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INTRODUCTION

SPIDERS is a Subaru Pathfinder Instrument for Detecting Exoplanets and Retrieving Spectra. This is a high-contrast imaging instrument currently being tested at NRC-HAA in Victoria [START_REF] Lardière | Optical design of SPIDERS, a Subaru Pathfinder Instrument for Detecting Exoplanets and Retrieving Spectra[END_REF] with its shipping to Subaru scheduled for mid-2024. SPIDERS will be installed on the infrared Nasmyth platform of Subaru Telescope behind AO3k, the upgraded Subaru Adaptive Optics (AO) facility, and the upcoming Beam-Switcher mechanism [START_REF] Zheng | Optical design for Subaru Nasmyth Beam Switcher[END_REF] enabling stand-alone or simultaneous observations with SCExAO. In addition to clear plates and mirrors, a dedicated custom beam-splitter has been made for the Beam-Switcher so that the telescope beam can be either shared between SPIDERS and SCExAO for simultaneous observations during SCExAO engineering nights, or sent entirely to only one instrument for doing science (Figure 1). SPIDERS is also a demonstrator of new focal-plane wavefront sensing techniques for GPI CAL2.0 update [START_REF] Marois | Deployment of focal plane WFS technologies on 8-m telescopes: from the Subaru SPIDERS pathfinder, to the facility-class GPI 2.0 CAL2 system[END_REF] and future high-contrast imaging instruments behind ELT AO facilities. 

OPTICAL DESIGN

Concept

SPIDERS is designed around the Fast Atmospheric Self-Coherent Camera (SCC) Technique (FAST) [START_REF] Gerard | Focal Plane Wavefront Sensing with the FAST TGV Coronagraph[END_REF][START_REF] Thompson | Performance of the Fast Atmospheric Self Coherent camera at the NEW-EARTH lab and a simplified measurement algorithm[END_REF] coupled to an Apodized Pupil Lyot Coronagraph (APLC) that can enhance the contrast up to 100 times. The APLC has been optimized for 1.265µm and 20% bandpass (design: N'Diaye).

The key-components are a high-order deformable mirror (DM) used as a second-stage AO corrector, a pupil apodizer mask and a Tilt-Gaussian (TG) Focal Plane Mask (FPM) sending most of the starlight on an off-axis pinhole located on the Lyot stop, enabling fringes detection and speckle nulling much faster with the SCC, up to ~100Hz on a Mag 5 stars with an 8m-telescope.

The Lyot stop is made reflective to feed two cameras. The transmitted light goes to the SCC used primarily as a focal plane wavefront sensor but also as a science imager at the same time. The blocked light is reflected to a Lyot-Based Low-Order Wavefront Sensor (LLOWFS) used to accurately sense the star position with respect to the FPM and to complement the SCC high-order wavefront sensing [START_REF] Singh | Pupil-plane LLOWFS simulation and laboratory results from NEW-EARTH's high-contrast imaging testbed[END_REF]. In addition, a beam-splitter located on the SCC path feeds an imaging Fourier-Transform Spectrograph (iFTS) from ABB Inc. [START_REF] Thompson | High-Spectral Resolution Dark Holes: Concept, Results, and Promise[END_REF][START_REF] Johnson | Ultra-high-resolution spectroscopy: Development and results of a real-time controller for an imaging Fourier Transform Spectrometer[END_REF] and an APD-array SAPHIRA camera [START_REF] Hardy | High-speed array controller (HIAC) for multi-channel imaging detectors[END_REF] for doing spectroscopy up to a spectral resolution of ~20,000 over a 3.3 arcsec FoV for wavelengths ranging from 0.9 to 1.8µm. A simplified optical layout of SPIDERS is sketched in Figure 2 along with simulated intensity maps propagated on each optic and detector using PROPER optical propagation library [START_REF] Krist | PROPER: an optical propagation library for IDL[END_REF]. 

Optical layout

A picture of the actual optical layout of SPIDER is shown in Figure 3. The whole instrument fits on 1.2x1.5m optical breadboard placed just behind the f/13.9 focus coming from the telescope. SPIDERS uses mirrors upstream the FPM to keep the wavefront as achromatic as possible over a wide wavelength range (0.65-1.8µm). Two off-axis ellipsoid (OAE) mirrors are used instead of four off-axis paraboloid (OAP) mirrors, like in traditional AO relays, to reduce number of surfaces and make the layout more compact. OAE1 reimages the telescope pupil on a 33mm diameter 22x22 actuator DM (ALPAO DM468) while OAP2 reimages the pupil on a 12mm diameter apodizer mask and forms a f/64 focus on the FPM at the same time. A linear array of six different TG FPMs, varying in diameter, are available using a motorized linear stage.

No powered mirrors, nor fold mirrors are used downstream the FPM to mitigate vibrations and fringe blurring on the SCC. In presence of vibration, lenses are preferable to mirrors for two reasons: (i), unlike mirrors, a lens tilt has no effect on image position and only a lens decenter can shift an image with a 1:1 ratio (no lever arm) and (ii), optic mounts are typically much stiffer in shearing (XY translation) than in torsion (tip/tilt). Consequently, custom achromatic doublets are used instead to reimage the pupil on the Lyot stop (lens L2) and to refocus the beam on the SCC (lens L2b) at f/64, which provides a 5 arcsec diagonal field-of-view (FoV) with 4 pixels per resolution element at l=0.94µm on a First Light Imaging C-RED2 camera. Similarly, on the iFTS path, lenses L3 and L3b reimage the pupil on the iFTS retroreflectors, while lens L4 focuses the collimated beam at f/77 on the Saphira detector, providing a 3.5 arcsec diagonal FoV with 4 pixels per resolution element at l=1.25µm. At last, lens L5 reimages the pupil plane on the LLOWFS detector, which is a Goldeye G-008 Cool TEC1 camera from Allied Vision. All three cameras are equipped with a filter wheel for narrow-band imaging (SCC and LLOWFS) or broad-band imaging (iFTS).

