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ABSTRACT

Context. Photonic lanterns (PLs) are waveguide devices enabling high-throughput single-mode spectroscopy and high angular
resolution.

Aims. We aim to present the first on-sky demonstration of a PL operating in visible light, to measure its throughput and assess its
potential for high-resolution spectroscopy of compact objects.

Methods. We used the SCEXAO instrument (a double-stage extreme adaptive optics system installed at the Subaru Telescope) and
FIRST mid-resolution spectrograph (R 3000) to test the visible capabilities of the PL on internal source and on-sky observations.
Results. The best averaged coupling efficiency over the PL field of view was measured at 51% =+ 10%, with a peak at 80%. We also
investigated the relationship between coupling efficiency and the Strehl ratio for a PL, comparing them with those of a single-mode
fiber (SMF). Findings show that in the adaptive optics regime a PL offers a better coupling efficiency performance than an SMF,
especially in the presence of low-spatial-frequency aberrations. We observed Ikiiki (o Leo — mg = 1.37) and ‘Aua (a Ori — mg =—-1.17)
at a frame rate of 200 Hz. Under median seeing conditions (about 1 arcsec measured in the H band) and large tip or tilt residuals (over
20 mas), we estimated an average light coupling efficiency of 14.5% + 7.4%, with a maximum of 42.8% at 680 nm. We were able to
reconstruct both star’s spectra, containing various absorption lines.

Conclusions. The successful demonstration of this device opens new possibilities in terms of high-throughput single-mode fiber-fed
spectroscopy in the visible. The demonstrated on-sky coupling efficiency performance would not have been achievable with a single
SMF injection setup under similar conditions, partly because the residual tip or tilt alone exceeded the field of view of a visible SMF
(18 mas at 700 nm). This emphasizes the enhanced resilience of PL technology to such atmospheric disturbances. The additional
capabilities in high angular resolution are also promising but still have to be demonstrated in a forthcoming investigation.

Key words. instrumentation: high angular resolution — techniques: imaging spectroscopy

1. Introduction detection or characterization, stellar physics, or cosmology.
) . . High-dispersion spectroscopic (HDS) observations of star-planet

Spectroscopy at high throughput and high resolution plays akey  gygtems have recently been used to isolate giant exoplanet signals
role in the study of the Universe, whether it is used for exoplanet i, Doppler shifts, enabling measurements of orbital veloci-
ties, masses, and molecular features (e.g., Snellen et al. 2010;

* Corresponding author; vievard@naoj.org Brogi et al. 2012; Currie et al. 2023a). This HDS analysis
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approach, coupled with high contrast imaging, is also expected
to enable rocky planet characterization with next-generation
telescopes (Snellen et al. 2015). High-spectral-resolution obser-
vations of stars have enabled a broad range of science, from
measurements of circumstellar disk and wind kinematics (e.g.,
Pontoppidan et al. 2011) and ices (e.g., Boogert et al. 2002),
to tests of general relativity via radial velocity measurements
of stars in the galactic center (e.g., Do et al. 2019). High-
throughput, high-resolution spectrographs are also crucial for
a wide range of extragalactic faint source applications, from
transient follow-up (e.g., Patat et al. 2007), to characterizing
stellar populations (e.g., Reddy et al. 2022), to searches for
intermediate-mass black holes (e.g., Casares & Jonker 2014, and
references therein).

These broad and impactful applications motivate the devel-
opment of technologies that can maximize throughput, while
preserving high spectral resolution and quality. Compared to
traditional multimode (MM) or slit-based spectroscopy, single-
mode fiber (SMF) fed spectroscopy offers numerous advantages
for astronomical observations, ranging from improved spectral
quality and resolution to increased instrument compactness and
stability. The beam coming out of an SMF is indeed highly sta-
ble in shape, since it is determined by the fundamental mode of
the fiber, ensuring a stable spectral response of the spectrograph.
The weakness of SMFs lies in the challenge of light injection,
requiring very fine alignment of the source to the fiber core and
a high Strehl ratio, which are difficult to obtain, especially in
visible light. Light from a telescope can be efficiently injected
into an SMF with the help of extreme adaptive optics (ExAO)
(Jovanovic et al. 2017). The ExAO systems are designed to mea-
sure and correct wavefront aberrations induced by atmospheric
turbulence, enabling Strehl ratios up to 95% in the H band.

Multiple post-ExAO SMF-based instruments have been
or will be commissioned on major observatories: Sub-
aru/REACH (Kotani et al. 2020), Keck/KPIC (Delorme
et al. 2021), Subaru/GLINT (Martinod et al. 2021),
VLT/HIiRISE (Vigan et al. 2024), and Subaru/FIRST (Vievard
et al. 2023a). While some of them differ by their wavelength
operation (Subaru/FIRST is in the visible, the rest are in the
near-infrared), all of them share the same struggle of coupling
efficiency and throughput limitations.

A solution that combines high coupling efficiency with
the stability and compactness advantages of SMF-based spec-
troscopy was proposed by Leon-Saval et al. (2005). It consists
of using a device transitioning from an MM input to multiple
single-mode (SM) outputs. The MM input ensures high coupling
efficiency, the slow transition between MM and SM ensures high
throughput, and the SM outputs enable the use of SMF-fed spec-
troscopy. Such devices are called photonic lanterns (PLs). The
interest in PLs also lies in their sensitivity to the input scene and
wavefront: the flux distribution among the PL outputs depends
both on the source position and shape (Kim et al. 2022) and
on the wavefront input (Norris et al. 2020). The correspond-
ing information allows for retrieval of the geometry and position
of the observed object, as well as wavefront sensing and opti-
mization of injection efficiency into one specific output SMF if
desired (Norris et al. 2022). These features are not possible with
SMFs; hence, PLs can potentially provide access to a wider range
of science applications.

The characteristics described above make PLs an attrac-
tive technology for high-contrast imaging science. One partic-
ular example is spatially and spectrally resolved searches for
accreting protoplanets orbiting nearby young stars. Conventional
imaging of these targets is typically limited to ~150-200 mas
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angular separations (Keppler et al. 2018; Haffert et al. 2019;
Currie et al. 2022), corresponding to an orbital separation of
>20 AU for targets at ~150 pc. Simulations of both spectroas-
trometry and interferometric imaging with PLs have shown that
they can be used to resolve a few AU orbits around nearby
young stars (Xin et al. 2022; Kim et al. 2022; Levinstein et al.
2023; Kim et al. 2024) — a region where the majority of known
mature giant planets reside (Fernandes et al. 2019). Coupling the
SMF outputs to a medium-resolution spectrograph also allows
for spectral-differential measurements that can isolate accretion-
tracing hydrogen lines (Kim et al. 2022; Levinstein et al. 2023).
These excesses, along with spectral slopes, can distinguish
between scattered light from circumstellar disk material and self-
luminous planets (e.g., Haffert et al. 2019; Currie et al. 2022;
Wagner et al. 2023), which is crucial for bona fide protoplanet
detections. Beyond protoplanets, PLs could pay dividends for a
broad range of science cases requiring high-angular-resolution
observations, where interferometry is often utilized, including
studies of close-in spirals in protoplanetary disks (e.g., Sallum
et al. 2019), inner regions of active galactic nucleus tori (e.g.,
Ford et al. 2014), and Solar System object surfaces (e.g., Conrad
et al. 2015).

