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INTRODUCTION

CaNaPy [START_REF] Calia | Canapy: Satcomm lgs-ao experimental platform with laser uplink pre-compensation[END_REF] is a demonstrator for a novel configuration in a LGS-AO system at visible wavelengths; the project, a collaborative agreement between the European Space Agency (ESA) and the European Southern Observatory (ESO), provides a facility test bed for validating a variety of significant innovations: a 70 W CW 589nm laser, monostatic propagation, uplink laser beam pre-compensation on sodium Laser Guide Stars (LGS) in pulsed laser operation, and a pyramid wavefront sensor for the LGS. CaNaPy is an Adaptive Optics facility to be installed at the Optical Ground Station (OGS) telescope, owned by ESA at Teide Observatory.

Based on the extension of the already existing R&D activities on Laser Guide Stars at the ESO Technology Development Program, this project gathers experts from ESO, ESA, Durham University, Instituto Nazionale di Astrofisica, Instituto de Astrofisica de Canarias, and the Australian National University in scientific collaboration.

CaNaPy aims at further maturing the LGS-AO technologies, assessing the feasibility and performance of new techniques and approaches in view of future LGS-AO instruments. Demanding technical requirements of LGS-AO for very large telescopes show clear synergy with the extreme requirements of LGS-AO for space applications, such as optical communications through the atmosphere, hence the interest of ESA in participating, providing also telescope infrastructure and support.

CaNaPy will initially explore three technological developments: the uplink laser beam pre-compensation for minimal LGS spot size at the mesosphere; the use of a pre-compensated, pulsed LGS in closed loop with a Pyramid WFS to optimise the corrections in the visible; the feasibility of the time-delay method, using the monostatic configuration, to derive the atmospheric tip-tilt from the LGS itself. For future extension of the LGS-AO configuration to larger diameter telescopes, the dynamic refocusing technique -e.g. at the VLT and ELT scale. This last one is a separate experiment designed to demonstrate the feasibility of the LGS spot tracking at ELT scales (planned to use the 4.2-m William Herschel Telescope at Roque de los Muchachos Observatory).

Figure 1. Scheme of a LGS system. Left: bistatic configuration, with two different telescope pupils used for launching and receiving the laser beam. This configuration corresponds to the LGS-AO in operation at major observatories. Right: monostatic configuration, with a single telescope pupil for launching the laser beam and receiving the LGS photons. The monostatic configuration scheme represents also the CaNaPy configuration, in which the same deformable mirror is correcting both, the uplink and downlink beams

Uplink Pre-Compensation

The DM pre-compensation of the uplink guidestar laser beam reduces the LGS spot size in the mesosphere, ideally up to the diffraction limit. The smaller LGS increases the Sodium optical pumping effect and, even more important, the sensitivity of the LGS Pyramid WFS (Py-WFS) for a given flux. The larger the monostatic aperture telescope, the larger the WFS sensitivity gain. With this experimental configuration, producing the smallest possible and round LGS, the Pyramid WFS indeed will work at its best -taking advantage of the full aperture resolution and of the AO correction at the wavefront sensing wavelength. Reducing the LGS spot size on the sodium layer consequently relaxes the requirement on laser power and, when using a pyramid WFS, it increases the sensitivity on the closed loop wavefront residual errors -making this development a strong driver for future visible wavelength LGS-AO.

Gavel et al, 2008 [START_REF] Gavel | Visible light laser guidestar experimental system (villages): on-sky tests of new technologies for visible wavelength all-sky coverage adaptive optics systems[END_REF] predicted a reduction of the LGS FWHM by a factor of 2.5-3 depending on the seeing conditions and the AO performance in a monostatic configuration of the laser launching system.

