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ABSTRACT

The Multi-Core Integral-Field Unit (MCIFU) is a new diffraction-limited near-infrared integral-field unit for
exoplanet atmosphere characterization with extreme adaptive optics (xAO) instruments. It has been developed
as an experimental pathfinder for spectroscopic upgrades for SPHERE+/VLT and other xAO systems. The
wavelength range covers 1.0 um to 1.6um at a resolving power around 5000 for 73 points on-sky. The MCIFU
uses novel astrophotonic components to make this very compact and robust spectrograph. We performed the first
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successful on-sky test with CANARY at the 4.2 meter William Herschel Telescope in July 2019, where observed
standard stars and several stellar binaries. An improved version of the MCIFU will be used with MagAO-X,
the new extreme adaptive optics system at the 6.5 meter Magellan Clay telescope in Chile. We will show and
discuss the first-light performance and operations of the MCIFU at CANARY and discuss the integration of the
MCIFU with MagAO-X.

Keywords: high-resolution spectroscopy, exoplanets, astrophotonics, multi-core fibre, 3d printing, atmospheres,
near-infrared, extreme adaptive optics

1. INTRODUCTION

In the past few decades, we have discovered thousands of exoplanets, from which we determined that exoplanets
are in fact very common. A surprising find was the detection of many super-Earths and sub-Neptunes with
masses of a few times that of the Earth. These types of planets are the most ubiquitous in the Milky Way even
though our own Solar system does not have any of them.!:? The demographics of these thousands of planets have
significantly changed our view on the formation and evolution of planetary systems. A thorough understanding
of the formation and evolution will allow us to gain an understanding of not only the origin of Earth, but
possibly life. To this end we will need to characterize exoplanets in all stages of their evolution, from young
to old. However, the most common characterization technique utilizes the transit method which suffers from
astrophysical limitations such as constraints on the orbital geometry or astrophysical noise due to e.g. star spots
or circumstellar material. Direct imaging plays an important role to overcome these observational limitations.
For both the young and old systems, the influence of the star, and possible circum-stellar material, can be
significantly reduced by spatially resolving the planet from its environment, allowing detailed characterization
of the planet.

Direct imaging instruments use extreme adaptive optics systems (xAO) and advanced coronagraphs to sup-
press the stellar light by orders of magnitude and enhance the intrinsic contrast between planet and star.?
Unfortunately, the xAO system and coronagraph cannot block all starlight as some starlight leaks through either
due to imperfect correction by the xAO system or due to small misalignments in the optics of the instrument.*®
This puts a strong limit on the achievable contrast. A very powerful post-processing technique is high-resolution
spectroscopy (HRS),%® which uses the difference in spectral lines between the planet and star to differentiate
the detected signals.

Most of the characterization with direct imaging is done with integral-field units (IFU).? *! These IFUs are
either based on a micro-lens array or an image slicer to segment the focal plane. In the past couple years there
has been a lot of development in single-mode fiber links due to their mode-filtering capability. Single-mode fibers
(SMF) can filter out residual wavefront errors from the xAO systems to yield higher contrast!? and improve
coronagraph designs.'3 16 Several instruments that make use of SMF’s are in various stages of development
and/or deployment,'!” 8 but these are mainly focused on characterization of a single point source and operate
similar to a Multi Object Spectrograph (MOS). These require precise knowledge of the astrometry and orbit
of the object that needs to be characterized. Integral-field spectroscopy does not have this problem because a
continuous field of view is observed.

In this work we present the Multi-Core Integral-Field Unit (MCIFU), a single-mode fiber-fed integral-field
unit.'® The MCIFU takes advantage of advances in astrophotonics technology in recent years to create a large
core count single-mode photonic reformatter. The prototype multi-core fiber-fed integral field unit (MCIFU)
was designed and built during the first half of 2019 and had its first light at the 4.2 meter William Herschel
Telescope (WHT) on La Palma behind the CANARY adaptive optics (AO) system?® in July 2019. Current work
is focused on adapting the MCIFU for the Magellan Adaptive Optics eXtreme (MagAO-X) system. MagAO-X
is a new adaptive optics for the Magellan Clay 6.5m telescope at Las Campanas Observatory (LCO). In this
proceeding we will show the on-sky results with CANARY and discuss the interface between MagAO-X and the
MCIFU.
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2. OVERVIEW OF THE MCIFU

The MCIFU is a medium to high-resolution (R = 8000) single-mode integral-field spectrograph that covers the
spectral range from the Y-band to the H-band (1.0 to 1.6 um). A schematic of the spectrograph can be seen
in Figure 1. The spectral range was set by the properties of the available fiber (lower wavelength limit) and
the available detector (upper wavelength limit). This spectral range contains interesting spectral features from
molecules such as methane, carbon-monoxide and water and accretion-driven emission lines from hydrogen and
helium.