The first on-sky demonstration of a PL. was performed on
the 3.9 m Anglo-Australian Telescope (Cvetojevic et al. 2012).
The PL was coupled to an arrayed waveguide grating (AWG)
spectrograph used in tandem with the IRIS2 imaging spectro-
graph (Tinney et al. 2004), providing a resolution power of about
2500. The interfacing on the Cassegrain focus of the telescope
and the absence of wavefront correction by an adaptive system
limited the coupling to about 5 to 7% depending on the seeing
variations.

We recently acquired a PL with 19 SMF outputs, designed
for visible wavelengths. The device was installed at the 8.2 m
Subaru Telescope as a sub-module of the Subaru Extreme Adap-
tive Optics (SCExAO) platform to explore the possibilities of
using PLs for high-throughput and high-resolution spectroscopy.
Stellar light can be injected into the PL in a pupil plane or in
a focal plane. This paper focuses on the latter approach, though
the former is also a possibility. The 19 PL outputs feed the Sub-
aru/FIRST mid-resolution spectrograph (R~3000) optimized for
wavelengths from 600 to 800 nm (Vievard et al. 2023b). An SMF
is also installed in parallel and feeds the same spectrograph for a
comparison between the two methods.

In Sect. 2, we provide a comprehensive description of the PL
device, and its integration on SCExAQO. Section 3 presents an
in-lab characterization of light injection within the PL. Finally,
Sect. 4 presents the first demonstration of spectroscopy in visible
wavelengths, performed using an ExAO-fed PL. We observe and
reconstruct the spectrum of two targets: Ikiiki' (@ Leo) and ‘Aua
(a Ori).

2. A photonic lantern spectrograph at the Subaru
Telescope

2.1. The 19 pigtailed outputs Photonic Lantern

The PL used in this experiment has 1 MM input and 19 SM out-
puts. The SM outputs of a PL come in various configurations

' This paper refers to the main targets per their Hawaiian names, in
honor of Mauna Kea, the mountain from which we were most fortunate
to perform our observations, and with acknowledgment of the indige-
nous hawaiian communities who have had and continue to have Kuleana
(translated into English as “responsibility”) to this land.
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Fig. 1. Photonic lantern principle: light is injected in the MM input. The
waveguide adiabatically transitions to several SMFs.

(Leon-Saval et al. 2010). Our lantern was constructed from sep-
arate SMFs where the outputs are separate pigtails (see the
drawing in Fig. 1). An adiabatic taper allows for an efficient and
low-loss mode conversion (throughput greater than 90%; Birks
et al. 2015). This was accomplished by placing the multiple SM
fibers into a low refractive-index capillary (that has an index less
than that of the SM fiber cladding, which in turn is less than that
of the SM fiber core). This assembly is tapered down, such that
the cores of the SM fibers disappear, their cladding becomes the
new core of a MM region, and the capillary becomes the MM
region’s cladding. This smooth transition is crucial, since abrupt
changes in the waveguide geometry can lead to internal reflec-
tions and mode mismatch, which would result in decreasing
the device throughput. In the transition region, light propagat-
ing in the modes supported by the input waveguide section is
redistributed across the modes of the output — this process is
reciprocal. As long as the number of output SM fibers is equal to
or exceeds the number of unique modes supported in the input
MM region, this process has very high efficiency. The PL used
in this experiment was designed to work at the lower end of
the FIRST wavelength coverage (around 650 nm). This design
choice ensures that, at the shortest wavelengths, the number
of modes does not increase significantly, which would other-
wise contribute to transmission losses in the PL device. The
19 SMFs were then spliced to a linear V-groove (VG), allowing
a spectrograph to cross-disperse the light.

Figure 2 shows the final device, spliced to the V-groove. We
also provide a picture of the PL input taken thanks to a micro-
scope, where we can distinguish the fiber core and the cladding
whose dimensions are respectively about 25 pm and 99 um
diameter.

2.2. Instrument setup: Integration on SCExAO

The Subaru Coronagraphic Extreme Adaptive Optics (SCEXAO
— Jovanovic et al. 2015) instrument is located on the Nas-
myth infrared (IR) platform at the 8.2-meter Subaru Telescope.
SCExAO receives light from the Subaru Telescope AO facil-
ity instrument, AO188 (Minowa et al. 2010). AO188 performs
a first stage of AO correction using a curvature wavefront sen-
sor (CWES) controlling a 188-element deformable mirror (DM).
SCExAOQ performs a second stage of AO correction, in order to
reach the ExAO regime (with a Strehl ratio in the 0.8-0.9 range
in the H band), enabling high-contrast imaging at high angular
resolution and the detection of faint planets and brown dwarf
companions (Kuzuhara et al. 2022; Currie et al. 2023b; Tobin
et al. 2024). To achieve ExAO corrections, a pyramid wavefront
sensor (PyWFS — Lozi et al. 2019) operating in the 800 nm to
950 nm wavelength range drives a 2040-actuator MEMS DM.

Glue

residuals

Fig. 2. Photonic lantern hardware. The input is an MM fiber, and the
outputs are SMFs spliced to a VG.

Figure 3 shows the optical configuration bringing the light
from the telescope to the PL and the spectrograph. Light coming
from AO188 is collimated by an off-axis parabola (OAP). A fiber
carrying light from a Supercontinuum laser (hereafter named
SuperK) can be inserted at the focal point for calibration or
alignment purposes. The collimated light is then reflected by the
2040-actuator DM toward a pupil mask — mimicking the Subaru
Telescope central obstruction and spiders for off-sky calibration.
A dichroic mirror then splits the light, with near-infrared light
(4 > 950 nm) transmitted to the IR modules, and visible light
(4 < 950 nm) reflected to a periscope. The periscope allows for
the visible instruments to be mounted on an optical bench above
the bench hosting the IR modules.

