‘“ Learning materials and
o o algorithms composites

= In this presentation | will ocuan_rg A’ét'FgPTC,asfﬁ;ﬁi&i?X:émldl-e-c_)f-"enjergi‘ng astrophotonic technology development

that can benefit HWO =" _ R et
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March 25-27,2025 . T o e & S v
NASA Ames Research Center in Silicon Valley.; B e 5 Y (RED
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IWA [for core throughput within half peak]

Theoretically optimal coronagraphs have 2-4x
improved yield to current designs

Performance gap in state-of-the-art coronographs:
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Coronagraph as an optimal linear operator:

arbitrary “coronagraph”

C=UTV*
r v* .;. !
Epei(r) (unitary) real, non-negative, “diagonal matrix” B (partial isometry) Esci(8)
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Theoretically optimal coronagraphs fully
suppress some modes and pass the rest

What is a 2N-th order optimal coronagraph? See Belikov 2021 for theoretical framework
Pupil plane representation Science Plane representation
Taylor series expansion for off-axis point response of suppressed mode orders (without coronagraph)

CEp = C[Ae*™™ 7]

=c4 +inClAret 4910 + .+ (W,)HC[A"”&Z'"M’] Pt 2 — -
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Theoretical benefits of optimal coronagraphy: e e ot e sk e e
(1) Best possible combination for maximal off-axis throughput and —— ,
smallest inner working (for nth order mode suppression) oo :
(2) Best robustness to low-order aberrations (including tip/tilt or finite ' |
stellar diameter) at a specific inner working angle o :
(3) performance is almost independent of aperture shape, obstruction, & |
and segmentation i .



Photonic integrated circuits provide a practical
method to implement optimal coronagraphy

Architecture of Photonic Integrated Circuit -
based coronagraph

Integrated-photonics concept
for high-contrast imaging

Measurement and order-sorting is
performed via an energy-resolving
MKIDS detector:

This injects the light into
a nulling chip.

Atelescope pupil is injected
into a pupil-remapping chip
via an on-chip 3-D-printed :
microlens array. The output is spectrally dispersed

H at high spectral resolution via.an
arrayed-waveguide-grating-based
pholanic spectrograph,

On-chip active modulation
allows the null to be carefully
tracked by dynamically
adjusting optical path length.

Decomposes beam into constituent modes that can be Saunders, Optica 2021

suppressed/recombined for space coronagraphy using
a Mach-Zehnder Interferometric (MZI) mesh

Coronagraph
Harness -
— “Round MUl Support Photonic Integrated
Ti'lcénzgfsjb- B \?\z:e” Frame g

Sistain - Circuit (PIC) chip
?(/” Instrument Interface
& Not Visible Z
1.1m Harness
Warm i “Flex”
Electronics (20
Radiator
Optical Bench
Optical Bench
§/C Connector Bipods
Interface
L. Instrument
: iy _/ Interface “A”
nstrument : ~ e
Electronics.
Interface “C” m Thermal Pallet
EEEANECHES Bipods NASA Tech Thursdays (2025)

https://www.linkedin.com/feed/upd
ate/urn:li:activity:72908069673321
55392/

Bailey 2023

Benefits of PIC-based coronagraphy:
- minimize mass/power footprint: over 100x lighter, 30x smaller

- significantly improve efficiency: enables multiple, simultaneous
bandwidth channels (wide-spectrum characterization), synergize with
traditional coronagraph instrument (small angular separations)

- improve risk margins: relaxes Habitable Worlds Observatory telescope
requirement doubling # of characterized ExoEarths 13



AstroPIC
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MZI Mesh

VALLEY

Photonic Integrated Circuit High-Contrast Imaging @/SUCO\;
for Space Astronomy

AstroPIC architecture:
P Tan Mesh * microlens array samples telescope pupil
El s 8rating coupler feed light into waveguides
oo " e Mach-Zehnder Interferometric mesh
composed of two phase shifters

Signal
| Modes | Planets
and Disks

Prototype photonic chip

e * 9-input x 9 output MZI mesh

Microscope image of AstroPIC prototype chip
Credits: design by NASA Ames and Stanford, manufacture by
ANT, , wirebonding and microscope photo by Silitronics



Practical PIC coronagraph achieve close to
theoretical performance in mesh simulation