Monostatic Propagation

The CaNaPy system will propagate the guidestar laser (589 nm) using the monostatic configuration through the entire 1-m Optical Ground Station (OGS) telescope. In this configuration, the whole telescope aperture is used for both the launch of the laser (in pulsed mode) and the reception of the LGS photons (Figure 1(right))

One characteristic of the monostatic configuration is that the uplink and downlink tip-tilt induced by the atmosphere will cancel out, however with a small residual due to the time delay between the uplink and downlink beams crossing the atmospheric turbulent layers -which is the derivative of the wavefront tip-tilt (TT, image LGS with a single telescope for launching and receiving the laser beam. A pulsed laser with a refocusing system allow the instrument to see the LGS with reduced vertical extension. motion) signal. The time delay for TT retrieval on LGSs was first proposed by Roberto Ragazzoni in 1996 [START_REF] Ragazzoni | Propagation delay of a laser beacon as a tool to retrieve absolute tilt measurements[END_REF] but never attempted, requiring a monostatic configuration; one of the scientific targets of CaNaPy is the validation of the time delay method to measure atmospheric tip-tilt from the LGS itself, to reach 100% of sky coverage in LGS-AO systems. The experiment will be attempted after the CaNaPy Commissioning.

LGS Spot Tracking

The spot tracking or dynamic refocusing of a pulsed laser guide star (Figure 2) allows collecting the return photons emitted from the travelling pulse at different altitudes in the Sodium layer by refocusing the wavefront sensor in synchronous operation. It produces a single, round, focused spot. This is an operation mode which would require a 589nm laser with 3-5 microsec pulses and a duty cycle of about 30, a format for which laser development would be necessary. This operation mode has been tested in operation on 8m telescopes. It eliminates the elongation of the LGS, providing at the same time the sodium profile and its centroid, another way of eliminating the need of a focus truth sensor in LGS-AO systems. It will also reduce the need of larger CCDs in Shack-Hartmann wavefront sensors, and optimise pupil plane wavefront sensing, specifically the use of the Py-WFS with laser guide stars.

An AO system implementing the spot tracking method would be equivalent to having a single Sodium layer with small thickness located at a specific height.

MODELLING CANAPY

End-to-end numerical simulations have been performed using a modification of the PyrAmid Simulator Software for Adaptive opTics Arcetri, PASSATA [START_REF] Agapito | PASSATA: object oriented numerical simulation software for adaptive optics[END_REF], an object-oriented simulation software based on IDL and developed by INAF. PASSATA models the behaviour of the entire adaptive optics system. In this work, we used the calibration approach for the Py-WFS described in Agapito et al. 2023 [START_REF] Agapito | Non-modulated pyramid wavefront sensor. Use in sensing and correcting atmospheric turbulence[END_REF] to take into account the partial correction in which the sensor operates, with the special feature that here we also considered the laser spot size in calibration.

Atmosphere Model

The Teide Observatory atmospheric turbulence is defined by the refraction index structure constant Cn2 and wind profiles measured on site. The atmospheric model has been implemented in PASSATA by considering the average night-time Cn2 and wind profiles measured at Teide Observatory [START_REF] Garcia-Lorenzo | Statistical structure of the atmospheric optical turbulence at teide observatory from recalibrated generalized scidar data[END_REF], where the OGS is located. The atmospheric average Cn2 profile in Figure 3 

Launch System: Monostatic vs Bistatic

CaNaPy utilises only monostatic propagation.

The monostatic propagation has been modeled assuming a 1-m telescope that is common for both, the launch system of a 20W equivalent power pulsed laser and the receiver aperture of the LGS photons. The telescope has been modelled taking into account the Optical Ground Station main parameters: 1-m primary mirror with a central obscuration of 35%.