After exiting the periscope, visible light is first split by a
dichroic filter: the reflected beam (from 800 nm to 950 nm) is
sent to the pyramid WFS and the transmitted beam (<800 nm) is
used by the visible modules of SCExAO. Before picking off the
light for the PL, a R90/T10 filter can be inserted to either send the
light to the FIRST spectro-interferometer (Vievard et al. 2023a),
or send light from the wavelength calibration unit (WCU) to the
PL. The WCU is a fiber connected to a neon lamp (AvaLight-
CAL-Neon- Mini), used for the PL spectrograph wavelength
calibration. A beamsplitter (BS) wheel allows the beam to be
reflected toward the PL or transmitted to the VAMPIRES dual-
camera imager. The different slots of the BS wheel are currently
occupied by a non-polarizing BS cube (NPBS), a polarizing BS
cube, a 700 nm short pass filter, a 750 nm short pass filter, or
an open slot. The following subsections present the injection
module of the PL and the spectrograph.

2.2.1. The injection module

The purpose of this injection module is to efficiently inject light
into the PL. The following experimental sections will show that,
depending on the science application, there are several ways to
inject light into the PL. The main parameter to be tuned is the
input focal ratio. This focal ratio determines the field of view
(FoV) or mode filling of the PL. The incident beam on the BS
has a focal ratio of f/28.4.

Figure 3 presents the optical configuration to obtain a focal
ratio of about 4. After the BS, the beam is collimated by a
f=400 mm doublet (named L1 in Fig. 3). Two additional dou-
blets of focal length 400 mm (L2) and 50 mm (L3) focus the
beam onto the PL MM fiber input (see Fig. 4 left). A folding
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Fig. 3. Integration of the PL at the Subaru Telescope. At the Nasmyth IR focus, light first enters AO188, where a first stage of AO correction is
applied using a CWFS controlling a 188-actuator DM. The partially corrected beam then enters SCExAO, where an OAP collimates the beam. The
beam is then reflected off a 2k BMC DM, then transmitted through a pupil mask mimicking the Subaru Telescope spider vanes. A dichroic splits
light into a transmitted beam (1 > 950 nm) sent to the SCEXAO IR modules, and a reflected beam (1 < 950 nm) sent to a periscope to transport
the light toward a bench physically located above the near-infrared one. After, the output of the periscope, 4 > 800 nm light is reflected by a filter
toward the pyramid wavefront sensor, performing the EXAO by controlling the 2k BMC DM. The transmitted beam is then picked up and sent
toward the PL injection by a BS wheel. Upstream, a WCU can be inserted. The injection module is composed of a collimating lens (L1) and two
focusing lenses (L2 and L3). Light can be injected in either the PL or a SMF thanks to a translation stage for wavefront quality calibration, and
comparison with the PL. The MM input of the PL is split into 19 SMFs that are spliced to a linear VG. Each output is collimated by an Obj. The two
polarizations of the beams are split by a W before being dispersed by a VPH grating. Finally, the dispersed outputs are imaged on a CMOS detector
thanks to two achromatic doublets. A typical image acquired using the SCExAO SuperK calibration laser is displayed in the bottom right corner
of the figure, where we can see the 38 traces coming from both polarized beam of the 19 SM outputs. The spectral dispersion here is horizontal.
Similarly, the output of the SMF can feed the spectrograph by inserting a mirror, and generates two traces coming from both polarizations.

mirror located between L2 and L3 folds the beam for com- (hereafter referred to as PL outputs) are rearranged in a linear

pactness and alignment requirements. Doublets are achromatic,
making them well suited for injecting into the MM end of the
PL. As is shown in Fig. 4 (left), the PL is mounted on a bracket
composed of two ports. In the second port, an SMF is installed
for comparison between the two devices. The bracket is mounted
on two remotely controlled translation stages (Zaber Technolo-
gies) for motion in the plane perpendicular to the optical axis (X
and Y axes in Fig. 4 (left)), and on a conex stage for focus motion
(Z axis in Fig. 4 (left)). They allow the PL input to be scanned
across the focal plane of the injection lens, in order to optimize
the light coupling into the PL.

2.2.2. The spectrograph

The spectrograph is shown in Fig. 4 (right). The 19 SM fibers
of the PL output are spliced with SM600 type SMFs. The SMFs
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V-groove (VG) that aligns the fibers side by side in a pseudo-slit
feeding the spectrograph. The distance between consecutive PL
outputs is 127 pm for a total length of 2.286 mm.

A 2x apochromatic microscope objective (Obj) with a 0.1
numerical aperture collimates the beams coming from the PL
outputs. The collimated beams are then dispersed using a volume
phase holographic (VPH) grating (manufactured by Wasatch
Photonics). The transmission consists of two AR-coated glass
covers protecting a layer of dichromated gelatin into which a
600 linesmm™! interference pattern is written using coherent
laser light. The VPH exhibits low scatter and low wavefront
distortion. The manufacturer specifies that its dispersion effi-
ciency, characterized between 600 and 750 nm, is polarization-
independent and ranges from 80% to 60%. The grating is
followed by a system of two imaging achromatic doublets with
focal lengths of 150 mm (AD1) and 80 mm (AD?2).
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Fig. 4. Opto-mechanical setup on SCEXAOQO. (Left) Picture of the injection module comprising the injection lens, the PL, and the SMF used for
calibration. (Right) Picture of the R 3000 spectrograph. The SMF-fed spectrograph disperses the light thanks to a VPH grating and allows for

polarization splitting of the signal thanks to a W.

Spectra are imaged on a high-frame-rate, low-readout-noise
camera (Hamamatsu ORCA-Quest qCMOS). It contains 4096 X
2304 square pixels of 4.6 um, a gain of about 0.11 ¢e”/ADU, and
its quantum efficiency ranges from 78% to 58% between 600 and
750 nm. Finally, a Wollaston prism (W) is placed upstream of the
grating to separate the spectra associated with two orthogonal
linear polarizations on the camera.

The resulting image is composed of 38 spectra coming from
both polarized beams of the 19 SM outputs of the PL, as is
shown in Fig. 3. The spectra can then be combined (co-added) to
reconstruct the source bulk spectrum.

3. In-lab characterization

This section is dedicated to the characterization of our 19-port
PL. After presenting some properties of the PL device itself, we
present an extended study of ways to couple light into the PL
and the associated device performance under various wavefront
conditions.

