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ABSTRACT

A Photonic Lantern (PL) is a novel device that efficiently converts a multi-mode fib er int o several single-mode
fibers. W hen c oupled w ith an e xtreme a daptive o ptics (ExAQO) s ystem and a s pectrograph, P Ls e nable high

throughput spectroscopy at high angular resolution. The Subaru Coronagraphic Extreme Adaptive Optics
(SCExAOQ) system of the Subaru Telescope recently acquired a PL that converts its multi-mode input into
19 single-mode outputs. The single mode outputs feed a R 4,000 spectrograph optimized for the 600 to 760 nm
wavelength range. We present here the integration of the PL on SCExAQ, and study the device performance in
terms of throughput, field of view, and spectral r econstruction. We also present t he first on-sky demonstration
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of a Visible PL coupled with an ExAO system, showing a significant improvement of x12 in throughput com-
pared to the use of a sole single-mode fiber. This work paves the way towards future high throughput photonics
instrumentation at small angular resolution.

Keywords: Interferometry, Pupil remapping, Single-mode fibers, photonics, high contrast imaging, high angular
resolution, wavefront sensing, island effect

1. INTRODUCTION

Astrophotonics is an emerging field that applies photonics technologies to astronomy, including for exoplanet
direct imaging and spectroscopy.’ It has enabled high dispersion spectroscopy (HDS) observations of star-planet
systems, allowing measurements of orbital velocities, masses and molecular features of giant exoplanets.?3 More
broadly, HDS was used to test general relativity via radial velocity measurements of stars in the galactic center,*
characterize stellar populations® or search for intermediate mass black holes.%

The advantages of single-mode fiber (SMF) based spectroscopy lie in the compactness and stability of the
spectrograph, compared to multi-mode (MM) or slit-based spectroscopy, leading to the development of various
SMF-spectrograph instruments. Examples include Subaru/REACH,” Keck/KPIC,® and VLT /HiRISE,? which
alm to inject light into an SMF after correcting for atmospheric turbulence, then disperse the SMF output
with high resolution. The "Fizeau" mode of Subaru/FIRST!® aims to inject samples of the pupil into SMFs,
recombine each sample in free-space, and then disperse the fringes at low or medium resolution. Additionally,
Subaru/GLINT!! and the PIC (Photonic Integrated Chip) mode of Subaru/FIRST'? inject the pupil samples
into single-mode (SM) waguides engraved into a photonic chip, where the samples are independently recombined
and then spectrally dispersed at low or medium spectral resolution.

Extreme Adaptive Optics (ExAQO) systems have enabled high injection efficiency in SMFs,? facilitating and
encouraging the design of previously mentioned SMF-based spectroscopic instruments. However, while current
ExAO systems can achieve up to 95% Strehl in the H-band,! they struggle to reach high Strehl in the visible
wavelengths, making it difficult to exploit SMF-based visible spectroscopic instrumentation.

Photonic lanterns (PL)'# are waveguide devices that enable high throughput spectroscopy at high angu-
lar resolution. A PL efficiently'® converts a MM waveguide into several SM waveguides capable of feeding a
spectrograph. When coupled with an ExAQO system, these devices can significantly enhance on-sky throughput
performance compared to SMFs alone - especially in the visible wavelengths where even ExAQO systems struggle
to reach high Strehl ratios. PLs facilitate the delivery of spectral information at spatial resolutions surpassing
those achievable with traditional coronagraphic instruments and are even capable of beating the telescope spatial
resolution. !¢

Moreover, PLs are sensitive to both input scene and wavefront. The flux distribution over the single mode
waveguides is dependent on the source position/shape'® and on the wavefront input.'” The encoded information
delivered by the flux output distribution allows for retrieval of the geometry/position of the observed object, as
well as wavefront sensing useful either for instrumental or observable calibration. The latter features are not
available when using a sole SMF hence PLs can potentially provide access to a wider range of science applications.