The OGS secondary mirror would introduce significant central vignetting losses on the uplink laser beam; CaNaPy has a double-axicon shaping module to overcome the obstruction losses the OGS secondary mirror, by trasforming the gaussian laser beam into a ring matching the telescope pupil, thus modifying the uplink laser beam shape. The axicon module will generate a zero-order Bessel profile in the laser beam whose central obstruction matches the one of the 1-m telescope (Fig. 4)

In the monostatic launch (Figure 1, right), a pulsed laser of 20W equivalent power is propagated using the whole Optical Ground Station aperture (diameter = 1 m and 35% obstruction ratio). The axicon electric field is implemented on the launch pupil. The deformable mirror (DM) compensates the upwards propagation path and the LGS photons travelling downwards from the sodium layer to the receiver OGS telescope. The downlink tip-tilt (TT) from the LGS is quasi-compensated by the uplink tip-tilt of the guidestar laser, resulting on a small differential TT; as for the remaining of the paper, there is no correction applied to this differential TT in the monostatic launch (TT gain = 0). The bistatic propagation (Figure 1, left) is the conventional configuration of the LGS-AO systems in most astronomical observatories. It assumes the use of two separate telescopes for launching the guidestar laser and for receiving the LGS photons. In the bistatic configuration, a 60W CW laser is launched by a 30-cm telescope without central obstruction located 2 m away from the receiver; hence, transmitter and receiver have different pupils. In the bistatic launch, the uplink jitter of the LGS is corrected by a tip-tilt mirror on the upwards propagation path (TT gain = 0).

Laser Guide Star Model

The Laser Guide Star, reference source for the pyramid wavefront sensor, has been modelled using the expected photon return on the ground for a 20W equivalent power of the CaNaPy pulsed laser in monostatic configuration, and for a 60W CW laser to be used in bistatic mode, both at the Sodium wavelength (589 nm).

An extended LGS has been modelled taking into account both vertical (due to the multi-layer Sodium profile) and horizontal extension (due to the natural beam divergence (Fig. 5).

A real, representative profile of the Sodium layer measured at Teide Observatory has been used for the vertical extension of the LGS (Fig. 6). For this modelling, the profile has been discretised into 10 layers with altitudes ranging from 76 km to 105.7 km.

Based on the ESO AOF 4LGSF operation statistics from 2016 to 2020, the median photon flux is expected to be 1.2e7 ph/s/m 2 at the ground. By taking into account the WFS detector quantum efficiency (QE=0.9 in the case of the OCAM2S) and the throughput of the whole system (OGS throughput 0.88 x CaNaPy optical path throughput 0.82 = 0.722), the photon flux at the detector will be 7.9e6 ph/s/m 2 . The LGS photon flux has been set up within the simulation framework and verified to be the correct number for the OGS collecting aperture of 0.69 m 2 .

Wavefront Sensor and Deformable Mirror

CaNaPy uses an unmodulated pyramid wavefront sensor (Py-WFS) to measure the higher order modes of the atmospheric turbulence, and a Shack Hartmann WFS (SH-WFS) for tip-tilt and focus at 750 nm. The time delay method [START_REF] Ragazzoni | Propagation delay of a laser beacon as a tool to retrieve absolute tilt measurements[END_REF] will also be tested in CaNaPy to measure the differential tip-tilt (between upwards and downwards propagation) on the LGS and try to derive the absolute tip-tilt on the LGS. This modelling, however, does not use the tip-tilt derived from the PyWFS measurements, but the one measured with the SH-WFS.

All the noise sources have been considered in the modelling of both wavefront sensors.

The deformable mirror configuration that has been implemented in the simulations is the CaNaPy ALPAO 97-15 DM with the real influence functions measured in the CaNaPy test bench. The laboratory influence functions fit 55 Karhunen-Loeve modes. The effect of the edge actuators on the DM has also been introduced based on the interferometrically measured ALPAO 97-15.