3.1. Photonic lantern properties

The images and transmission measurements shown in Fig. 5
were recorded using a laser diode tuned at 780nm (Thorlabs
LPS-785-FC) with a measured standard deviation power stability
of 0.3% (over 2 hours) during the measurements. The transmis-
sions values recorded in Fig. 5 were obtained by using a true
cut-back method commonly used in optical fiber components.
To perform the cut-back loss measurements, the output fiber of
the laser was spliced to an SM PL pigtail and the output power
at the PL MM end was recorded in a large area photo detector
(Thorlabs S120C) by direct butt-coupling. Once the power was
recorded, the SM PL pigtail was cleaved after the initial laser-
SM PL splice and the power at the laser fiber end was recorded.
The value of the transmission then is direct representation of the
true transmission losses of the whole device by comparing those
two measurements directly. This method is conveniently unaf-
fected by either input coupling efficiency from the laser to the
SM PL, or by the splice losses of the measurement assembly. It
is important to note that the presented values are raw values of
this method and do not include the possible Fresnel reflections
at the MM PL end during the measurements — this could be as
high as 4% on the silica-air interface. The recorded laser stability
during the measurements and the significant figures of the large
area photo detector apparatus gave us an error of 0.5% on the
recorded transmissions.

Laser at
l 780 nm

Photonic
Lantern

Imaging
system
1.00 Transmission SM-MM of the Photonic Lantern
c
©0.95 . .
£0.90 ° .
5 & v : v
c .
© 0.85 . .
'_ . .
0.80

123456 7 8 91011121314151617 1819
SMF id

Fig. 5. PL lab characterization. Top panel: distribution of the intensity

of the light at the PL input after retro-injecting a 780 nm laser in each

of the PL SM outputs. Lower panel: transmission from the SM end to
the MM end of the PL, for each of the 19 SMFs.

The images shown in Figure 5 represent the 19 different
orthogonal superpositions of the LP (modes guided by the
lantern MM end) that map to each of the SM PL inputs inde-
pendently. These are unique and orthogonal solutions for a
fabricated PL that depends on wavelength.

The average measured transmission is 88.9%, with values
spanning between 83% and 95%. This is in accordance with the
expected > 90% transmission expected in a quasi-adiabatic PL
transition between MM and SM ends (Birks et al. 2015).

3.2. Coupling light into the photonic lantern
3.2.1. Injection optimization using coupling maps

The injection optimization into the PL was performed by scan-
ning the focal plane in the (X,Y) directions by using the trans-
lation stages mentioned in Sect. 2.2.1. A scene window was
defined in units of translation stage steps with two parameters:
the total width of the scanned window and its sampling. The
stages then positioned the PL at each sampled (X,Y) coordinate,
and for each location, an image of the PL outputs was acquired
with the spectrograph. After the scan was complete, coupling
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Fig. 6. Coupling maps computed for all 19 outputs, acquired for a focal
ratios of 4 and at a wavelength of 765.5 nm. The coupling map for each
output presents some fine high-order structures, similarly to the light
distribution when imaging retro-injected light into the SM outputs. The
sum of the coupling maps for each wavelength provides a smoother
pattern.

maps were computed, corresponding to the total flux acquired
for each (X,Y) position. The source used for this test was the
SuperK.

This process was performed simultaneously for each output
and each wavelength, providing n, X n, coupling maps, with n,
the number of outputs (here, 19) and n, the number of spectral
channels (here, 1896 spanning from 593.5 nm to 785.5 nm). In
addition, we compiled the total coupling map, defined as the sum
of all 19 output maps, capturing the global behavior of the PL.
Figure 6 presents the resulting coupling maps for the 19 outputs,
at a single wavelength (765.5 nm). This wavelength was chosen
because it presented the best S/N. The injection setup was fixed
with a focal ratio of 4.

All coupling maps exhibit high-order structures, similarly to
the light distribution imaged at the PL input when retro-injecting
in each SM output (see Fig. 5). The summed map is smoother,
but still granulated. The darkest “spot” of the total map is 40%
fainter than the brightest spot. The size of the map envelope is
about 26 um, which is comparable to the beam size of the fun-
damental mode (about 22.5 pm) convolved with the PSF (about
3 pum at 765 nm with a focal ratio of 4).

Once the coupling map was acquired, a 2D Gaussian func-
tion was fit to the coupling map to find the coordinates of its
center, corresponding to the optical axis, or the FoV center.
We then drove the PL stages to these coordinates. Alterna-
tively, one can choose to position the PL at another location;
for example, to maximize the flux injected into the PL by choos-
ing the coordinates corresponding to the brightest spot of the
summed coupling map. The summed coupling map is gran-
ulated, which means that the throughput is not homogeneous
across the field. Figure 7 presents the PL coupling maps summed
over the 19 outputs, for six different wavelengths. The compar-
ison of these maps shows that the granulation pattern changes
with wavelength.

Because the size of the PSF is small compared to the funda-
mental MM PL input mode (by a factor of about 7.5 at 765 nm),
the number of modes of the input wavefront is too large com-
pared to the output 19 modes. An over-sampled input mode
field at the input of a few-mode fiber (i.e., much smaller input
PSFs diameters than the guided mode field diameters of the
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Fig. 7. Total coupling maps obtained for different wavelengths at a fixed
focal ratio of 4. False colors are normalized the same way as in Figure 6.
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Fig. 8. Coupling maps acquired for various focal ratios at a fixed wave-
length of 765.5 nm.

few-mode fiber) will result in a spatially and wavelength cou-
pling efficiency mismatch and dependence on the input coupling
conditions, leading to the overall granulation observed in the
summed coupling map. Figure 8 shows the total coupling map
granulation for different focal ratios. The larger the focal ratio,
the less granulated the coupling map. This is explained by the
fact that a larger PSF (or larger focal ratio) corresponds to fewer
modes sampled at the PL injection.

3.2.2. Field of view

The coupling maps are not only a proxy to optimize the injection
into the PL; they can also inform on the FoV when converting
the measured coupling maps from linear motion coordinates to
sky angular coordinates. We subsequently computed the radial
average of the resulting map to estimate the angular FoV. The
resulting curves, shown in Fig. 9, have been normalized and
show that the FoV increases when the focal ratio decreases. This
can be taken into account when choosing the science application
for the PL.

3.2.3. Parametric analysis of injected modes via singular
value decomposition

We applied a singular value decomposition (SVD) to the cou-
pling maps provided by the 19 outputs of the PL, for each tested
focal ratio. To do so, each of the 19 coupling maps of dimension
[ny,n,] was converted into a vector of dimension n, X n,. We
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Fig. 9. Field of view of the PL for various f-ratios computed from the
radial average of coupling maps.

then constructed a matrix, A, with dimensions [19, n, X n,]. The
SVD was applied on the resulting matrix, A, and provides the
SVD modes (that we name injection modes) and singular values
associated with each mode.