We recently acquired a PL transitioning a MM input into 19 single mode outputs. This PL was installed
on the Visible arm of the Subaru Coronagraphic Extreme Adaptive Optics (SCExAQO) modular platform at the
Subaru Telescope,'® as a new injection mode of the FIRST spectro-interferometer. One of the motivations for
this upgrade was to explore the PL as a way to increase the overall throughput of the FIRST instrument. The
FIRST-Fizeau mode (FIRST-FIZ) recombines 9 sub-apertures, leading to a 24% pupil coverage. Taking into
account an average SMF injection efficiency of about 51%'° without aberrations, the effective light collection
from the pupil to the output of the SMFs goes up to 12%. FIRST’s interest is ultimately to sample the full pupil
using micro-lenses to inject into SMFs connected to a photonic chip (FIRST-PIC mode). A full coverage of this
mode would lead to an effective light collection of about 37%, taking into account pupil coverage (67%), average
injection efficiency (goal : 70%) and photonic device throughput (goal : 80%). The PL would allow to reach
100% of pupil coverage, and should increase the chances of coupling more light into a high throughput photonic
device (> 90%'%). The PL outputs feed the FIRST medium resolution spectrograph (R 3,000) optimized for
wavelengths ranging from about 600 nm to 800 nm.
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In this paper, we first present the integration of the PL on SCExAO (see Section 2). Next, in Section 3, we
characterize the device to understand its various working regimes as a function of the changing f-ratio. Finally,
Section 4 presents the on-sky testing of the PL, including a comparison with spectroscopy with a sole SMF.

2. PHOTONIC LANTERN SPECTROSCOPY ON SUBARU/SCEXAO
2.1 The 19-port photonic lantern

The PL presented in this paper has one MM input and 19 SM outputs (see Figure 1). The PL was manufactured
using 19 separate SMFs. To create the MM input, one end of the SMFs was inserted into a capillary with a
lower refractive index than the SMF fiber cladding. This assembly was then tapered down until the cores of the
SMFs disappeared, and their cladding became the new core of the MM region. The 19 pigtailed SMFs are then
spliced to a linear V-groove allowing a spectrograph to cross-disperse the light. The transmission of the device
was measured by retro-injecting a 780 nm laser and comparing the flux at the SM end and at the MM end. The
19 measures average to 88.9% and span between 83% and 95%.

Multi-mode input Single-mode outputs

LR

Figure 1. Photonic Lantern hardware. The input is a multi-mode fiber, and the outputs are SMFs spliced to a V-groove.

2.2 Integration on SCExAO

SCExAQ is a versatile platform designed for high-contrast imaging on the Subaru Telescope. It is situated at the
Nasmyth Infra-Red focus of the Subaru Telescope, receiving a partially corrected wavefront from the adaptive
optics facility AO188.1% SCExAOQ primarily consists of two key components: 1) a pyramid wavefront sensor (Py-
WFS)?° operating in the visible spectrum (approximately 800 —950nm) that delivers wavefront quality exceeding
80% Strehl in the H-band under good conditions, and 2) several coronagraphs that suppress starlight to reveal
and study the close circumstellar environment. Over the past decade, SCExAO has grown in complexity and
now includes three commissioned science modules” 2122 as well as several experimental modules, all distributed
across two optical benches: an IR bench (950nm — 2.5um) and a visible bench (600 — 950nm). As shown on
Figure 2, both IR and visible benches share a common path: the light comes either from AO188 or from a
calibration source (Super continuum, named SuperK in the following) which can be inserted. The beam is then
collimated by an off-axis parabola (OAP) toward a Boston Micromachine 2,000 actuator mirror driven by the
PyWEFS for wavefront correction. Before being split by a dichroic to separate visible and IR wavelengths, the
beam passes through a pupil mask mimicking the Subaru Telescope pupil for calibration purposes.

2.2.1 A new mode to the FIRST injection module

The purpose of this new injection module is to efficiently inject light into the PL. The following experimental
sections will show that there are several ways to inject light into the PL. The main parameter to be tuned is the
input focal ratio. Figure 2 shows the optical layout of the PL injection. The incoming beam from SCExAQO has
a focal ratio of £/28.4, and is picked up by a 50/50 beamsplitter cube - allowing simultaneous imaging using the
VAMPIRES instrument. A collection of 2 to 3 lenses are used to adapt the f-ratio and inject light into the PL.
The configuration showed on Figure 2 corresponds to a focal ratio of f/4. The PL is mounted on a bracket which
can be remotely moved on 3 axis as shown on Fig. 3. For calibration purposes, an SMF is also mounted on the
bracket.
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2.2.2 The mid-resolution spectrograph

The spectrograph is designed to be fed by either SMFs positioned in a V-groove with a pitch of 127 pum, or by the
sole SMF. A 2x apochromatic microscope objective collimates the fiber output beams before they are dispersed
by a volume phase holographic (VPH) grating from Wasatch Photonics. Two achromatic doublets then image
the fiber outputs onto a Hamamatsu ORCA-Quest camera, achieving a resolution of about 3000. In addition,
and prior to the VPH, we added a wollaston in order to split the 2 polarizations.
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Figure 2. Photonic Lantern integration on the SCExAO Visible bench.
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Figure 3. Left: Image of the injection module, which includes the injection lens, the PL, and the SMF used for calibration.
Right: Image of the R 3000 spectrograph. This spectrograph, fed by the SMF, disperses light using a volume phase
holographic grating and enables polarization splitting of the signal with the help of a Wollaston prism.

