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Benefits of PIC-based coronagraphy: Ivity:7290806967352155392/

- minimize mass/power footprint: over 100x lighter, 30x smaller

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

- improve risk margins: relaxes HWO telescope requirements by doubling # of characterized ExoEarths 3
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AstroPIC Concepft of Operations

Target ExoEarth

EaCh “X” iS a tunable E, Mach-Zehnder Interferometer Fout,
integrated Mach-Zehnder % - -
v Microlens oD arati interferometer switch * ;t
array grating
i -2
Recovered
planet signal —
spectrograph
AstroPIC chip samples light in P i
ExoEarth is much telescope pupil plane, where Integrated photonic mte_rferometrlc
dimmer and extremely planet and starlight ov’erlap but mes.h performes spatial mc.>de
close to host star sorting to separate planet light

occupy different spatial modes from starlight



Photonic Integrated Circuit High-Contrast Imaging SILICO
AStFO PIC for Space Astronomy @/ HL_;V

Ames PIC Testbed Goals:

Characterize AstroPIC photonic integrated coronagraph and demonstrate 1e-9 or better contrast sensitivity for a
single channel input

Demonstrate end-to-end system with a pupil relevant to HWO with 1e-7 or better contrast sensitivity and
understand the limiting factors

Provide relevant test data to inform photonic chip development for HWO (i.e. comparing chips from different

foundries, test data to compare to simulations)

Requirements:

Couple light on and off the chip with 3/6-axis stages for alignment of optical fibers or free-space input
Control 72 phase shifters and measure readout of 9 output channels simultaneously

Measure “signal” channel with 100 dB dynamic range

Provide thermal control of PIC to minimize impact of thermal cross talk

IR microscope for diagnostic visualization of alignment
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PIC diagnostic
visualization:
Top-view IR
microscope+ IR
camera

Input coupling:
- Single fiber: 3 axis stage
+ custom fiber mount
- Free space: imaging
telescope pupil onto PIC
grating array (mounted on
3 axis stage as well)

Aluminum
mount

gh-Contrast Imaging @ SIL M,\

Electrical connections:
PIC— wirebonds— PCB —
interface board — NI DAQ —

computer

|
__ Photo diodes |
Output Sensing:

- Single fiber: 3-axis stage
aligned to PD. Reads 1 ch. ata
time.

- Fiber Array Unit (FAU): Reads
all channels to separate PDs
simultaneously.

- Top view IR microscope: For
alignment and diagnosis
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Testbed development led by Rachel
Morgan and Eduardo Bendek (SETI/Ames)
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Above: Laboratory setup after first light and 87 dB suppression demo

Above: CAD Model of PIC Station
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AstroPIC chip wirebonded to PCB:

First tapeout: July 2024

9-channel Full Triangular Mesh:

o — e Oinput single-layer grating couplers
R e microlens array used to couple light from pupil plane into

e sl il waveguides
S R e maximum number of channels is currently limited by MPW
e (multi-project wafer run) chiplet size/bond pads

16 mm

2.8 mm

Credits: CycIe 1 SOI W|th thermal phase shlfters
Design lead: Carson Valdez

Model lead: Kevin Fogarty Foundries: AMF and ANT
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First light milestones:

Left: First-light * ACT-Photonics testbed is now active and used for AstroPIC characterization

NIR image of « July 8", 2025 -- first light with input light in a single channel and multiple output
output ports on ports imaged with NIR camera from above

AstroPIC chip at « July 11, 2025 — first active light with a thermally-actuated phase shifter controlling
Ames light at the Mach-Zehnder Interferometer (MZI) optical switching

Above: Picture of ACT-Photonics testbed Above: First light demonstrating active control on a thermally-actuated optical switch
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First suppression experiment using Ames PIC Coronagraph Testbed
e 8 phase shifters along the first mesh diagonal tuned to minimize light in bottom output channel (no pre-calibration)
® Preliminary suppression measurements demonstrate 2.0e-9 extinction (87 dB) (world record contrast!)