The modes are shown in Fig. 10, noted from 1 to 19, for
focal ratios ranging from 4 to 28, and for one wavelength
(4 =765.5 nm). Apart from the first mode, which is an average
of the global envelope, we see that the modes have more high-
frequency structures when the focal ratio decreases (hence, the
PSF size decreases). For focal ratio values between 4 and 11.7,
the lantern couples 19 input modes. For a focal ratio value of
28, there are only roughly seven modes injected, and modes 8
to 19 seem to be mostly noise — consistent with the low singular
values. Similar behavior is observed for the rest of the spectrum.

Figure 11 shows the singular values computed for each SVD
mode. Interestingly, the singular values for most of the SVD
modes in the /8 and f/11.7 cases are higher than those in the
other cases. This indicates that the modes generated in the f/8
and f/11.7 cases are more prominently represented in the data
compared to the other cases. As a result, f/8 and f/11.7 might be
better suited for the system, as they capture more of the data’s
variance and provide a more accurate representation.

We can also deduce from the graph that the matrix condition-
ing number — defined as the ratio of the largest singular value
to the smallest singular value — increases with the focal ratio.
This indicates that the stability of the inversion diminishes as we
progressively introduce fewer “genuine” input modes (or as the
f-ratio increases). Among these modes at high f-ratio, some are
authentic modes observed by the PL, while others merely consti-
tute noise, as is discussed below. This modal study is a stepping
stone toward a linear representation of the PL, and will be used
in the future to investigate image reconstruction using the PL.

3.3. Throughput characterization
3.3.1. Injection versus wavelength

We now study the spectrum reconstruction of data acquired with
the PL on the SCExXAO super-continuum calibration source. We
followed the previously mentioned injection optimization and
placed the PL input at the center of the coupling map in each
case. Depending on the application and noise regime, different
spectrum extraction methods can be considered: from simply
co-adding all the traces to performing a weighted signal extrac-
tion on each output, where only the bright parts of each trace
are summed. In the photon-noise limited regime, a simple co-
addition of the traces is optimal. In a read-out-noise-limited
regime, minimizing the number of pixels leads to higher signal-
to-noise (S/N), so a weighted signal extraction method should be

considered. For the purpose of this paper, we shall not discuss
the various spectral extraction methods, and have simply chosen
to extract and co-add the 38 traces. This is especially suitable for
objects characterization through spectroscopy, but also for radial
velocity measurements. We also acquired a reference spectrum
using the SMF mounted on the same injection setup as the PL.
We present the reconstructed data in Fig. 12.

Comparing the PL reconstructed spectra to the reference
spectrum reveals some low-frequency modulation for focal ratios
4 and 6. These correspond to a loss of flux between the input
beam and the output of the PL. In the case of low focal ratios,
due to the small PSF size there is more energy in high-frequency
spatial modes that are not supported by the 19 modes coupled
from the MM input to the SM outputs, and hence cannot be
injected leading to wavelength dependence losses in the over-
all spectra. This effect needs to be taken into account since it
could make the continuum reconstruction challenging depend-
ing on the targeted science case. The spectra acquired for larger
focal ratio do not exhibit these large modulation patterns: the
spectral reconstruction is more accurate.

Some high-frequency fringes are also observed in all of the
PL spectra, but are not present in the SMF reference spectrum.
This interference pattern, also visible in the raw data (not co-
added spectra of the SMF outputs), is suspected to result from
internal reflections on the PL and VG end faces (due to the
lack of an AR coating) having a Fabry-Perot effect, but requires
further investigation.

Finally, the spectra reconstructed from the PL data show a
decrease in intensity for wavelengths larger than about 760 nm,
plus a hump at about 775 nm. This is due to the 800 nm short
pass filter used at an angle for the pyramid WFS pickoff. The
angle of the filter relative to the incident beam influences the
transmission of both parallel and perpendicular polarizations of
light in varying ways. The result is a bump located here around
770 nm in the spectral data, which is also visible in the SMF
spectrum.

3.3.2. Injection efficiency versus focal ratio

Our procedure was similar for each tested focal ratio: we opti-
mized the injection by acquiring a coupling map with the
SCEXAO SuperK and positioning the PL at the estimated center
of the coupling map. Because our SuperK is not very bright in
the visible wavelength, we needed to use a more powerful vis-
ible laser in order to make flux measurements using a power
meter placed in the beam before and after the PL. After opti-
mization on the SuperK, we swapped the source for a 642 nm
laser, and recorded the flux intensity, with the power meter,
before (I,) and after (I,) the PL. We normalized out the Fres-
nel reflections (f,) at the input and output of the PL (96% per
surface), plus the average throughput (¢,) of the PL (88%) in
order to compute the coupling injection efficiency (ccs), fol-
lowing cegr = 1,/(Ip X fr2 X t,). Owing to the granulation in the
coupling maps, the coupling efficiency might not be the same
over the whole FoV. Using the on-axis measurement, we con-
verted the coupling map computed at 642 nm into a coupling
efficiency map by extrapolating the on-axis cer value to the rest
of the map. From this coupling efficiency map, we computed two
more quantities: the maximum coupling efficiency and the aver-
aged injection efficiency over the FoV. We chose to define the
FoV as the angular separation for which the injected flux in the
lantern is half of the normalized flux in Fig. 7.

Figure 13 summarizes our tests, highlighting the on-axis,
maximum, and averaged injection efficiency for various focal
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Fig. 11. Singular values of the modes injected into the PL for various
f-ratios.

ratios. The error bars of the averaged injection efficiency repre-
sent the standard deviation of the coupling efficiency over the
FoV. The injection efficiency shows a relatively fast increase
from focal ratios 4 to 8. The highest injection efficiency is
obtained for the focal ratio of 8, with an average value of
51% + 10% over an FoV of about 80 mas, an on-axis injec-
tion efficiency of 61.8%, and a maximum injection efficiency
of 80%. The injection efficiency then decreases for focal ratios
ranging from 8 to 28. This trend was observed in Lin et al. (2022)
when studying the coupling efficiency into a 19-port PL opti-
mized for near-infrared wavelengths. The graph also shows the
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Fig. 12. Super continuum spectrum reconstructions from PL data at var-
ious focal ratios. Each spectrum is normalized by its maximal value. The
spectra can be compared to the reference on the bottom plot, obtained
with an SMF.

FoV evolution as a function of the focal ratio. The curve follows
a hyperbola. This is expected since the acceptance angle of a
fiber is proportional to the inverse of the focal ratio.
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This graph can be used to assess which PL injection focal
ratio to use depending on the scientific application. Lower focal
ratios provide a larger FoV but with limited injection efficiency.
Additionally, as we have seen previously, there are spectral
information losses that would prevent optimal continuum recon-
struction due to modal overfilling of the PL. On the other hand,
higher focal ratios offer a smaller FoV but provide better spectral
reconstruction.