PIC throughput approximately theoretical
maximum that can obtained by a coronagraph
e But only in the region of frequency-space
well-sampled by channels
* Limited number of channels affects outer
working angle of discovery region
Enables best possible trade-off between
throughput and IWA, low-order aberration
robustness
* Throughput, IWA, robustness set by the
coronagraphic order
e AstroPIC can be configured to change number
of modes blocked

Aperture Throughput
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Sirbu et al 2024

PIC-16CH-OR4-ONAX
PIC-400CH-OR4-ONAX
PIC-16CH-OR4
PIC-100CH-OR4
PIC-400CH-OR4

- PIC-400CH-OR6

PIC-900CH-OR4
Optimal order 4
Optimal order 6
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AstroPIC Aberration
Sensitivity is Insensitive to
Telescope Geometry

Mean raw contrast in annulus [3.5-4.5A,0]

Segment piston/tip/tilt aberration sensitivity
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Yield Evaluation of AstroPIC at NIR shows
significant scientific utility

Hybrid AstroPIC sensitivity to target stars

Two AstroPIC designs evaluated using CDS pipeline: 3 il L i A
= 16-channel PIC (“Hybrid AstroPIC”) shows significant sensitivity K-type star sensitivity complementary to

improvements for K-type stars due to small IWA and throughput tradltlonal- cor.or.lagraphs .
=>» operating jointly can increase planet

10

“ : ” ields during mission lifetime
=» 400-channel PIC (“Full Photonic AstroPIC”) approaches y g9
= 20 10
optimal coronagraph limit and improves by 2-4x =10 s
. oy 27 115 203 291 379 0214 8417 16620 24.824 33.027
(but are low TRL and require additional development) Deccton ime (h) Char.ime &
Focal-Plane ‘ Pupil-Plane Hybrid Emerging
Coronagraphs Coronagraphs Coronagraphs Technologies
Full Optimal
HLC (mo:SIith) (se!;nz:?e d) PIAA Photonic Coro.
SPC (classic) AAVC APLC PAPLC Chip Limit
Science Yields
i 16% 68% 57% 30% 64% 44% 43% 39% 81% 100%
EEC Yield (VIS detections only) “3"’ (54)“ (4; (24)0 (51,° (35;‘ (34)° (31) 1&5)0 (78)
i 15% 67% 55% 13% 56% 47% 36% 46% 81% 100%
EEC Yield (Detect + orbits + H20 search) P 0 ) @ 5 @) o 3 s, 5
i 5% 50% 32% 2% 29% 28% 15% 44% 86% 100%
EEC Yield (Detect + orbit + CO2 search) o (15 (10) ) @ @® ) (13) (26) (30)
i 13% 62% 47% 12% 45% 43% 25% 40% 65% 100%
Total yield of all planet types ¢ 170;’ (m)ﬂ (635? (157;’ (505; (552)0 (333) (saa: (575)0 (1:’45)D
Exposure Times
: ion ti i 5.6x 1.3x 1.4x 3.2x 1.3x 2.1x 2.1x 2.9x 1.4x 1x
Median detection time for blind survey (31 hrs) (7 hrs) (8 hrs) (18 hrs) (7 hrs) (11 hrs) (11 hrs) (16 hrs) (8 hrs) (6 hrs)
: ion ti i 102x 2.5x 4.0x 310x 2.5x 8.6x 6.6x 8.5x 3.0x 1x H
Median detection time for fiducial stars (107 hrs) (26 hrs) (4.2 hrs) (325 hrs) (2.6 hrs) (9.0 hrs) (6.9 hrs) (8.9 hrs) (3.1 hrs) (1.1 hrs) Slrb u Et a/ 2024
Median char. time for fiducial stars

Yield packages generated with CDS pipeline (Kevin Fogarty), evaluated in AYO (Chris Stark) =



Designs of input grating couplers show high
coupled efficiencies are possible

Top-level architecture for AstroPIC Cycle-1 (NIR channel design for HWO)

Pupil coupling: with 5x5 lenslet array (few channels) with 30x30 lenslet array (high channels)
Hwo/usort 2 M Hwo/usorT L2
off-axis pupil 4 — M8 l . .
... - - on—aﬂi“pupll '«
‘"RE X B
1082 & E M ¥ Bl pEEEER