To enable active alignment and compensate any pupil and image drift once at the telescope, OAE1, the DM and the FPM array are each mounted on a slow tip/tilt mechanism. The goal of OAE1 tip/tilt mechanism is to keep the telescope pupil centered on the DM, while the DM tip/tilt mechanism keeps the image centred on the FPM without requiring DM actuator stoke. The FPM array tip/tilt mechanism compensates for the angular runouts of the selection linear stage and make sure the pupil is always centered on the Lyot stop with all FPMs. The LLOWFS has enough spatial resolution to be used as a pupil viewing camera during alignment.

An internal source, an integrating sphere, a rotating phase screen and an entrance pupil mask simulate a star, a flat field, the AO3k residual turbulence and the Subaru telescope beam. This deployable assembly enables the calibration of SPIDERS detectors and AO control matrices as well as end-to-end testing in the lab in Victoria before shipping, and during daytime once at the telescope. 

INTEGRATION AND TESTING

Figure 4 shows pictures of the main milestones achieved over the past year during the integration phase of SPIDERS at NRC-HAA. The first image obtained on the SCC after optical alignment is displayed in Figure 5. The coronagraphic PSF halo is currently dominated by ripples due to the figure errors of the OAE mirrors (second image from the left). The current mirrors don't meet our polishing specs yet but are good enough for preliminary testing in the lab. New OAE mirrors are currently fabricated by University Laval and will be integrated on SPIDERS and tested before shipping to Subaru.

The fringes created by the interference of the residual speckles and the reference beam passing through the Lyot stop pinhole (last image) are well visible and are very stable on the SCC (second image) as expected due to the absence of mirror downstream the FPM. However, some vibrations were visible on the fringe envelope near the top and bottom ripples and were mostly due to angular motions (pitch) of OAE1 mount. Even if this motion doesn't blur the fringes, it blurs the speckles a small amount, so both OAE mounts have been stiffened up with additional bracing.

Preliminary dark hole images are displayed in Figure 6 after DM correction only (left) and after Coherent Differential Imaging (CDI) post-processing. Figure 7 shows an image acquired with a temporary C-RED2 camera placed after the iFTS, awaiting the SAPHIRA camera electronics to be ready. Reconstructed from the spectral data cube, this broad band PSF image is very promising as it shows a fairly achromatic dark hole over almost one octave in wavelength.
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NEXT STEPS AND CONCLUSION

The shipping of SPIDERS to Subaru is scheduled for mid-2024 to match AO3k and Beam-Switcher availabilities. This gives us more time to complete the integration and testing of SPIDERS in Victoria. The main remaining tasks are as follow:

• Cold testing of key-mechanisms and vibration measurements,

• Complete RTC software and SAPHIRA camera electronic,

• Complete lab tests: Full end-to-end operation, SCC+LLOWFS loops closing and stable with turbulent phase screen, • Install new OAE mirrors with polishing errors <10nm rms, • Develop commissioning plan.

SPIDERS is a pathfinder for GPI 2.0 CAL update and also for future Adaptive Optics (AO) instruments on Extremely Large Telescopes to achieve higher contrasts on sky than current instruments with a new focal-plane wavefront sensing technique that can also get science data at the same time. The optical layout of SPIDERS is very compact and could be adapted to work behind virtually any future AO facilities, such as NFIRAOS on TMT, or MORFEO on E-ELT, either as a focal-plane wavefront sensor sending offset commands to the main AO loop, or as a stand-alone second-stage AO/science instrument.

Figure 1 :

 1 Figure 1: Left: Mechanical components of SPIDERS. The support frame contains the electronics and supports the optical bench through three bipods to enable the fine alignment of SPIDERS with respect to the telescope beam. Right: Infrared Nasmith platform of Subaru telescope populated with upgraded OA3k and the upcoming Beam-Switcher feeding SCExAO, SPIDERS or IRCS spectrograph.

Figure 2 :

 2 Figure 2: Simplified end-to-end optical layout of SPIDERS simulated with PROPER optical propagation library.

Figure 3 :

 3 Figure 3: SPIDERS optical layout is made of four distinct paths: the calibration source path (green), the Self-Coherent Camera path (red), the Lyot-based Low-Order Wavefront Sensor path (blue) and the imaging Fourier Transform Spectrograph path (orange).

Figure 4 :

 4 Figure 4: Left: Verification and alignment of OAE mirrors using one point-source microscope placed at each ellipsoid focus with a Faro arm (Dec 2022). Middle: Integration of SPIDERS completed (Mar 2023). Right: Enclosure installed (May 2023).

Figure 5 :

 5 Figure 5: Left: Calibration source PSF seen by the SCC at l=1.55µm when the PFS is off the FPM. Middle: Fringed PSF seen by the SCC at l=1.55µm when the PSF is centered on the FPM (halo dominated by current OAE mirrors figure errors) and Modulation Transfer Function (MTF) showing the fringe side lobes. Right: LLOWFS pupil image l=1.55µm when the PSF is centered on the FPM.

Figure 6 :

 6 Figure 6: Half dark hole seen by the SCC at l=1.55µm. Left: a contrast of ~2E-5 is achieved after DM correction. Right: a contrast of ~7E-6 can be achieved after DM correction and Coherent Differential Imaging (CDI) post-processing.

Figure 7 :

 7 Figure 7: Left: broadband PSF seen by the iFTS camera with the source off the FPM. Right: dark hole seen by the iFTS after DM correction (l=0.9-1.7µm, RGB-rendering from data cube).