3.3.3. Injection efficiency versus Strehl ratio

To assess the injection efficiency into the PL in the presence
of uncorrected atmospheric turbulence, turbulence is injected
onto the SCExAO DM with various levels of upstream atmo-
spheric turbulence correction. Turbulence screens are based on
Kolmogorov spectrum with inner and outer scales, adopting the
frozen flow approximation for temporal evolution, and are the
closest to what we expect during on-sky observations. We fixed
the wind speed at 10 m/s and modified the turbulence amplitude
to vary the Strehl ratio. In order to study the behavior of the PL
in various conditions, we varied the spatial frequency content
of the simulated turbulence. We identified three distinct cases
by adjusting the inner and outer scales of the turbulence. First,
turbulence following the Kolmogorov power spectrum (inner
scale = 0.01 meter, outer scale = 20 meters), which is the closest
to what we would commonly experience on SCExAO. Second,
turbulence dominated by high spatial frequencies (inner scale =
0.01 meter, outer scale = 1 meter), which would correspond to
an ExAO case where low-order aberrations are well corrected
but there are still remaining high-order aberrations (for example,
if the DM lacks actuators). Third, turbulence dominated by the
low spatial frequencies (inner scale = 10 meters, outer scale =
100 meters), which would correspond to a more classic AO loop
performing poorly on low-order aberrations (for example, during
the observation of a faint star).

80 100 were following the Kolmogorov power

spectrum.

We chose to conduct this study with the injection set at a
focal ratio of about 8, where our on-axis injection efficiency
was 61.8% at 642 nm. The result is presented in Fig. 14. The
Strehl ratio was estimated from focal plane images simultane-
ously recorded on the VAMPIRES instrument at 750 nm. Our
reference point was defined as the condition where there is no
simulated turbulence on the bench.

The estimated Strehl ratio without simulated turbulence was
estimated at 90% from the VAMPIRES images, which we associ-
ated with the 61.8% injection efficiency measured on the bench.
For each tested Strehl ratio, a total of 1000 PL frames were
acquired. We performed the spectrum reconstruction from each
frame following the same process than described in Sect. 3.3.1.
We computed the average and standard deviation of the flux
over the 1000 frames for each spectral channel. We then com-
pared the averaged values for the 642 nm spectral channel
to our reference to estimate the injection efficiency. Addition-
ally, we mapped the evolution of the injection efficiency as a
function of Strehl ratio for a simulated SMF. This simulation
was conducted by Lin et al. (2021) in the context of design-
ing PLs for ground-based telescopes and, among other aspects,
involved comparing their theoretical injection efficiency with
that of an SMF. If the simulations were run based on syn-
thetic images of the Keck telescope, the results could easily
be scaled to the Subaru Telescope. A study by Jovanovic et al.
(2017) demonstrated that the injection efficiency into an SMF
on the Subaru Telescope should be 92.3% of that on the Keck
telescope, due to the change in the pupil shape. The graph
also displays the various turbulence regimes (seeing, AO, and
ExAO).

The graph indicates that the injection efficiency into the PL
exhibits a linear relationship with the Strehl ratio across all tur-
bulence regimes in the case in which high-frequency contents are
favored in the turbulence simulation. This behavior is similar to
the one of the SMF, and can be explained by the non-sensitivity
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Table 1. Observation log.

Target Nimg tim(ms)  Seeing Strehl estimate
25.9% (at 670 nm)
Ikiiki 240000 5 1”7 28.1% (at 720 nm)
30.4% (at 760 nm)
‘Aua 636000 5 1”7 N/A

of the PL (or the SMF) to features at large separations. When the
turbulence is dominated by low-frequency aberrations, the injec-
tion to Strehl relationship remains linear but exhibits a slower
decrease in efficiency with the Strehl degradation compared to
the high-frequency dominated case. In the regime in which the
turbulence follows a classic Kolmogorov spectrum, the linearity
is similar to that observed with low-frequency trends for both
AO and ExAO turbulence regimes, until there is a drop in the
seeing regime. This latter decline is attributed to tip-tilt dom-
inating aberrations, as is explained and simulated in Lin et al.
(2021).

This study reveals that the PL behaves similarly to a SMF,
in terms of injection efficiency, when high-order aberrations
dominate. In a turbulence regime dominated by lower-spatial-
frequency aberrations, the injection efficiency decreases slower
with Strehl ratio degradation. In this latter regime, a PL provides
higher coupling efficiency than an SMF, especially for Strehl
ratios below 0.8. In practice, a PL and an SMF will have sim-
ilar behaviors in the EXAO regime — with an advantage given
to the PL especially in the presence of small residual tip or tilt.
In the AO regime, a PL will have a better injection efficiency
compared to an SMF.

4. On-sky demonstration
4.1. Observation log

The focal ratio selected for this observation was 8, providing the
best injection efficiency. We observed Ikiiki (@ Leo, mg = 1.37)
and ‘Aua (a Ori, mg = —1.17) on February 18, 2024 UTC during
an engineering night (Proposal ID: S24A-ENOI, PI: Julien Lozi,
Support Astronomers: Julien Lozi and Sébastien Vievard, Tele-
scope Operator : Erin Dailey). Data was acquired at a 200 Hz
framerate (see Table 1). The seeing in the H band was estimated
to be about 1” by the SCExAO NIR internal fast frame cam-
era. The VAMPIRES focal plane camera was used to estimate
the residual tip or tilt and the Strehl in the visible, during the
observation of Ikiiki, at 670 nm, 720 nm and 760 nm. The tip-
tilt residual was about 12 mas RMS across all wavelengths. The
estimated Strehl ratio was on average 26% at 670 nm, 28% at
720 nm, and 30% at 760 nm.

4.2. Observation of Ikiiki

We observed Ikiiki for 20 minutes at a 200 Hz frame rate, provid-
ing a total of 240 000 frames. Because the observing conditions
were not particularly good, not all of the acquired frames could
be exploited. We selected the best 90 % of the frames based on
the flux received by the PL science camera. Figure 15 shows a
dark-subtracted averaged image after frame selection. We can
already identify, in this data, three prominent absorption lines.
We also observe that the flux distribution varies across traces,
indicating the sensitivity of PL to the input scene or wavefront.
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Fig. 15. Spectra of Ikiiki acquired with the PL. The horizontal axis is the
wavelength, and the 38 output traces corresponding to the two polariza-
tions from each of the PL 19 SMF outputs are stacked along the vertical
axis. This image was computed from 20 minutes of observation at a
200 Hz frame rate, with the best 90% frames selected.