The MCIFU uses novel astrophotonic technology to create an efficient fiber link. The fiber itself is a single-
mode multi-core fiber (MCF) with arranged in a hexagonal grid with 73 cores. The MCF has a pitch of 41 um
between the cores. Because of the small sizes it is difficult to use bulk optics to inject the light into the individual
cores. Therefore, we used additive manufacturing?® to 3D print a microlens array (MLA) on top of the fiber
face?? to efficiently feed the individual cores, more details of the manufacturing of the fiber and micro-lens array
can be found in Ref. 23.

The distance between the cores also created an issue on the spectrograph side of the MCF. There is not
enough space between the cores to disperse all the light. We used an integrated photonic chip to rearrange the
two-dimensional geometry of the MCF output into a pseudo-slit that can be dispersed,?* a detailed description
of the reformatter can be found in Ref. 25.

Because the fiber is single-moded, the spectrograph can be kept small. For the spectrograph we created a
semi-custom collimator by combining several of-the-shelf plano-convex lenses. The diameter of the collimated
beam is about 12 mm. The light had to be dispersed over multiple orders to fit the large bandwidth (1.0 to
1.6 pm) onto common IR detectors. We chose to use a triple stacked Volume Phase Holographic grating (VPH)
because of its high efficieny.?® Each of the three VPH’s diffracts a different spectral range, and because the
gratings have a different clocking with respect to each other, the spectra that are created by the gratings are
also separated. This enables us to fit the full spectral range for 73 cores onto a single 2k by 2k detector. For
our proto-type we used a C-RED II detector with 640 by 480 pixels because we did not have access to a 2k IR
detector. The camera lens is the infinity corrected T'TL200-S8 tube lens from Thorlabs. This lens has a large flat
image plane that is diffraction-limited over a large spectral bandwidth, which makes it ideal for spectroscopy.

The MCIFU is a compact spectrograph and can easily add higher resolution spectroscopic capabilities to
current generation xAQ systems as an upgmde.27

3. RESULTS FROM CANARY

The spectrograph was tested with the CANARY AO system at the WHT.2® CANARY is an AO demonstration
test bed for wide-field laserguide star tomography and open-loop AO control. The main purpose of such an AO
system is to deliver good wavefront correction over a large field of view. CANARY was used in single-conjugate
adaptive optics (SCAO) mode for the MCIFU experiment. In this mode the wavefront errors are measured by
a 7 x 7 Shack-Hartmann wavefront sensor, which are then fed- back to a 52 element deformable mirror (DM)
and dedicated tip-tilt mirror. In this configuration CANARY delivers a Strehl of 30 % in nominal atmospheric
conditions in H-band. The data was taken between the 18th and 21st July 2019, under the OPTICON open
access time. This time was shared with two other groups performing experiments, dividing the nights into
sections.

Several exposures with increasing exposure time were taken to create a high-dynamic range image for post-
fiber contrast determination. The post-fiber contrast map can be seen in Figure 2. The contrast in the first ring
is on the order of 1072, which is similar to the contrast of the first Airy ring. The map also shows that there
is some asymmetry in the point spread function (PSF). The asymmetry in the contrast map hints on residual
astigmatism or coma, which is on the order of 0.5 radians rms by comparing simulated contrast maps with the
data. This can be seen in Figure 2.

Once on-sky we targeted bright stars, in order to estimate the performance. Our prime target was Vega,
because we could use it as a calibrator star. In Figure 3 the full spectrograph output is shown by a stitched image
of 12 camera positions. Due to the AO tip-tilt variation and because the exposures of the individual camera
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Figure 1. An overview of the multi-core integral field unit (MCIFU). The telescope beam is imaged onto a microlens
array that is written on top of a multi-core fiber. The output of the multi-core fiber is rearanged into a pseudo-slit by
the photonic reformatter to make it dispersable. And finally a triple multiplexed grating is used to disperse a broad
wavelength range into three orders at a resolving power higher than R = 5000. The spectrograph itself is used in a
first-order manner, where a lens is used to collimate the light onto a grating and a second lens is used to image the
spectrograph focal plane.
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Figure 2. The monochromatic post-fiber contrast map on a logarithmic scale as measured with a 1550nm laser (left). A
comparison of the asymmetry in the illumination with simulations (right) hints on the presence of 0.5 radians rms residual
astigmatism and/or coma.
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Figure 3. The full spectrograph output of Vega after stitching 12 detector positions together. The color of the image is
logarithmically stretched to highlight the spectra from the fainter fiber cores. Each fiber captures a different part of the
PSF at the input, therefore the brightness of the spectral trace corresponds with the brightness of the captured part of
the PSF. The main features that are visible are the telluric lines imprinted into the spectrum of Vega. Abrupt changes
in the continuum of the individual cores are visible because the full image was reconstructed from 12 observations that
were taken one after another, with varying conditions. The beginning and end of each spectrum has been marked with
the corresponding wavelength.

positions were taken sequentially and there is some variability in the flux between the positions. Not all cores of
the multi-core fiber (MCF) could be used during the on-sky demonstration as there was not enough separation
between the three orders to fit all the 73 cores, which resulted in overlapped spectra. The top and bottom of the
reformatter was blocked with a mask to remove the overlapping spectra.

