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ABSTRACT

In the new era of Extremely Large Telescopes (ELTs) currently under construction, challenging requirements
drive spectrograph designs towards techniques that efficiently use a facility’s light collection power. Operating in
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the single-mode (SM) regime, close to the diffraction limit, reduces the footprint of the instrument compared to a
conventional high-resolving power spectrograph. The custom built injection fiber system with 3D-printed micro-
lenses on top of it for the replicable high-resolution exoplanet and asteroseismology spectrograph (RHEA) at
Subaru in combination with extreme adaptive optics of SCExAQ, proved its high efficiency in a lab environment,
manifesting up to ~77% of the theoretical predicted performance.

Keywords: astrophotonics, spectroscopy, micro-lenslets, SCExAQ, radial velocity, optical fibers, fiber injection,
diffraction-limited spectrograph, integral field unit

1. INTRODUCTION

A wealth of crucial information can be collected through astronomical spectroscopy, such as chemical composition,
motion parameters as well as the indirect discovery of celestial bodies in orbit around other stars.'

Conventional spectrograph designs began to make use of fibers half a century ago®? in order to enable more
efficient observations, as it became possible to locate the instrument off the telescope. Soon after, fiber based
integral field unit (IFU) systems were developed* that allowed flexibility in arranging spectra on a given detector
space. Early on, multi-mode fibers (MMFs) were used for the IFU, which had high throughput for seeing-limited
starlight (e.g. Ref. 5,6). Afterwards, new designs of IFU systems emerged taking advantage of single-mode
fibers (SMFs) (e.g. Ref. 7,8).

Using SMFs and operating in the diffraction limit reduces the footprint of the instrument, however major
limitations apply in coupling efficiency under seeing-limited conditions. By making use of the extreme adaptive
optics (ExAQO) systems installed in state-of-the-art telescopes, the coupling efficiency gets significantly better
(e.g. Ref. 9,10).

While high-spatial resolution spectroscopy is achieved by using SM-IFUs, giving access to many new science
capabilities, the coupling losses are high due to the low fill fraction of SMFs and the requirement for sub-pum
precision in alignment.

In this study, we present an upgrade of the IFU system on the RHEA at Subaru.'™'? This custom IFU makes
use of a multi-core fiber (MCF) with 19 SM cores, with 3D-printed micro-lenses on top of the cores manufac-
tured by the two-photon polymerization lithography technique.!®# This custom injection system significantly
increases the free-space coupling of starlight into the fiber cores while allowing more tolerance for misalignment
errors in targeting. The IFU system is optimized using Zemax optical software for instantaneous angular sky
areas of 11 and 18 milli-arcseconds (mas) per lenslet. The system also offers a relatively high coupling efficiency
and fill factor due to the 3D-printed micro-lens array (MLA).

In Section 2 we present the core design and parameters, complemented by the detailed experimental design
description for the characterization of its performance. In Section 3 the laboratory results are presented. We
draw conclusions in Section 4 and detail our future plans in Section 5.

2. METHODS

To increase the efficiency of light coupling from the 8-m Subaru telescope into the IFU feeding the RHEA, the
following components are necessary: the Subaru Coronagraphic Extreme Adaptive Optics (SCExAQO) system,
the IFU itself with the 3D printed MLAs, the MCF and the spectrograph adapted to the output of the MCF.
Below, these components are presented in more detail.

2.1 Initial simulations

In order to simulate the intensity distribution in the entrance of the IFU system, all the optical components
of the SCExAQO were taken into account. First of all, the output beam of the 8-m Subaru telescope undergoes
adaptive optics (AO) correction in the AO188 unit and is then routed to the visual bench of SCExAO. The
beam intensity distribution at this stage can be described as an Airy pattern.

For an efficient coupling of the Airy disk into the SM cores of the fiber, a special injection unit is necessary.
This unit is specially designed to match the specifications of the MCF. The MCF has a 6.1 um mode-field



Figure 1. MCF end face after polishing and packaging into an FC/PC connector. The cores are positioned in a hexagonal
formation with a pitch of 30 um. Each of the cores has a 6.1 pm MFD at 600nm (1/e?). A HeNe laser source was used
to back illuminate the fiber cores, which are labeled with red numbers for referencing.

diameter (MFD) at 650 nm (1/e?) where the SM cut-off limit is at ~600 nm (Figure 1 shows a microscope image
of the MCF end face). The cores have a pitch of 30 um in hexagonal formation, which leads to a ratio of 4.9:1,
giving enough separation to eliminate the cross-coupling between cores. The 3D printed structure of the MLAs
is applied directly on top of the fiber end face using the two-photon lithography technique described below. This
custom IFU will be installed into RHEA to maximize the system potential. The structure of the MLAs was
optimized for a platescale of 11 and 18 mas on the sky per lenslet given that the diffraction limit of the Subaru
telescope with the SCExAQO at 650 nm is 17 mas.