We calculated the S/N for each minute of observation by dividing
the average flux by the standard deviation of the flux, adjusted for
the number of frames (i.e., the error on the flux measurement),
per spectral channel over time. This approach yielded S/N val-
ues that varied around 200, primarily due to fluctuations in the
injection efficiency.

4.2.1. Spectrum reconstruction

For each selected frame, we subtracted the dark+bias and
extracted each PL output trace. The traces were then co-added
for each frame, and then averaged over the entire observation
sequence.

To calibrate the response of our instrument, we used a flat-
field halogen lamp (approximately black body spectrum) posi-
tioned at the entrance of AO188 to uniformly illuminate the PL
input FoV. By performing the same computation as was previ-
ously described, we derived a flat field spectrum, which we then
calibrated using the theoretical black body slope corresponding
to the Halogen lamp temperature (3020.3K). Subsequently, we
utilized the resulting calibrated flat data to calibrate the Ikiiki
reconstructed spectrum obtained with the PL. We further refined
the computed spectrum by normalizing it to match a reference
spectrum obtained from Alekseeva et al. (1996), represented by
black dots in Fig. 16.

On the same graph, we show the resulting calibrated and
adjusted spectrum of Ikiiki obtained with the PL. The latter
closely matches the reference spectrum. Some differences can
be noted, which may be attributed to the imperfect calibration of
our data. Indeed, calibrating our reconstructed spectrum with the
halogen lamp may potentially overlook chromatic perturbations
caused by the atmosphere and/or various optical surfaces prior
to AO188. Ideally, calibration should be conducted using a well-
calibrated point source in the sky. The spectrum of Ikiiki exhibits
three distinct absorption lines: the atmospheric oxygen A and B
bands (around 761 nm and 687 nm, respectively), and Ha (at
approximately 656 nm). The absorption in the two oxygen bands
is due to oxygen molecules in Earth’s atmosphere and does not
appear 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 absorption 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 hydro-
gen atoms absorb photons emitted by the deeper, hotter layers at
the energy level corresponding to the Ha transition.
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Table 2. Throughput of the various optical elements from the entrance
of the telescope to the detector.

Optical element Throughput
Subaru Telescope (M1-M2-M3) 70%
AO 188 65%
SCExAO PTTB 58%
PyWEFS filter 86%
Beamsplitter Cube 40%
Injection lenses (x3) 99%
Photonic Lantern 88%
Objective 96%
Wollaston 80%
VPH 70%
Achromatic Doublet (X2) 99%

Notes. Subaru Telescope M1-M2-M3 stands for the three mirrors
before the light enters AO188. SCEXxAO PTTB (Path to Top Bench)
is from the SCExXAO entrance to the output of the periscope, from
Jovanovic et al. (2015). Values are provided for R-band.

4.2.2. Injection efficiency

In order to estimate the on-sky injection efficiency of the PL,
we compared the acquired spectra (prior to flat-field calibration)
to the reference spectro-photometric data of Ikiiki (Alekseeva
et al. 1996). We summarize in Table 2 the throughput of ele-
ments from the entrance of the telescope down to the detector.
We considered the detector quantum efficiency provided by the
manufacturer (from 78% to 54% from 600 nm to 785 nm). We
also modeled the throughput of the Earth’s atmosphere using the
synthetic photometry Python package (synphot) maintained by
the Space Telescope Science Institute (STScI). The airmass dur-
ing the observation was 1.01, and induced an extinction ranging
from 0.1 to 0.03 magnitude between 600 nm and 770 nm, leading
to a throughput of on average about 95%.

mum throughput is also plotted in dashed red
lines.

740 760

We calculated the total instrument throughput and the
injection efficiency for each frame and each spectral channel.
Figure 17 shows the resulting average values, standard devia-
tion and min-max values for each spectral channel. At 642 nm
(see top panel of Figure 18), we report a total average through-
put of the instrument of 0.2 + 0.1% with a maximum of 0.6%.
We report an average injection efficiency of 9.4 + 4.9% with a
maximum of 28.0%. The best injection efficiency performance
at 642 nm is about half of that obtained on the bench under
optimal conditions. This is in accordance with Figure 14 which
predicted an injection efficiency no greater than 30% for a Strehl
below 25%. We notice that the injection efficiency drops to zero.
This can be explained by poor performance of the AO loops
under the 17 seeing estimated in H band. Thanks to simultane-
ous imaging using the VAMPIRES instrument, we were able to
compute a residual tip/tilt larger than 10 mas RMS in average
during the observation of Ikiiki, contributing to degrading the
injection efficiency into the PL. The best performance obtained
was around 680 nm (see bottom panel of Figure 18), where we
report an average total throughput of 0.3 +0.2% with a maximum
of 0.9%, and an average injection efficiency of 14.5 + 7.4% with
a maximum of 42.8%.

Even under these difficult conditions, the collected data had
a good S/N and enabled the faithful reconstruction of the Ikiiki
spectrum.

4.3. Observation of ‘Aua

We observed ‘Aua for 53 minutes at a 200 Hz frame rate,
providing a total of 636 000 frames. Similarly to the previous tar-
get, we performed a frame selection, since the conditions were
not good. The best 90% of frames were selected, dark+bias
subtracted, and averaged to compute the image displayed in
Fig. 19. Many spectral features can be identified on the aver-
aged image. The computed S/N per minute was around 130,
a sign that the observation conditions worsened compared to
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Fig. 18. Distributions of total throughput and injection efficiency at
642 nm (top) and 680 nm (bottom) during the observation of Ikiiki.
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Fig. 19. Spectra of ‘Aua acquired with the PL. The horizontal axis is
the wavelength dispersion, and vertically we have the 38 output traces
corresponding to the two polarizations from each of the PL 19 SMF
outputs. This image was computed from 53 minutes of observation at a
framerate of 200 Hz, after selection of the best 90% of frames.

the previous target (where the S/N per minute was 200 in
average).