Modal Gain Optimisation

Modal gain optimisation has been implemented in PASSATA. The AO control optimisation minimises the propagation of all error terms in time-varying conditions based on an algorithm called Modal Gain Machine [START_REF] Agapito | Advances in control of a pyramid single conjugate adaptive optics system[END_REF]; the minimisation criteria is based on the estimated residual phase derived from the pseudo-open loop signals and also considers the sensitivity loss of the pyramidal wavefront sensor, also known as optical gain. Each mode is automatically optimised 'online' while the AO loop is running. Figure 7 shows an example of the automatic optimised gain per mode in the CaNaPy simulation (this case corresponds to the 1 arcsec seeing + 2 KHz AO loop).

Geometrical vs Physical Optics Propagation

PASSATA incorporates now, as outcome of the CaNaPy simulations, both geometrical and physical optics propagation methods, which consider the time delay between the laser's upward journey to the Sodium layer and the downward return of the LGS flux from the Sodium layer to the telescope aperture. Additionally, these methods account for the distances between the various finite atmospheric layers defined within the simulation framework and the telescope's pupil. It is important to note that upward and downward tip tilts are required to have opposite signs.

The physical optics implementation is based on the angular spectrum propagation method [START_REF] Goodman | Introduction to Fourier Optics[END_REF]; This approach proves valuable in addressing additional laser propagation effects, such as scintillation. Recently, PASSATA has incorporated this method and successfully validated it against other software tools for LGS propagation from the OGS up to the mesosphere. It has also been compared with geometric propagation in a NGS AO system. Further advancements have been made to automate sampling and zero padding processes, as well as to generate the necessary extended phase screens.

In the context of CaNaPy, it's worth noting that the LGS at the Mesosphere is not in the far field, resulting in closely aligned results between geometric and physical optics propagation. Consequently, for some simulation cases, geometric propagation has been selected as the preferred method.

SIMULATION CASES

All simulation cases have been explored under for two different seeing conditions, 0.7" and 1", associated with two different loop speeds, 1kHz and 2kHz.

Simulation Framework

The CaNaPy simulation framework is summarised in Table 1.

Performance Metrics

The key performance metrics encompass the following: the full width at half maximum (FWHM) of the LGS in long-exposure images at the mesosphere; the long-exposure Strehl Ratio (measured at 589nm) of the LGS at the mesosphere; the long-exposure Strehl Ratio (measured at 589nm); and the FWHM for the image of the LGS as observed by the Pyramid Wavefront Sensor (WFS), result of convolving the "extended object" LGS at the mesosphere with the Point Spread Function of the LGS-AO system.

Monostatic Launch vs Bistatic Launch

The primary focus in the CaNaPy simulation centers around the comparison between the two distinct laser launch scenarios. The first scenario involves monostatic launch employing a 20-watt laser in pulsed mode, complemented by uplink pre-compensation. In contrast, the second scenario adopts a bistatic approach, employing a continuous-wave laser with an output of 60 watts, with uplink tip-tilt compensation as the only correction applied. This comparison effectively mirrors the conventional laser launch methodology, where a 589nm laser 

Scattering effect

A thorough examination of the Rayleigh background noise arising from the monostatic propagation of the 1-meter launch has been conducted by an external party. The results and findings from this analysis have been incorporated into the numerical simulations. The investigation included the assessment of two different field stop sizes: one with a diameter of 1 arcsecond and the other with a diameter of 0.5 arcseconds.

RESULTS

This section summarises the outcome of the CaNaPy simulations including the comparison between the monostatic launch using 20W in pulsed mode, with uplink pre-compensation, and the bistatic mode using 60W continuouswave, with only tip-tilt compensated in the uplink, and the effect of the Rayleigh scattering in monostatic configuration.

Table 2 summarises the CaNaPy performance in monostatic and bistatic configurations. Simulations have been run for two different seeing conditions, 0,7" and 1", associated with two different loop speeds, 1kHz and 2kHz.

