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Integration and Early Testing of WEAVE: The next-generation spectroscopy facility for the William Herschel Telescope
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des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

INTRODUCTION

The WEAVE [START_REF] Balcells | Proc. SPIE[END_REF][START_REF] Dalton | Proc. SPIE[END_REF] project began in early 2010 with a series of national meetings within the partner countries (The UK, The Netherlands, and Spain) of the Isaac Newton Group of telescopes, aimed at developing a comprehensive strategy for the 4.2 William Herschel Telescope (WHT) for the next decade. These meetings identified the need for a dedicated highmultiplex spectroscopic facility to complement upcoming large-scale survey programs in Galactic and extra-Galactic astrophysics, particularly from new facilities such as ESA's Gaia satellite [START_REF] Prusti | [END_REF] and the European Low Frequency Array (LOFAR [4] ). Gaia is already providing [5,6] an unprecedented picture of the structure and dynamics of the Milky Way from measurements of precise positions and parallaxes for more than 10 9 objects with (V ≤ 20) over the whole sky, with still more to come, but is unable to measure the radial component of velocity for the majority of the stars (V>16.5), and has limited spectroscopic capabilities that restrict chemical abundance measurements to only the brightest (V<12) stars in the survey. LOFAR's ongoing surveys will detect more than 10 7 radio sources from high-resolution radio imaging at 30, 60, 120 and 200 MHz over 10000 square degrees of the Northern Sky, but the majority of these are continuum detections with no spectroscopic information to provide redshifts or information on the evolutionary state of the sources. APERTIF [START_REF] Oosterloo | Proc. ISKAF Science Meeting[END_REF] will provide detailed information on the kinematics and dynamics of neutral hydrogen in galaxies at low and intermediate redshifts (z~0.3), but complementary observations are required at visible wavelengths to connect these data with the stellar populations and star-formation activity.

WEAVE was initially developed as a joint project between the UK, Spain and the Netherlands, but the project has been open to wider participation, and the partnership now includes France, Italy, the Konkoly Observatory and INAOE. A number of other individuals and institutes have contributed to join the WEAVE science consortium but are not participating directly in the construction of the facility. The final design of WEAVE was reported in 2016 [START_REF] Dalton | Proc SPIE[END_REF] , and the aim here is not to repeat what has already been set out, but rather to report on the progress towards realization of the design. Many of the WEAVE systems are now close to completion, but there have been some surprises and the inevitable delays along the way. Many of the design details of the individual systems have been reported previously in these proceedings [START_REF] Bogunivic | Proc SPIE[END_REF][START_REF] Tomàs | Proc SPIE[END_REF][START_REF] Murga | Proc SPIE[END_REF][START_REF] Delgado | Proc SPIE[END_REF][START_REF] Schallig | Proc SPIE[END_REF][START_REF] Dalton | Proc SPIE 9913[END_REF][START_REF] Rogers | Proc SPIE[END_REF][START_REF] Izazaga | Proc SPIE[END_REF][START_REF] Izazaga | Proc SPIE[END_REF][START_REF] Bianco | Proc SPIE[END_REF][START_REF] Bates | Proc SPIE[END_REF][START_REF] Salasnich | Proc SPIE[END_REF][START_REF] Pico | Proc SPIE[END_REF][START_REF] Fariña | Proc SPIE[END_REF] , and so we aim here to focus on the progress that has been realised in recent years, and a view of the updated schedule for first light: In Section 2 we cover the new prime focus infrastructure, Section 3 summarises the final status of the fibres themselves, while Section 4 addresses the WEAVE fibre positioning system. The as-built spectrograph is presented in Section 5, and Section 6 discusses the diverse components of the software infrastructure required to operate and exploit the WEAVE facility. Section 6 includes the description of a set of ongoing detailed operational simulations that are designed to test the end-toend operation of the software infrastructure and validate the final scientific performance. We conclude with a summary of the overall project schedule to completion as it sits at the time of writing, an outline of science verification, and a brief overview of the science surveys that will occupy the first 5 years of WEAVE operations.