2.2 The visual SCExAO infrastructure

The SCExAO is located in the near-infrared (NIR) Nasmyth focus of the 8 m Subaru Telescope. A complete
and far more detailed description of both the visual and NIR paths of SCExAO is provided in Ref. 15. A brief
overview starts with the starlight entering the Subaru Telescope and a 30-40% Strehl correction on the point
spread function (PSF) for the H-band accomplished by AO188.1671® The starlight then enters the SCExAO NIR
bench, where the wavefront is further corrected for higher-order aberrations caused by the atmosphere. In the
next step, a dichroic filter separates the light beam in two paths: the visible (<900 nm) and the NIR (>900 nm)
channel. Finally, the light beam is focused down with optical lenses onto the 3D printed MCF surface (see Figure
2).

2.3 Throughput simulations

For our simulations, an Airy disk was used an an input to the IFU system, taking into account the Subaru
telescope profile and the key components of SCExAQ.? 1%

The simulation of the the Airy profile was performed by using the physical-optics propagation (POP) module
of Zemax.'® This Airy disk output feeds a performance optimizer that selects for the best MLA structure to
be 3D printed on top of the MCF. POP operands were used for varying MLA geometries that affect the Airy
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Figure 2. The visual bench of the SCExAQO. The IFU injection is located in the bottom center of the illustration. The
input beam from AO188 to the periscope to the IFU is represented with green and brown color.

beam coupling into the MCF cores. Several geometrical shapes were tested for the MLA structure in order
to increase the coupling efficiency into the cores. Finally, a spherical surface was selected, as the alternatives
provided negligible improvement in performance. A spherical surface MLA of 272 um in height and 115 um in
radius of curvature achieved the highest coupling efficiency for the wavelength range of 600-800 nm, resulting in
a throughput of 50% for the 18 mas platescale for the central lens and a throughput of 21.9% for the platescale of
11 mas for the central lens. To achieve a fill factor of ~100% in between the cores of the MCF, the micro-lenses
were merged together forming a hexagonal effective aperture. The roughness of the MLA structure is expected
to be better than A\/16-A/21 at the working wavelength, as a surface roughness of 37 nm is achieved using the
3D printing technique.?"

2.4 Micro-lens array fabrication

The MLA was printed to the cleaved facet of the MCF as a single model block using the commercially avail-
able negative-tone photoresist IP-Dip?! and an in-house built two-photon lithography machine. This system is
equipped with a 780 nm femtosecond laser?? and a 40x Zeiss objective lens with numerical aperture (NA) =1.4.
A custom control software was developed in-house to guarantee optimum shape-fidelity of the printed MLA and
allow for high-precision alignment with respect to the fiber cores of the MCF.

As a first step, the MCF was manually glued to an FC-PC connector and subsequently polished to achieve a
flat fiber end-facet accessible for the lithography machine for printing. Thereafter, the fiber is back-illuminated
by coupling in the light of a red light-emitting diode (LED) to accommodate machine vision for the detection
of the 19 cores of the MCF. After the detection procedure, the individual lenses of the MLA are aligned with
respect to the detected core positions of the MCF, thereby taking into account variations of the core positions
and pitch. All individually positioned lenses are then merged into a single 3D-model of the MLA to prevent
unnecessary double-illumination in the overlap regions during the printing process. The structure is further
automatically adapted to compensate for any tilt of the fiber end-facet. For the purpose of reducing the required
printing time, the MLA is divided into two parts: the first block of the model up to just below the lens surfaces
was written with a distance between subsequent layers, i.e., slicing distance, of 600 nm. For optimal printing
quality, the remaining second model block comprising the 19 lens surfaces of the MLA was written with a slicing
distance of 100nm. The writing distance between subsequent lines, i.e., hatching distance, was set to 100 nm
throughout the full model. The fabricated structure was afterwards developed in propylene-glycol-methyl-ether-
acetate (PGMEA), flushed with isopropanol, and subsequently blow dried. In the next stage, scanning electron
microscopy (SEM) and vertically-scanned white-light interferometry (VSI) images of the structure were acquired
to check the quality of the manufacturing process (see Figure 3).



Figure 3. The top structure of the 3D printed MLA on top of the MCF end face acquired using the SEM technique.

2.5 Laboratory throughput measurement setup

For measuring the throughput performance of the custom 3D-printed MCF, a set of opto-mechanical parts was
constructed as an addition to the Konigstuhl Observatory Opto-mechatronics Laboratory (KOOL) test-bed. The
throughput setup is presented in Figure 4. The HeNe laser light (632nm) passes through a 50:50 non-polarizing
beamsplitter (BS) L1 (Thorlabs CM1-BS014) and is collimated using an achromat lens L2 (Thorlabs AC127-025-
B-ML). Later on, the beam is split using another 50:50 non-polarizing BS L4 (Thorlabs CM1-BS014). One beam
is focused down using an 100 mm achromat (AC254-100-B-ML) to the CMOS detector (Thorlabs DCC1545M),
and the other is routed through a flip mirror L6 to an achromat L7 (AC254-060-B-ML or AC254-100-B-ML
depending on the platescale) and focused down to the 3D-printed MCF that is mounted onto a 4-axis mount
(Thorlabs MBT401D). After that, the fiber exit is re-imaged using a combination of achromats L8 and L9
(AC127-019-B-ML and AC127-050-B-ML) to the CMOS detector (Thorlabs DCC1545M). To calculate the total
throughput of the MCF including the the coupling losses, a power meter was used (Thorlabs S120C) in order to
perform the measurements and calibrate absolute flux through the re-imaging system.