Vega is an A0 star which means that it is almost featureless, the main spectral features that are visible come
from the Earth’s telluric absorption lines. The telluric features allowed us to do an independent measurement
of the on-sky resolving power and wavelength solution. We used the ESO SkyCalc?®2? to generate a transmis-
sion spectrum using the standard Paranal atmospheric parameters. Vega was modelled with a high-resolution
PHOENIX stellar model® with an effective stellar temperature of Tog = 9600, metallicity of Z = —0.5, and
surface gravity logg = 4.0. We used a 4th order polynomial for the instrument throughput and also used a 4th
order polynomial for the wavelength solution. The high-resolution spectrum was convolved by a Gaussian with
a certain width to mimic the effect of the spectrograph resolving power. The retrieved resolving power from this
procedure was R = 2970, which matches very well with the estimated resolving power from the Kr line lamp.
We did not match all features in the observed spectrum because the parameters of both the telluric model and
the stellar model were fixed. The good match between the measured and modelled spectrum shows that we
can extract high fidelity spectra that are not contaminated by etalon and fringing effects. Previous single-mode
fibers (SMFs) spectrographs were plagued by strong etalon amplitude variations, that could be up to 10 % across
the spectra.3!32

4. THE MCIFU AT MAGAO-X

The Magellan Adaptive Optics eXtreme (MagAO-X) system is a new adaptive optics for the Magellan Clay 6.5m
telescope at Las Campanas Observatory (LCO). MagAO-X has been designed to provide extreme adaptive optics
(ExAO) performance in the visible. It will ultimately deliver Strehl ratios of 90 % at 0.9 um and nearly 80 %
at Ha.?3 The performance of MagAO-X in the visible is comparable to what other direct imaging instruments
achieve in H or K-band, making MagAO-X the ideal instrument to push exoplanet characterization to the visible
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Figure 4. The wavelength averaged throughput in all fibers as function of position on the micro-lens array. The three
figures have a different spatial sampling that is defined in terms of A/D at 1.3 um. The left figure shows that for an
undersampled PSF there are dead zones without throughput. While the right figure shows the critical sampled case which
has an uniform throughput.

range. However, MagAO-X does not have any spectroscopic capability. Therefore, we are working on integrating
the MCIFU into MagAO-X. Not only will the MCIFU enable spectroscopy of exoplanets, it will also be the
only US diffraction-limited integral-field spectrograph in the southern hemisphere after GPI has moved from the
Gemini South telescope to the Gemini North telescope.

The F-number of MagAO-X (F/69) is different from the F-number of CANARY (F/11), which requires a
different optical relay to inject the beam into the fiber array. For CANARY we used a magnification that
resulted in 1.5 A/D per spaxel at the central wavelength. This is efficient for objects that are positioned on-axis
with respect to one of the micro-lenses. However, if the source moves off the micro-lens axis the throughput
can decrease quite rapidly. Increasing the sampling density will make the spatial averaged throughput more
homogeneous, see Figure 4 for several sampling cases for a different MCF than the one in MCIFU. Even though
the results were simulated for a different fiber, the behaviour itself will not differ between different fibers. To
optimize between field-of-view, sampling and spatial throughput, we decided to go for the 1 A/D sampling on
MagAO-X. This means that we had to design a new relay that converts the F/69 beam into roughly F/32. We
choose a magnification of 1/2 because the required magnification was close to 1/2.

With the new relay, we get a spatial resolution of 41 mas per fiber, and a field of view of 370 mas. MagAO-X
will also provide a higher Strehl than CANARY. Commissioning results from MagAO-X from Fall 2019 showed
that MagAO-X achieved a Strehl of about 45 % in z-band. This performance is better than the 15 % Strehl of
CANARY in Y-band. Because the coupling efficiency scales linearly with the Strehl,?* we expect an increase in
throughput by at least a factor of 3. Currently much work is being done to improve the performance and stability
of the wavefront sensing and control of MagAO-X. One of the main goals is to have predictivel control, which
will increase the contrast significantly.?® There are several approaches, a completely model based approach,3®
a hybrid between model-based and data-driven3” and a completely data-driven method (Haffert et al. under
review). MagAO-X was designed to deliver a Strehl of 80 % at Ha,?® at NIR wavelengths the design Strehl is
above 95 %. When the wavefront sensing and control system of MagAO-X is fine-tuned and optimized, we expect
a factor of 6 improvement in throughput.