Even for the worst seeing conditions (1"), the long exposure FWHM of the LGS spot at the mesosphere shrinks from 0.708" to 0.165" (close to the telescope diffraction limit) thanks to the uplink pre-compensation (Figure 8). Reducing the LGS spot size largely improves the sensitivity of the Py-WFS with an increase to 17.36% (monostatic) from 2.40% (bistatic). Notice that the monostatic configuration performs best in a slower AO loop due to the laser pulsing and the consequent reduction in power. Notice the reduction in the turbulence residual on both upwards (red) and downwards (green) propagation in the monostatic configuration, and only on the downwards (green) propagation using the bistatic approach. The impact of Rayleigh background noise in a monostatic configuration is detailed in Table 3 for two different zenith angles (θ). The long exposure Strehl in the Py-WFS shows a slight reduction when Rayleigh background noise is introduced, and this reduction becomes more pronounced at lower elevation angles. However, when a field stop with a size of 0.5" is introduced, it recovers 95% of the original Strehl, which does not include Rayleigh background noise. The 0.5" field stop is positioned on the optical path to the LGS Py-WFS, which measures the LGS in a monostatic configuration. Therefore, the only tip-tilt in the LGS image is the time-delay-induced differential tip-tilt, on the order of milliarcseconds. 

APPLICATION TO LARGE TELESCOPES

The ultimate goal of CaNaPy is the validation of novel technological development for their application to the large and extremely large telescopes. Therefore, the comparison between the monostatic and the conventional bistatic configurations with and without LGS spot tracking has been extended to the 8-m class and the 39-m class telescopes (specifically the VLT, an European Southern Observatory facility located at Paranal, Chile, and the E-ELT, the future European Extremely Large Telescope).

The expected sensitivity of the Py-WFS has been analysed and compared in the following cases: (1) Monostatic, uplink correction with spot-tracking and dynamic refocusing; (2) Monostatic uplink correction without spot tracking; (3) Bistatic with dynamic refocusing; and (4) Standard Bistatic.

Figure 11 and Figure 12 present the sensitivity of the Py-WFS defined by the RMS of the WFS slope signal for an input aberration of 1 nm. The monostatic launch with dynamic refocusing would increase the Py-WFS sensitivity by more than 1 order of magnitude in the VLT case and by ≈2 orders of magnitude in a 39-m class telescope. It would allow to derive tip-tilt from LGS with the time delay method. 

CONCLUSION

The CaNaPy end-to-end numerical simulation has demonstrated that monostatic propagation offers better performance compared to the conventional bistatic approach. When utilising the monostatic configuration along with uplink correction, the Full Width at Half Maximum (FWHM) of the laser guide star spot in the mesosphere is reduced by more than 75%, even under the worst seeing conditions considered (1 arcsec). We extensively investigated the impact of noise background due to Rayleigh scattering in monostatic launches. With the introduction of a field stop measuring 0.5 arcsec in size, the original long exposure Strehl ratio is restored to 95%.

The monostatic configuration enables the system to maximise the sensitivity of the Pyramid Wavefront Sensor (Py-WFS) with a smaller spot, approaching the diffraction limit, thanks to the uplink correction. In contrast, the bistatic configuration forces the pyramid WFS to operate with lower sensitivity due to the seeing-limited spot in the mesosphere.

The CaNaPy analysis has been extended to the 8-m class and the 39-m class telescopes. In this preliminary analysis, we've compared monostatic launch and conventional bistatic setups, both with and without LGS spot tracking. Our findings show that utilizing a monostatic launch with dynamic refocusing can significantly enhance the Py-WFS sensitivity. In the case of the VLT, sensitivity increases by over one order of magnitude, while for a 39-meter class telescope, it increases by approximately two orders of magnitude. This enhancement enables better performances of LGS-AO. The derivation of tip-tilt information from LGS using the time delay method remains to be validated experimentally with CaNaPy, and via numerical simulations using the PASSATA code.