PRIME FOCUS ASSEMBLY

The original top-end structure of the WHT provided for a prime-focus instrument package, but was unable to accommodate the mass or the size required for WEAVE. After initial attempts to design a drop-in replacement for the original inner flip-ring structure, it was decided to remove this ring altogether, and mount a new set of spiders directly to the fixed outer ring of the structure. Focus and tilt adjustment of the top end is achieved by cam adjusters within the mounting points to the outer ring, referred to as the Focus Translation System (FTS) [START_REF] Casalta | Proc SPIE[END_REF] . The centre-section located by these spiders provides a 3-point mount for the wide-field corrector (PFC) and a mounting flange to support the instrument rotator unit (PFR), which in turn supports the fibre positioner. The design of the FTS units was modified to increase the stiffness of the interfaces, and the full system was shown to be within specification for stability on-telescope in July 2018.

The PFR was first delivered to La Palma in March 2019 but was returned to IDOM for rework of the mounting flange, and returned to the telescope in June 2019. Full details of the rotator can be found in ref [27]. The 6 lenses for the PFC were polished by Kiwistar Optics [START_REF] Bogunivic | Proc SPIE[END_REF] and delivered to the IAC. The lenses were shipped to SENER Aerospatiale for integration [START_REF] Tomàs | Proc SPIE[END_REF] in December 2018, and the completed corrector was delivered to La Palma in June of 2020. The optical design of the corrector permitted assembly to be achieved by mechanical tolerances only, obviating the need for interferometric measurements during integration. Due to travel restrictions, final testing of the corrector at SENER and integration and alignment of the corrector to the top end structure, and on the telescope, have relied heavily on intensive remote presence of project staff via zoom, with remarkable success.

Performance of the ADC elements was verified using a 3-colour laser system, and the final optical performance verified on-sky with the telescope and a Shack-Hartmann camera mounted on a translation stage within the mass-dummy for the positioner system. The on-sky measurements were carried out in August through October of 2020, with the conclusion that the system delivers 80% encircled energy with 0.71", corresponding to an image quality of 0.41" FWHM (both seeing deconvolved), which is in excellent agreement with the design analysis. Subsequent observations with a pair of imaging cameras mounted on-axis and close to the edge of the field suggested the presence of a residual tilt of the focal plane arising from a misalignment of the corrector axis to the rotator. This has now been adjusted on-telescope, and validatory measurements are now in progress.

FIBRES

WEAVE supports 3 distinct modes: 960 single fibres (MOS), 20 deployable 37-fibre mini integral field units (mIFU) and 1 monolithic (603-fibre) static integral field (LIFU). Two instances of the MOS mode exist in the positioner, to allow configuration of the next field to take place in parallel with the current observation, and so there are 4 fibre cable bundles [START_REF] Mignot | Proc SPIE[END_REF] routed from the positioner through the rotator cable wrap, out along the spiders and down the telescope structure to where the spectrograph is housed in GHRIL. Each of these ~36m cables is terminated at the spectrograph in a slit assembly with, respectively, 40, 40, 20 and 27 slitlets which are abutted to a field lens within their own slit unit. The input focal surface of the spectrograph is curved in two directions. The LIFU cable, terminated at one end with slitlets was delivered to NOVA in the summer of 2019 and sorted into rows according to a science-led prescription aimed at keeping adjacent fibres on the sky well-separated at the slit, and of spreading the fibres in the offset sky-sampling apertures evenly along the slit. These rows were then assembled into the two halves of the LIFU 'head' with an additional 3 fibre wide buffer annulus of unused short fibres to support the array. The head was then polished and installed behind its field lens within a unit that also houses an off-axis guide camera, and which mounts to the outside of the positioner tumbler structure (see below). The LIFU was delivered to Oxford at the end of June 2020.

The slit unit for the LIFU was assembled in Dwingeloo, prior to shipping to Oxford along with the integration bench, with the intent that the NOVA team would assemble the MOS and mIFU slits in Oxford once the fibres were installed in the positioner. Travel restrictions due to Covid-19 meant that this approach was impossible, and so the installation of these was carried out by the positioner team.