Mode from input grating coupler (Valdez et al, 2023) Brototvoe inout arat
rototype input grating

a) huimwm“mm {b) Polarization-agnostic GC coupler component
ey —— (Feb 2025)
50um Early results confirm 2-

3x improvement on
standard foundry
coupler designs

Device  Coupling Efficiency 1 dB Bandwidth

A 98.6% (—0.06 dB) 8 nm o

s 95.6% (—0.2 dB) 29nm| T dsenani
C 93.4% (—0.3 dB) 48 nm

18
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7.9e-9 contrast enabled by a simple on-chip setup

Single-channel suppression

oop———

Stanford team demonstration of deep photonic nulling of a single channel
using additional diagonal line in Perfect Mach Zehnder Interferometer

21 [22 [EBO (3

Extinction Ratio [dB]

500

400

300

'----[-1-’11----- <] Iterative process to tune phase
L shifters minimizes Ieakage:
T s e : P i i o 5y g o (1) Measured 7.9e-9 contrast (81 dB
suppression) at thermal
equilibrium conditions
(2) Improvement from off-diagonal
phase shifters indicates light
leakage/cross talk
=>» Additional diagonal lines will
likely improve contrast
=> ~10% measured throughput

For more details on photonic nulling experiment see: Valdez et al 2025 19

Gt

mmm‘mmmm‘mmm‘mmm‘mmm

Existing PIC prototype layout re-purposed for high-contrast demonstrations!



Free-space coupling of PIC with input gratings and
model comparison

Coronagraphic throughput measurement as free-space beam
profile is moved

X: Jl Chan 4
Ay = 100um X  Chan3
X = - Chan 2
=l Chan1 ‘ 1 ¥\
Photonic coronagraph test-stand
at Stanford laboratory
e Chaniniel 1 (Model) 0 o 2::::;3*4 ]
N Comparison of experimental data with
Channel 1 (No Coro) 10 s Channel 1 (No Coro)
S o photonic coronagraph mesh model

shows good agreement

Normalized Cutput Power [dB]

Measures coronagraphic throughput for
existing MZI prototype with 4-input grating

AN

T o m m m w0 0w o 0 W om0 w0 W coupler and 1 stellar mode nulling
Offset [z m] Offset [ m] . .
Stanford experiment: Carson Valdez - next step: free-space coupling using

Ames model: Kevin Fogarty microlens array (to maximize fill-factor)



Technology Development Roadmap

Requirements,

design trades, End-to-end model

basic feasibility Validation & Verification TRL5 system-level tests
Science \ All driving physics understood Tests 9f |:.)ossib'ly multiple architectures
E.g. spectra of 25+ and incorporated into models n reallstlc. enV|r<_)_n.menfc \
exoEarths — (vacuum, instabilities, light levels)

Instrument Co(rjnpor:fntlm;dels% match lab
Contrast, throughput, IWA, and predict lab performance

band, sensitivity, # of PIC I/O and_ HW It,eratlons
End-to-end system models match la until requirements are met

channels, PIC materials, )
coupling, geometry, etc. and predict lab performance

Limiting factor identification

Final PIC architecture
decisions based on tests

Key architecture decisions
Hybrid vs. pure, etc.

A FY25 A FY26 Y27 FY28 FY29 FY30
ECI1 ECI2 ATRL4 (component) A A TRLS
. . : - i TRL4 (system) (requirementsin
Initial design and Basic feasibility Component requnrements a
End-to-end simulation lab demos demonstrated in lab previous table
: : demonstrated in
TRL2 (1e-7, HWO pupil, mono) relevant environment)

Limiting factors identified

Scaling up of PIC channels and
convergence to optimal designs

TRL3

On-chip suppression (contrast, sensitivity)

Coupling and propagation losses (throughput)

# of channels on chip (OWA) Iterations of full system designs
On-chip actuator precision and stability (WFC)/ and lab tests
Possibility of on-chip integrated detectors / /
7
Component TRL 4

demonstrations System-level tests



Conclusions

Key Takeaways:
Emerging technologies such as astrophotoncs can enable and
enhance coronagraphy on HWO

Theoretically optimal coronagraphs increase HWO yield by
factors of 2-4, and are almost independent of aperture shape.