After trace extraction and calibration with flat-field data, we
co-added the resulting spectra to obtain the spectrum shown
in Fig. 20. The spectrum shows multiple absorption spectral
lines. The absorption lines detected on Ikiiki are present: oxygen
bands A and B from the Earth’s atmosphere around 761 nm and
687 nm, respectively, and Ha absorption by the stellar atmo-
sphere at about 656 nm. Many titanium oxide (TiO) lines are
also present in the spectrum, with the strongest at about 705 nm.
TiO lines in red supergiants are characteristic of convection
cells within the star’s atmosphere (Young et al. 2003; Afram &
Berdyugina 2019), and are well known in the case of ’Aua as they
are extensively exploited for image reconstruction using inter-
ferometry (Young et al. 2000; Levesque et al. 2005; Chiavassa
et al. 2010). The ability to detect these (and the following) spec-
tral lines, while conserving spatial information via the use of a
PL opens the door to future use of differential phase interfer-
ometry (Akeson et al. 2000) to recover spatial features (such as
stellar surface details) from PL observations. We can also spot
the presence of vanadium oxide (VO) lines from about 730 nm
to 750 nm. Similarly to TiO lines, VO lines are generated by
convection cells in red supergiant stars, although they are less
dominant than TiO. Finally, we identified the barium II (Ba II)
line at about 649 nm (Koza 2010). These lines can also be seen in
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data from the X-shooter Spectral Library (XSL) (Gonneau et al.
2020) taken at the VLT-UT2 using a medium-resolution spec-
trograph. This demonstration highlights the capabilities of the
PL signal reconstruction to retrieve a target’s spectral features.
The next step, not addressed in this demonstration paper, will
be to exploit the spectral reconstruction to extract astronomical
information about the observed target.

5. Conclusion

We have presented the integration, characterization, and on-sky
demonstration of a PL at the 8.2 m Subaru Telescope. Pho-
tonic lanterns allow for high-efficiency SMF-based spectroscopy
thanks to their unique design. Their MM input insures high cou-
pling efficiency, compared to a single SMF, especially at visible
wavelengths at which even ExAO systems struggle to reach high
Strehl ratios. The SM outputs of PLs are perfectly suited for
spectroscopy using compact and stable instruments.

Depending on the optical injection setup focal ratio, the PL
can provide various FoVs and injection efficiency performance
depending on the desired science output. Our setup shows an
optimal injection efficiency for a focal ratio of about 8, provid-
ing an injection efficiency of about 51% + 10% over an FoV of
80 mas, with an efficiency peak of 80% at 642 nm.

We studied the relationship between the PL injection effi-
ciency and Strehl ratio. Various turbulence profiles were simu-
lated on the SCEXxAO DM, and the results were confronted to
simulations in the case of an SMF. We have shown that PLs
have a similar linear relationship between the injection efficiency
and the Strehl to that of an SMF. However, PLs perform bet-
ter in the presence of turbulence dominated by low-frequency
aberrations.

Finally, we tested the PL on-sky. Two stars were observed:
a point source, Ikiiki (@ Leo), and a red supergiant star, ‘Aua
(@ Ori). We were first able to reconstruct Ikiiki’s spectrum
with high fidelity compared to its reference. Under median see-
ing conditions, the injection efficiency into the PL averaged to
9.4% + 4.9% and reached up to 28% at 642 nm, leading to an
instrument throughput of up to 0.6%. The best performance was
obtained at 680 nm, where the injection efficiency into the PL
averaged 14.5% + 7.4% and reached up to 42.8%, leading to
an instrument throughput of up to 0.9%. It is important to note
that these figures likely fall short of demonstrating the full capa-
bilities of our visible PL under more favorable conditions. For
context, attempting a similar light injection directly into a single
SMF under these conditions would likely yield inferior results.
The observation of ‘Aua confirms our ability to reconstruct a
complex spectrum from the PL data. We were able to retrieve
multiple spectral features characteristic of this target.

The on-sky performance should be increased under better
atmospheric conditions, and even further with the soon-to-arrive
upgrades of the Subaru AO facility DM (from 188 elements to
3000 elements) and visible wavefront sensor (Ahn et al. 2023).
We also plan on upgrading the NPBS, picking up the light
from SCExaO, and routing it to the PL with a R90/T10 BS.
This should significantly increase the overall throughput of the
instrument.

This result shows that our setup can be used for high-
throughput SMF-fed spectroscopy in the visible, especially for
Ha spectro-imaging. The ongoing and near-future work aims
to provide this capability to the community as a feature of the
FIRST instrument. This demonstration constitutes the first on-
sky acquisition of a spectrum using a PL fed by an ExAO system
in the visible.
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Appendix A: Optical setup parameters for various
numerical apertures of the beam injected into
the PL

Table A.1 provides optimized parameters of the PL injection
bench for reference. Parameters are given for various focal ratios
of the beam injected into the PL. Distances between the opti-
cal components are measured from the back surface of the first
optical component to the front surface of the second optical com-
ponent. For focal ratios of 10.6, 12, and 28, only two lenses are
needed (L1 and L2). The back focal length provided in the table
corresponds to the distance between the back surface of the last
lens (L2 or L3, depending on the focal ratio considered) and the
focal plane.

Table A.1. Optical setup of the PL injection.

Focal ratio 6 8 10.6 12 28
BSto L1 62.6 | 3352 | 2422 | 183.4 | 244.6

Lll focal 500 500 400 400 400
ength
LitoL2 | 1341 | 372 | 2071 | 241.6 | 10
I_iZ focal 400 400 150 150 400
ength
[2toL3 | 3322 | 119.6 | 20.7 | 45 210
Ll3 focal 50 150 N/A | NJA | N/A
ength
Backfocal 1430 | 17 | 1244 | 109.4 | 1812
ength
Bffective 1 1345 | 1404 | 1712 | 189.9 | 199.6
focal length

Notes. Optical setup parameters for various numerical apertures of the
beam injected into the PL. Distances and focal lengths are given in mm.
(N/A : Not Applicable)

A140, page 14 of 14



	Spectroscopy using a visible photonic lantern at the Subaru Telescope: Laboratory characterization and the first on-sky demonstration on Ikiiki ( Leo) and `Aua ( Ori)
	1 Introduction
	2 A photonic lantern spectrograph at the Subaru Telescope
	2.1 The 19 pigtailed outputs Photonic Lantern
	2.2 Instrument setup: Integration on SCExAO
	2.2.1 The injection module
	2.2.2 The spectrograph


	3 In-lab characterization
	3.1 Photonic lantern properties
	3.2 Coupling light into the photonic lantern
	3.2.1 Injection optimization using coupling maps
	3.2.2 Field of view
	3.2.3 Parametric analysis of injected modes via singular value decomposition

	3.3 Throughput characterization
	3.3.1 Injection versus wavelength
	3.3.2 Injection efficiency versus focal ratio
	3.3.3 Injection efficiency versus Strehl ratio


	4 On-sky demonstration 
	4.1 Observation log
	4.2 Observation of Ikiiki
	4.2.1 Spectrum reconstruction
	4.2.2 Injection efficiency

	4.3 Observation of `Aua

	5 Conclusion
	Acknowledgements
	References
	Appendix A: Optical setup parameters for various numerical apertures of the beam injected intothe PL