POSITIONER

The integration and testing of the positioner is described in detail in ref [29]. Each cable is packaged such that the fibres for each retractor are grouped separately. These were extracted, identified, and the inevitable tangles that had been introduced along the 2m length of the PEEK tubing were worked out by hand. The six buttons were then stowed on a small steel plate attached to a length of plastic trunking that was used to guide the fibres along the axis of the tumbler to where they can be collected, the steel plate removed from the trunking, and the group of buttons fed through one of the apertures in the side wall of the tumbler structure. There is sufficient length of PU tubing between the 1:4 breakout box and the 1:6 breakout box that the latter can be drawn out to a workbench next to the positioner. The 2m lengths of PEEK tubing were then installed into the retractor and the 1:6 breakout box forms the entry interface. The retractor unit was then tested by hand on the bench to ensure that all six channels were running freely, and the PU tube was drawn back through the tumbler structure and the retractor unit fixed in place. It was estimated that 1 hour should be sufficient for each retractor to be assembled with this process, although any issues that were encountered could increase this by up to a factor of 3 in the worst cases. Adequate preparation of the retractor and components was key to the ease of assembly, and on the plus side it did prove possible to install the final 12 retractors in a single day. The mIFU cables were installed in a very similar fashion, 2 units to each of 10 retractors. The mIFU retractors follow a similar design to the MOS, but with the notable exceptions that they are single-sided, there is only sufficient transverse space in the spare length box for a single PU-PU tube crossing (hence a shorter length within the retractor), and the spring tensioners on the lower-pulleys had to be doubled up with stronger springs (approximately 6x more spring force than the MOS) in order to overcome friction between the PU tube and the retractor casing.

The guide fibre bundles also required a slight modification to the MOS retractors in terms of a stronger spring (the same used for the mIFUs) and some additional space to allow free path of the fibre down from the top pulley. Again, the main issue here is friction between the outer sleeve (PEEK in this case) and the wall of the retractor unit. The assembly of the guide fibres into their retractors was complicated by the short available length of the coherent bundles used, and so they were assembled on the tumbler unit before other MOS fibres had been installed. On the MOS A side the guide fibres each inhabit a retractor of their own. On the MOS B side the other 5 slots are occupied by fibres that have been displaced by the mIFUs, and which would otherwise have been lost. This was achieved by installing 5 fibres into the retractor, moving back into the tumbler structure and then installing the guide fibre last. The final MOS fibre that would otherwise have been installed was coiled up inside the spare length box of this retractor, and is available to be swapped-in if desired. A consequence of this sharing of space between the MOS and guide fibres was that the first MOS cable installed into plate B maps to 8 different locations around the periphery of the field.

Once the fibre installation was complete, the two field plates were installed. The original plan was that the field plates would be machined from solid invar (stress-relieved) with a pocketed rear structure to achieve substantial lightweighting. These were manufactured in-house and sent for lapping, but subsequent metrology revealed a relaxation of the surface form in the ~3 months post-lapping. The process was repeated using solid plates, but yielded effectively the same results. It was therefore decided to artificially age the plates by temperature cycling through liquid nitrogen, and then re-machine by turning the surface on a lathe. Initial calibration of these offsets, prior to shipping the positioner to La Palma, showed that it is possible to achieve a single move to place a fibre within 5µm of the desired target position. Iterative placement is implemented to allow the final position to be adjusted to tolerance as required. These offsets will be revisited post-shipping once any handlinginduced movement of the tumbler relative to the robots has been accommodated. The final part of the positioning scheme is the calibration between the robots and the field plate itself. A grid of ~400 reference spots, 20mm pitch, was etched into the surface of each field plate and can be illuminated and imaged by the onboard camera. Each robot scans a subset of this grid at the start of each configuration to compensate for any movement of the tumbler due to changes in zenith distance. A full scan of this grid with each robot is used to determine the straightness and perpendicularity of the robot axes. This configuration uses a direct optical path to the plate, rather than the folded path used to image the fibre core. Calibration of the precise (virtual) location of the centre of rotation on the CCD in this configuration (~32mm off-axis) is critical to ensure that both robots agree on the position of all fibres in the field, which we validate using a sparse grid of 25 fibres positioned on the plate and then measured in-situ by both robots.