3. PHOTONIC LANTERN LAB CHARACTERIZATION

This section focuses on analyzing the coupling of light into the photonic lantern at various f-ratios.

3.1 Coupling light into the photonic lantern

The initial step is to properly inject light into the PL. Figure 4 illustrates our procedure. The PL stage is
translated in the (X,Y) plane to scan the focal plane. At each scanned position, an image is captured, and
the total flux per spectral channel is recorded. The source used for this test is the SCExAO SuperK. After
completing the scan, we reconstruct coupling maps, which display the total flux recorded at the output of the
PL for each (X,Y) position for each wavelength. We then perform a 2D gaussian fit in order to position the PL
at the (X,Y) position corresponding to the center of the coupling map, corresponding to the optical axis.

l No
Move PL mount to Record PL Yes Coupling maps:
position (X,y) image ’ Flux(x,y,A,F #)
| | |
1 1 V
: v _
Y y y

Photonic Lantern

. i { . : E
: ' Y
Y Converging ‘ | ‘
beam (F#) from One image 3 % 5 2 "
the injection per position : x ‘

bench

Figure 4. Injection optimization procedure. The PL is scanned in the focal plane. For each scanned position, an image
is acquired and the total flux per spectral channel is extracted to build coupling maps. The coupling maps are use to
position the PL on the optical axis.

3.2 Coupling maps vs focal ratio

We obtained several coupling maps at various focal ratios, as shown in Fig. 5, using the SCExAO SuperK. Each
coupling map includes the mode field diameter size (approximately 25 um) marked in red and the PSF size in
white. It is evident that the coupling maps become more granular as the f-ratio decreases. This granularity
occurs because the PSF becomes smaller relative to the MFD as the f-ratio decreases.
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Figure 5. Coupling maps acquired for various focal ratios at a fixed wavelength of 765.5 nm.

3.3 Spectrum reconstruction vs focal ratio

We investigated spectrum reconstruction for various f-ratios. The test was realized using the SCExAQO SuperK.
The reconstruction procedure involves extracting the 38 traces from the image and then co-adding them. The
results are shown in Figure 6. A reference spectrum was obtained using the SMF. When examining the recon-
structed spectra for different f-ratios, spectral drops or low-frequency patterns are noticeable. These spectral
drops occur due to modal overfilling of the PL when the f-ratio is too small.
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Figure 6. Reconstructed supercontinuum spectra from PL data at various focal ratios. Each spectrum is normalized to
its maximum value. These spectra are compared to the reference spectrum at the bottom, obtained with an SMF.
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3.4 Injection efficiency vs focal ratio

For each tested focal ratio, we optimized the injection by creating a coupling map with the SCExAO SuperK and
positioning the PL at the map’s estimated center. After optimization, we switched the source to a 642 nm laser
and recorded the flux intensity before (I,) and after (I,) the PL using a power meter. We normalized out the
Fresnel reflections (96% per surface) and the average PL throughput (88%) to compute the coupling injection
efficiency (cer) using the formula: ceg = I,/(Ip X f? X t,). Due to granulation in the coupling maps, efficiency
varies across the FoV. We converted the on-axis measurement at 642 nm into a coupling efficiency map and
computed the maximum and averaged injection efficiencies over the FoV.

Figure 7 summarizes our tests, showing on-axis, maximum, and average injection efficiencies for various focal
ratios. The error bars represent the standard deviation of efficiency across the FoV. Injection efficiency increases
rapidly from focal ratios 4 to 8, peaking at 8 with an average efficiency of 51% =+ 10% over a 80 mas FoV, an
on-axis efficiency of 61.8%, and a maximum efficiency of 80%. Efficiency decreases for focal ratios from 8 to 28,
a trend observed by in similar studies.??