=

llluminated
input channel

Minimized
output
channel

Single-channel minimization with 9-channel mesh

Top MZI: 44 dB ER Majority of extinction achieved with
=201 first 4 phase shifters

=40 Periodic realignment to

compensate for drift Bottom MZI:
2dB ER

_60_

Extinction, dB

—100+

Voltage is swept with successively smaller
. . . e e 2000 4000 6000 8000
increments until DAQ resolution limit is reached Time step



Photonic Integrated Circuit High-Contrast Imaging SILICON
AStFO P I C for Space Astronomy @/\/HLL:

Next step: Free-space

il F=100 mm F=100 mm
coupling of realistic pupil 12 stage
H H : We use this 3
- Front end equipped with a pupil biisheciphy ot |
i i change the XY Z \
reimaging system b -
- Microlenses used to inject a pupil incidence Ai
. Lenslet array, 300um
section of 100x100um on each pupil imaged here
. ¥
grating coupler = —

AstruP1c
3/11/2025% NASA Ames te
Author E 8 d k

\ \

VIAVI (MLA-S100-f4
Working at f/4) Microlens array

Grating couplers

PIC substrate

IR Image of Grating Couplers

-.

Microlens array

Microlens array PSFs
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-5 Lenslet aperture intensity le-5 Lenslet phase profile
6

Input coupling efficiency simulations |
E1, H1 are complex matrices from EM simulations of o
grating coupler designs
E2, H2 are incident field (lenslet PSF or fiber mode): "
1. Calculate incident E field profile of SMF - -
gaussian mode or lenslet PSF - -

2.  Apply tilt to phase front (linear tilt around y)

lenslet F = 420.0

3. Compute H field from E field from Maxwell’s JOFGETHIEL I ol CRAR > 6
equations: ) 160
4. Calculate overlap integral with E and H: . [ e
2 120
a3 o % 3 750 -0.04 -
(fEle;dS)(fEQXH;dS 1 1000 g 0
overlap = Re e <= ~0.06 3 N
[Ey x H?-dS Re([E,x H}-dS) " .
1500 -0.08 40
1750 - 20
2000 S —6 0

1000 1500 2000
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Input coupling efficiency: current grating design

Single-layer grating design:
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Simulated grating output:

0 10 20 30 40

Upwards directivity: 67%

gh-Contrast Imaging @3 LICON
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Single-fiber input coupling:

SMF-28 output mode
(beam waist of 5.2 um, Best coupling loss: 2.86 dB
Thorlabs): 0.5

0 5 10 15 20
Incident field tilt y (in clading), deg

3 -2 -1 o 1 2 3
-5

Microlens array coupling:

PSF of F/4.2 lenslet Coupling efficiency vs

(simulated with HCIPy): ~ incident tilt
.
25
3 -7

— x tilt

-8 y tilt
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Tilt error, deg (in air)
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Simulated grating output:

Coupling efficiency with new 2- e O o Grating: Deviet
. Wavel: 1550.0 Tilt x/y 0/0 d

Iayer gratlngs.‘ 55 -_ '?'gtial ower colu Tn? : 0.61‘_3?_0
*  SMF fiber input: 85.4% (-0.69 dB) coupling i o.s%
efficiency and 20 nm 1 dB bandwidth 065
«  TWIG (three-wave interaction grating) design _ 0_4§
documented in C. Valdez et al. 2025 oo e rm® B
Microscope images: Wo.oo
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Conclusions
e PICs have the potential to miniaturize coronagraphs and increase
their resilience to aberrations and pupil obscurations
e New Ames PIC coronagraph testbed achieved first light and reached 2e-
9 (87 dB) extinction of single channel illumination using 9-channel
full triangular mesh
o Testbed is capable of measuring 6.3e-11 (102 dB) ER — we
are currently limited by stray light
e Next step: free-space coupling of HWO-like telescope pupils into PIC
e AstroPIC team has developed AstroPIC simulation suite to simulate
input coupling, mesh operation, and expected coronagraph yield
e New 2-layer grating design achieved > 90% coupling efficiency from
single-mode fiber (C. Valdez 2025) with 20-nm 1 dB bandwidth
e Scalability:
o  Current bandwidth est. 8 nm (based on C. Valdez 2024 result)
— we are working on broadband component designs to
increase this to 20-50 nm
o  Wirebonding packaging approach is feasible up to 100’s of
channels — can increase further by moving to flip-chip
configuration
o  Thermal phase shifters draw ~100 mW power per MZl — non- ]
thermal phase shifters (electroopic, mechanical) considered for channel mesh in

long-term scalability minimized state