As a final stage in pre-shipping checks, we ran a quadrant of a test configuration through the full software system to follow the fibre moves. The software [START_REF] Terrett | Proc SPIE 9152[END_REF] keeps track of the order in which fibres have been placed in the field, and each potential move is checked to ensure that only the upper fibre of any crossing pair can be moved. The software determines the next available move for each robot based on the current positions and planned move for both robots. As expected, the system used only a single robot to deploy the chosen quadrant (at this stage, 25 minutes for ~200 fibre moves), but was able to make efficient use of the second robot in returning the fibres to their parked positions.

SPECTROGRAPH

In August of 2018 the 5 th lens for the red camera of the spectrograph suffered a catastrophic failure at INAOE (rapid unscheduled disassembly) during the final phase of manufacture. This is one of 4 S-FPL51 lenses in the spectrograph, and it was immediately possible to repurpose the blue-arm element as a replacement to complete integration of the red camera while a replacement blank could be sourced. It was, however, found to be difficult to source a replacement blank for this material (298mm diameter x 67mm thick), with projected lead-time of more than 1 year, and some nervousness from Ohara as to the success rate of producing blanks of this size in this material, which has the combination of a relatively high CTE and very low thermal conductivity. Fortunately, Ohara were able to locate a single remaining blank from their last production run, but with a size of 390x125mm, which they were (understandably) unwilling to downsize.

We were therefore able to secure this blank and arrange (with Hellma) to slice it diagonally to achieve a replacement for lens 5 and a suitable spare for future contingency. The reworked red lens 5 was completed in February 2019, and the sliced replacement blank was delivered to INAOE from NOVA at the end of April 2019, and the finished lens (the final lens for the spectrograph) delivered to NOVA at the end of July 2019. Mounting of the spectrograph optics was completed by mid-December. Throughout the testing phase of the spectrograph we experienced issues with the reliability and noise performance of the detector system. Some of this was tracked to issues with older driver boards being used with INGs ULTRADAS system, but an investigation of the noise performance suggested that a redesign of the detector PCBs was in order. This was implemented by Simon Tulloch of QCAM. When the spectrograph was packed for shipping to La Palma the cryostats were therefore returned to LJMU for installation of the new boards, final installation of the science detectors, and a repair to a leak in the pipework for the LN2 tank in the red cryostat. It was discovered that some damage to the red window had occurred during handling, and proposed to coat the spare window for replacement, but this was also damaged during removal from its location in the blue arm. Two new windows (one red, one spare) are now expected imminently for final installation. The blue cryostat installation and test was completed in time for this to join the positioner for shipping to La Palma.

SOFTWARE SYSTEMS

Integration of the prime focus system control elements (FTS, PFR, ADC) to the telescope control system is complete.

Testing of the spectrograph and positioner control systems with the top-level instrument control have been completed at unit level. The full software suite for WEAVE begins with submission of catalogues for survey observations and manages the flow of data and observations through field configuration, scheduling [START_REF] Fariña | Proc SPIE[END_REF] and management of observations [START_REF] Pico | Proc SPIE[END_REF] , quality control, data processing [START_REF] Walton | Proc SPIE 9152[END_REF] and analysis and ends with a complete archive [START_REF] Guerra | Proc SPIE 9913[END_REF] that will be used to manage visualization and staged releases of the data.

We have conducted a set of operational simulations [START_REF] Jin | [END_REF] , covering 3 full months of WEAVE observations selected from an 18 month window, to evaluate the performance of the software systems in terms of scheduling efficiency and final data quality. The simulations take template spectra for all observed targets, apply the geometry of the input beam from the telescope to the fibre in put at that location in the field, and trace the light through the ray-trace model of the spectrograph to the sampling of the detector pixels. Throughput, noise and sky background appropriate to the date, time and position of the observation are applied, together with seeing and atmospheric transmission from archived weather logs. The data 'observed' in this way are then passed to the processing chain for reduction and analysis, and then distributed back to the science team via the archive. These simulations have proved invaluable in troubleshooting the interfaces and specifications required to make this complex system operate seamlessly, and in tuning the detailed designs of the surveys themselves to try to maximise the scientific output from the facility.