The graph also shows the FoV evolution as a function of focal ratio, following a hyperbolic curve, as the fiber’s
acceptance angle is inversely proportional to the focal ratio. This information helps determine the optimal PL
injection focal ratio based on the scientific application. Lower focal ratios provide a larger FoV but lower
efficiency, with potential spectral information loss. Higher focal ratios offer better spectral reconstruction but a
smaller FoV.
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Figure 7. Variation of the injection efficiency and the field of view as a function of the focal ratio. The measurements
were made using a 642 nm laser.

4. PHOTONIC LANTERN ON-SKY TESTING

We present in this section two on-sky tests. We first present the observation of a point source, Ikiiki (o Leo),
using a f-ratio providing optimal injection efficiency into the PL. We then present the observation of a triple
system, Po’a (Algol) both with the PL and the SMF mounted on the injection setup. The triple system presents
an unresolved binary and a component outside of the PL FoV. The selected f-ratio for this second test was 4,
as it is optimal for injection into the SMF, according to the manufacturer specifications. We only present here
preliminary results on this target, by comparing the acquisition with the PL and the SMF.

4.1 Observation of Ikiiki

We observed Ikiiki (o Leo, Rp,qg = 1.37) on February 18th, 2024 UTC during a telescope Engineering night.
The f-ratio selected for this observation was 8, as it showed to provide optimal injection efficiency into the PL,
from the tests presented in Section 3.4.
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We observed Ikiiki for 20 minutes at a frame rate of 200 Hz, resulting in a total of 240,000 frames. Due to
suboptimal observing conditions, not all the frames could be utilized. We selected the best 90% of the frames
based on the flux received by the PL science camera. The top right image on Figure 8 shows a dark-subtracted
averaged image after this frame selection process. In this data, we can already identify three prominent absorption
lines.

For each selected frame, we subtracted the dark and bias, then extracted (step A on Figure 8) each PL output
trace. These traces were averaged over the entire observation sequence. To calibrate our instrument’s response,
we used a flat field halogen lamp (approximate black body spectrum) at the entrance of AO188 to uniformly
illuminate the PL input FoV. By following the same (A) computation method, we derived a flat field spectrum per
output, which we calibrated using the theoretical black body slope for the halogen lamp temperature (3020.3K).
This calibrated flat data was then used to calibrate the Ikiiki extracted spectra obtained with the PL.

Finally, we co-added all the output spectra and refined the resulting spectrum by normalizing it to match
a reference spectrum?® (step B on Figure 8). The spectrum of Ikiiki shows three distinct absorption lines:
Atmospheric oxygen A and B bands (around 761 nm and 687 nm, respectively) and Ha (approximately 656
nm). The oxygen bands result from oxygen molecules in Earth’s atmosphere and are absent in the reference
spectrum due to its terrestrial origin. At a spectral resolution of R 3000, the O, absorption bands appear as a
deep, broad line with a forest of narrower lines at longer wavelengths. The Ha absorption line originates from
the cooler outer layers of the Ikiiki atmosphere, where neutral hydrogen atoms absorb photons from the deeper,
hotter layers at the energy level corresponding to the Ha transition.

Ikiiki average image acquisition
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Figure 8. Observation of Ikiiki. The spectra of each polarization from each output are extracted (step A), then summed
and calibrated using a flat field halogen lamp (step B).

4.2 Photonic Lantern versus single-mode fiber spectroscopy on Po’a

We observed Po’a (Algol, Vineg = 2.12) on August 30th, 2023 UTC during a telescope engineering night. The
goal of this observation was to compare the performance of spectroscopy using the PL and the SMF. The f-ratio
was set to 4 to match the numerical aperture of the SMF (provided by Thorlabs, about 0.13). We acquired 3000
frames, each with a 20 ms exposure, for both PL. and SMF cases.

Figure 9 shows the dark-subtracted, averaged images (each averaged over 3000 frames) for the PL (top) and
the SMF (middle), using the same color scale for both. The PL image contains the 38 traces resulting from
both polarizations of each PL output while the SMF image contains both polarizations of the SMF output. The
image scales show higher counts on the PL image, intuiting a better light collection than with the SMF.
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Figure 9. Top: PL acquisition of Po’a averaged from 3000 frames of 20 ms each. Middle: SMF acquisition of Po’a averaged
from 3000 frames of 20 ms each. Bottom: Reconstruction of Po’a spectrum from the PL (red) and the SMF (blue) data.