3. RESULTS
3.1 Throughput efficiency results

To asses the performance of the custom IFU system before installation into RHEA, laboratory tests were per-
formed as described in section 2.5. The outcome of these tests are presented here.

As mentioned in section 2.5 the throughput measurements were monochromatic using a HeNe laser at 632 nm.
After a series of optical elements in the KOOL test-bed, the beam was focused down to the 3D-printed MCF.
Data frames with exposure times of a fraction of a second were collected with both achromats L7 (AC254-060-
B-ML or AC254-100-B-ML), using the setup described above. The setup was able to sample the near-field of the
MCEF exit and filter the light between the adjacent cores of the fiber. Averaged dark data frames were recorded
as well, and subtracted from the data for further processing.

To characterize the absolute performance of the IFU, two separate experiments were conducted; in the first,
the total coupling efficiency of the light into each of the 19 cores was determined after the alignment of the cores
on-axis with the injected beam. In the second experiment, the misalignment tolerances of the injected beam
were measured by translating the injected beam by steps of 5 um in respect to the central core of the MCF.
This was more representative of realistic on-sky conditions where the star would be moving due to atmospheric
perturbations.



Figure 4. The throughput experimental setup for measuring the efficiency of the custom IFU. A power meter is used
to calibrate the throughput. A set of achromat lenses (L2-L5-L7) is used for collimation and focusing of the beam,
beamsplitter (BS) and CMOS detector (D1, D2) for imaging the near-field output of the MCF (L8, L9).

The results of the first experiment for the 18 mas platescale are shown in Figure 6. The average coupling
efficiency was 21.45 + 3% with a maximum of 30.89 + 3% for the core #11. The maximum measured throughput
corresponds to 77.41% of the simulated value (40%) calculated with Zemax. For the 11mas platescale, the
coupling efficiency of the central core was 16.9 +3% (77.2% of the simulated value). The total throughput from
all of the cores summed was calculated, representative of an unresolved target, and was measured to be 41.5 & 2%.
The residual coupling losses are associated with the imperfectly polished fiber, Fresnel reflections (~4%), and
mode-field mismatch at the focus.

In Figure 7 the results from the second experiment are presented. This illustration shows the coupling
tolerances as a function of off-axis target injection for the case of 18 mas. This demonstrates the potential of
3D-printed MLA technology for misaligned targets, showing fairly good coupling efficiency even for an off-axis
injection of ~10 wm, retaining ~40% of the maximum throughput.

4. CONCLUSIONS

In this work we presented a novel IFU system upgrade for RHEA at the Subaru telescope. This IFU is composed
of a custom MCF with 3D printed micro-lenses on top of the cores to increase the coupling efficiency for off and
on-axis targets from SCExAO at the Subaru 8 m telescope. The IFU system is optimized using the Zemax POP
module for an on-sky angular dimension of 11 and 18 mas using an Airy profile beam produced by the visual
arm of SCExAO.

The custom MCF is composed of 19 cores in the same cladding with a core-to-core spacing of 30 um and
a 6.1 um MFD at 650nm (1/e?) which leads to a negligible cross-coupling between the cores. The cores are
positioned in a hexagonal formation and their cut-off SM limit is above 600 nm.

The structure of the ML A was manufactured with two-photon lithography and 3D-printed on top of the cores
of the MCF, significantly enhancing the throughput of light into the fiber cores from levels of few percent to a
maximum of 30.89 + 3% for on-axis targets for a platescale of 18 mas. Furthermore, the custom MLA improved
the off-axis light losses even for a 10 um lateral injection. The throughput performance across all the MLA as
a representative of a single unresolved target was 41.5 4+ 2%. The laboratory results correspond to ~77% of the
simulated results. The difference in throughput performance from simulated results are likely associated with the
imperfectly polished MCF, Fresnel reflections (~4%) and mode-field mismatch at the focus. These lab results
were performed at the KOOL test-bed with a HeNe laser source (632nm).
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5. FURTHER WORK

Plans for further work include a separate 3D-printed MCF, optimized for only the 18 mas platescale with Zemax
simulations. Both IFU systems will be tested on the KOOL test bed including the effect of atmospheric turbulence
using the AO system of the KOOL infrastructure.

Future work will be to integrate the fibers into the RHEA and perform on-sky tests on a variety of targets
(resolved, un-resolved stars, confirmed exoplanets, spectroscopic standard stars and double star systems) in order
to probe its scientific potential.
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