SUMMARY AND PROSPECTS

After some delays in shipping, due to the current global situation, the positioner has now reached the Canaries, and will hopefully be delivered to the observatory before the Christmas break. Check-out and integration to the top end will commence mid-January with final calibration of the positioner taking place in-situ. Integration of the detector cryostats to the spectrograph will dovetail into the first mounting of the full top-end to the telescope and installation of the fibre slits to the spectrograph. Actual first light is therefore expected to take place in February-March, with up to 50 nights expected for on-sky commissioning, including a weather allowance. First science data is therefore expected before mid-2021. The 5-year survey programme for WEAVE is described in detail in ref [24], and was extensively and positively reviewed in January 2020. In parallel with the surveys, the remaining 30% of the WHT time is available for normal PI-mode observations, with an expectation that much of this time will also be allocated to WEAVE projects. These PI projects will have the benefit of the full data management infrastructure available to the surveys. The first full public data release of the 1 st year of survey data is scheduled for 1 year after the last observation in that set is obtained.
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 1 Figure 1: Illustration of the components of WEAVE showing the new top end structure and the route of the fibres to GHRIL.

Figure 2 (

 2 Figure 2 (left) The PFR under test in the WHT dome. (right) The corrector installed in the top end and ready for testing on-sky.

Figure 3 :

 3 Figure 3: Rendering of the layout of a single MOS fibre bundle (lengths not to scale!)The design of the fibre cables reflects the modularity of the system, in that a single slitlet of 24 fibres maps to a group of 4 retractors (6 fibres each) at the positioner, and cables for 4 slitlets are grouped together into a single conduit for routing through the prime focus cable-wrap and around the telescope structure. This cable of 96 fibres with 4 slitlets and 16 sets of 6 MOS fibres forms one deliverable unit. The first MOS cable was delivered to Oxford in August 2019 after testing in Paris. The final cable for MOS A was delivered in mid-March 2020, just as France entered the first full lockdown for Covid-19. Delivery of the MOS B cables commenced in mid-June 2020, together with the mIFUs, with the last cable arriving in Oxford the 1 st week in August.

Figure 4 :

 4 Figure 4: (left) Sorted rows of fibres being installed into one half of the LIFU head. (right) A view of the completed LIFU head after polishing.

Figure 5 :

 5 Figure 5: (left)The completed positioner in the lab. (upper right) A subset of the parked fibres for MOS B illustrating the tiered arrangement of the retractors, 2 mIFU retractors can be seen interspersed with the MOS fibres, and one guide fibre button (bottom tier, 2 nd fibre from the right) can be discerned. (lower right) A view of the field of MOS A ready for deployment with both robots in play.

Figure 6 :

 6 Figure 6: (left) A subset of the upper tier fibres being deployed in a circle during calibration. (right) A single quadrant of a full field deployed for software testing, illustrating the full 3-dimensional nature of the fibre crossings.

Figure 7 :

 7 Figure 7: (left) Lens groups of the red camera during integration. (center) The complete spectrograph under test in the lab at ASTRON. (right) The spectrograph being lifted into the GHRIL enclosure.

Figure 8 :

 8 Figure 8: Organisational map of the operational rehearsal data flow showing interactions between the science teams, the submission platform (WASP), the simulations (SIM) through the telescope and Observatory Control System (OCS) and to the elements of the data processing chain (CPS/APS) and the archive (WAS).

Figure 9 :

 9 Figure 9: (left) The shape of things to come: top end with corrector, rotator and dummy positioner being installed on the telescope, with boxes to show the space envelope of the transport boxes for the fibre cables and slit units. (right) A 'first light' image of M74 obtained on-axis during on-sky testing of the corrector system.
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