In both cases, we extracted the traces and summed them to obtain a reconstructed spectrum of Po’a. The
graph on the bottom of Figure 9 shows the counts in ADUs of the reconstructed spectra as a function of
wavelength. The red spectrum, reconstructed from the PL data, shows spectral drops caused by the low f-ratio,
but the Ha, O2-A, and O5-B absorption lines are still distinguishable. The blue spectrum is the reconstructed
spectrum using the SMF data, and shows the same three absorption lines. A comparison of the flux recorded in
each spectral channel reveals that the PL data contains, on average, 12.5 times more flux than the SMF data,
with a peak gain of 15 times around 720 nm.

We can illustrate this difference in light collection using the VAMPIRES data. VAMPIRES is an instrument
located on the SCExAOQ visible bench (see Figure 2), operating in transmission after the PL injection beamsplitter
cube. We used a 50/50 beamsplitter cube to record images using the focal plane camera of the VAMPIRES
instrument. Images were recorded simultaneously during the PL and SMF tests, with a bandwidth spanning
from 693 to 744 nm, and a central wavelength at 719 nm. Details about the new VAMPIRES setup will be
available soon in a paper by M. Lucas.?®

Figure 10 shows a time series of the VAMPIRES recorded images. Overlaid on the focal plane images are the
fields of view of both the PL (in yellow, 80 mas FoV) and the SMF (in blue, 16 mas FoV). From one image to
the next, we can see that residual tip-tilt prevents the core part of the PSF from being consistently centered on
the SMF FoV, while it remains within the FoV of the PL. Additionally, low-order aberrations distort the PSF,
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Figure 10. time series of Po’a observation acquired simultaneously with the PL and SMF tests. We overlaid the FoV of
the PL (yellow) and the SMF (blue).

preventing optimal injection into the SMF while the general shape of the PSF stays within the PL FoV. Finally,
high-order aberrations send light outside both the PL and SMF FoVs.

This highlights the advantage of using a PL for SMF-fed spectroscopy compared to using an SMF alone,
especially under suboptimal atmospheric conditions and/or ExAO correction. The multi-mode input of the PL
facilitates easier light injection in the presence of residual tip/tilt and low-order aberrations. A future paper will
provide a quantified comparison between PL and SMF spectroscopy.

5. CONCLUSION

We have presented the integration, characterization, and on-sky performance of a photonic lantern at the 8.2-
meter Subaru telescope. Photonic lanterns enable highly efficient SMF-based spectroscopy due to their particular
design. Their multi-mode input ensures superior coupling efficiency compared to a single SMF, particularly at
visible wavelengths where even extreme adaptive optics (ExAQ) systems face challenges in achieving high Strehl
ratios. The SM outputs of photonic lanterns are ideally suited for use with compact and stable spectroscopic
instruments.

We have characterize our visible 19 modes PL, installed on the SCExAQO platform at the Subaru Telescope.
We confronted the focal ratio of the injection setup with the injection efficiency and the spectrum reconstruction.
Our setup achieves optimal injection efficiency at a focal ratio of approximately 8, with an average efficiency of
around 51% =+ 10% over the PL FoV, and a peak efficiency of 80% on-axis. The reconstruction of the SCExAO
internal SuperK source presented spectral drops for decreasing focal ratios. These spectral drops were attributed
to a modal overfilling of the PL, where some modes at various wavelengths are not transmitted by the PL.

Finally, we tested the PL on-sky by observing two targets: Ikiiki (« Leo) and Po’a (Algol). The observation
of Ikiiki confirmed our ability to obtain, on-sky, PL data and reconstruct the spectrum, retrieving various
expected spectral absorption lines. Further studies on this data set will be published in an upcoming paper.
The observation of Po’a allowed us to compare the efficiency of the PL to that of an SMF. Under median seeing
conditions, and with a focal ratio optimized for the SMF but not for the PL, we found that the PL data contained
12 times more flux than the SMF data. Due to its multi-mode input, the PL has a larger field of view compared
to the SMF, allowing it to capture more light in the presence of low-order aberrations and/or residual tip/tilt.
A more quantitative study of this comparison will be published in an upcoming paper.

This work paves the way towards future high throughput photonics instrumentation at small angular reso-
lution. Benefiting from the large collecting area and high resolution power offered by extremely large telescopes
would bring these instruments closer to potentially discovering and characterizing Earth-like exoplanets.
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