PICs MZI meshes are flexible and reconfigurable — we have
demonstrated compatibility with all HWO apertures being
considered for HWO including: on- and off-axis, hexagonal- and
keystone-segmented

AstroPIC Current Status:

- Manufactured and tested two cycles of photonic chip prototy[pes

- Developed simulation pipeline to estimate MZI mesh performance
including computing estimated science yields

- Upcoming free-space coupling experiments with 9x9 input mesh and
additional nulling suppression experiments

For more details about AstroPIC see
Papers/Presentations:

C. Valdez et al. 2025 (81 dB experiment)

R. Morgan et al. AAS Winter Meeting 2025 (Experiment
overview)

K. Fogarty et al. AAS Winter Meeting 2025 (Simulator details)
C. Valdez et al. Opt. Letters 49(9), 2024 (High Efficiency Grating
Designs)

D. Sirbu et al. SPIE Astronomical Telescopes + Instrumentation.
Proc. SPIE 13092-65, 2024. (AstroPIC Concept)

D. Sirbu et al. AAS Winter Meeting 2024. (Overview)

Upcoming:

R. Morgan et al, DPSC Meeting (September 2025)
R. Belikov et al, HWO25 (July 2025)

K. Fogarty et al, SPIE Optics + Photonics (Aug 2025)
E. Bendek et al, SPIE Optics + Photonics (Aug 2025)
D. Sirbu et al, SPIE Optics + Photonics (Aug 2025)

22



Questions?

AstrePIC



PRELIMINARY SPECS & CANDIDATE INSTRUMENTS

Telescope

Ultraviolet Multi-
Object Spectrograph

Coronagraph Wide-Field Imaging

Diameter

~6.0 m (inner)

UV/Vis multi-object spectroscopy

UV/Vis and NIR imaging
' and FUV imaging

Bandpass  |~200-2500 nm

High-contrast imaging and
imaging spectroscopy

Bandpass

~100-2500 nm

Bandpass  |~200-1800 nm Raldoriey. 375" Bandpass | ~100-1000 nm

-10 i H !
Contrast S1x10 67 science filters + grism Field-of-View 12'x 2’

~840 x 420
500-50,000

Apertures
R (A/AR)

Vis: ~140

R (A/A%) High-precision astrometry?

NIR: ~70, 200
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"Astro2020 Recommendations

G SILICON

VALLEY

AMES RESEARCH CENTER

Two of the top
recommendations of
Astro2020 decadal survey:

The decadal survey recommends a large (~6m
diameter) /nﬂmm’/nnm al/Ultraviolet space
telescope wi jh-contrast imaging and
spemoscopy as tf 1ssion to enter the
Great Observatories Mission and Technology
Maturation Program. This is an ambitious
mission with the goal of searching for
biosignatures from habitable zone exoplanets
and providing a powerful new facility for
general astrophysics. If mission and technology
maturation are successful, as determined by an
independent review, implementation should
start in the latter part of the decade with a
target launch in the first half of the 2040’s.

Given the large costs and development
timescales for the next generation of space
telescopes, the decadal survey recommends
that NASA create the Great Ohservatories
Mission and Technology Maturation Program
as a hew approach for planning and
implementing large missions. The program
would provide early investment in technology
development for multiple mission concepts to
lower the risks and costs of projects before they
become too complex, large, and costly. The first
entrant for the maturation program should be
a large Infrared/Optical/Ultraviolet space
telescope. The second entrants should be
strategic Far-Infrared and X-ray missions.

Astro2020 cost appraisal for GOMTMP: $1.2B this decade
(FY20208S, see p. S-8, table S.5)

Worlds and Suns
in Context

Great Observatories Mission and Technology Maturation Program

(6) — wioruvriaesio

@ Time domain/multi-messenger program @

@ Gravitational Wave Detector Technology Development

% Possible Far-IR Probe
8 Possible X-Ray Probe

New Messengers
and New Physics

= QOO
65 USELT(s) @

@ CMB-54 @ .
@ Midscale competed and strategic projects

Cosmic Ecosystems

-

2022 2030 2050

@.@

https://www.nationalacademies.org/our-work/decadal-survey-on-astronomy-and-astrophysics-2020-astro2020