The effective resolving power of the MCIFU is a factor 2 to 3 lower than expected. This is most likely
due to a misalignment of the collimation optics, as the PSFs of each emission line are magnified more than
expected, show an asymmetry and have a strong Airy ring. These features are not expected from single-
mode (SM) waveguides that output Gaussian-like profiles, and indicate that we are vignetting the beam inside
the spectrograph. Therefore, one of the important steps for the MCIFU is to redesign the spectrograph optics,
and in particularly the collimation optics. The collimation optics consists of two pairs of plano-convex lenses that
were optically glued together to create a semi-custom achromatic lens. Because of the short time from inception
of the project to the on-sky testing, we did not fully tolerance the collimator design. This has led to a design
with strict alignment tolerances. In Figure 5, we present a new design that uses less optics, is more achromatic,
has lower wavefront error and is also more compact.
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Figure 5. An schematic of new design of the spectrograph. The reformatter will inserted into a flat mirror with a small
hole in the middle that will let through the light from the cores. The beam will then be collimated by an on-axis parabolic
mirror. The collimated beam is redirected by the flat mirror that contains the fiber to the multiplex VPH grating. The
dispersed light is then focused by a 200 mm infinity corrected tube lens from Thorlabs. The images in the top right show
the spot diagrams along the pseudo slit of the reformatter after the the on-axis parabolic mirror. The parabolic mirror
will collimate the beams with diffraction-limited quality over the full wavelength range.

The new design uses an on-axis parabolic mirror (70 mm focal length) to collimate the fiber output. This
allows for a diffraction-limited field of view that is larger than the output of the MCIFU fiber bundle. And there
are no chromatic focus errors because it is a reflective design. The disadvantage of the on-axis parabolic mirror
is that the beam will be redirected to the fiber itself. A flat mirror with a hole in it can be used to reflect the
collimated beam towards the grating. The hole is then used to inject the fiber output into the spectrograph.
The hole will remove light from the beam and modify the PSF of the spectrograph slightly. For a small hole, we
will lose at most 5 percent of the light. The PSF for a centrally obscured Gaussian can be seen in Figure 6. The
halo caused by the central obscuration stays below a relative contrast of 10~ close to the center, which means
that the incoherent cross-talk between spectral channels and spatial channels will be lower than 1074,

And lastly, we are working towards an improved fiber link. Currently the throughput of the fiber link across
the different cores is roughly 8 % to 23 % of the theoretical throughput. This throughput includes the Fresnel
losses, absorption in the material and injection losses between the micro-lenses and the MCF cores and the
injection losses between the MCF and the reformatter. We expect, based on simulatations, that we should be
able to achieve 65 % of the theoretical troughput. This is almost an order of magnitude improvement for the
worst cores. A detailed description of the planned improvements can be found in Ref. 23.

5. CONCLUSION AND OUTLOOK

We have developed a novel single-mode integral-field spectrograph, the Multi-Core Integral-Field Unit. The
MCIFU used new astrophotonic technology to create a single-mode MCF link and an efficient triple stacked
grating dispersed the light at high resolution and efficieny.

The on-sky results of CANARY showed that we are able to couple light into the spectrograph. From the
on-sky observations of Vega we derived a spectral resolving power of R == 3000, which is a factor 2 to 3 lower
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Figure 6. An overview of the multi-core integral field unit (MCIFU). The telescope beam is imaged onto a microlens
array that is written on top of a multi-core fiber. The output of the multi-core fiber is rearanged into a pseudo-slit by
the photonic reformatter to make it dispersable. And finally a triple multiplexed grating is used to disperse a broad
wavelength range into three orders at a resolving power higher than R = 7000. The spectrograph itself is used in a
first-order manner, where a lens is used to collimate the light onto a grating and a second lens is used to image the
spectrograph focal plane.

than expected based on the design. We attribute this to the refractive collimator.

Our next step will be to use the MCIFU in combination with MagAO-X, a new extreme adaptive optics
system for the Magellan-Clay telescope in Chile. We have redesigned the spectrograph with higher throughput,
lower chromatic errors and a simpler alignment. The spaxel scale for the MCIFU will also be changed from 96
mas at CANARY to 41 mas at MagAO-X. We also expect a higher throughput because of the higher Strehl that
MagAO-X delivers. The instrument will be integrated into MagAO-X in Spring 2021 and we plan to commission
the spectrograph on-sky in 2021.
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