An important goal of monostatic propagation with uplink pre-compensation is for the CaNaPy team, to explore the feasibility of the time delay method [START_REF] Ragazzoni | Propagation delay of a laser beacon as a tool to retrieve absolute tilt measurements[END_REF] for tip-tilt retrieval with laser guide stars. Together with dynamic refocusing it would allow to achieve 100% sky coverage. Currently, we are simulating the differential tip-tilt (derivative of absolute tip-tilt) between upward and downward propagation for a laser guide star, as well as analysing the signal measured by the Py-WFS above the noise threshold. A dedicated publication will follow.

Figure 2 .

 2 Figure 2. Scheme of a monostaticLGS with a single telescope for launching and receiving the laser beam. A pulsed laser with a refocusing system allow the instrument to see the LGS with reduced vertical extension.

Figure 3 .

 3 Figure 3. Night-time average atmospheric model at Teide Observatory, extracted from [6]. (a) Average Cn2 profile; (b) Average wind profile.

Figure 4 .

 4 Figure 4. Light distribution of the annulus generated by the axicon pair from a collimated Gaussian beam[7].

Figure 5 .

 5 Figure 5. Simulated extended object with PASSATA for the monostatic case with a vertical extension seen by the PWFS (notice that in the bistatic case, the vertical extension is tilted).

Figure 6 .

 6 Figure 6. Sodium Layer profile measured at Teide Observatory[START_REF] Castro-Almazan | Na lgs height profiles at teide observatory , canary islands[END_REF] 

Figure 7 .

 7 Figure 7. Automatic optimised gain per mode in the CaNaPy simulation based on the Modal Gain Machine algorithm[9]. Plot corresponding to the monostatic simulation with 1 arcsec seeing and 2 KHz AO loop. Colours represent successive optimisations.

Figure 8 .

 8 Figure 8. Long exposure PSF at the mesosphere: (a) framerate 1 KHz and 0.7 arcsec seeing; (b) framerate 2 KHz and 1 arcsec seeing.

Figure 9

 9 Figure9shows the CaNaPy performance in modal decomposition for the monostatic (a) and bistatic (b) configurations with 55 corrected modes for the worst turbulence case under analysis (1" and 2KHz AO loop).

Figure 9 .

 9 Figure 9. Modal decomposition in monostatic (a) and bistatic (b) configurations for the 55 corrected modes; worst atmospheric turbulence under study: 1" seeing and 2 KHz AO loop. In black turbulence without correction for upwards and downwards propagation of the LGS.

Figure 10 illustrates

 10 Figure10illustrates the impact of Rayleigh scattering on the long exposure FWHM of the Point Spread Function (PSF) at the Py-WFS for various elevation angles. At lower elevations, the increased airmass results in a stronger level of turbulence, which in turn leads to a wider PSF at the Py-WFS.

Figure 10 .

 10 Figure 10. Scattering effect in the long exposure PSF at the Py-WFS in monostatic configuration with a 1-arcsec field stop for zenith angle θ= 30 o (top) and zenith angle θ= 60 o (bottom). Simulation case corresponds to atmospheric seeing 0.7" and 1 KHz AO loop.

Figure 11 .

 11 Figure 11. RMS of the WFS signal (slope) for an aberration with an input wavefront RMS of 1nm showing the Py-WFS sensitivity for several launch configurations for a 8-m class telescope.

Figure 12 .

 12 Figure 12. RMS of the WFS signal (slope) for an aberration with an input wavefront RMS of 1nm showing the Py-WFS sensitivity for several launch configurations for a 39-m class telescope. Only the first 10 modes have been simulated because of the long simulation time.

  

Table 1 .

 1 CaNaPy Simulation Framework

		CaNaPy	
	ATMOSPHERE	C 2 n profile	Teide Observatory[6]
		Wind profile	Teide Observatory[6]
		Seeing	0.7 arcsec / 1 arcsec
	TELESCOPE	D	1 m
		Robs	0.35
		Throughput	0.722
		Zenith angle	30 •
		Pupil phase array	120 px
	LASER GUIDE STAR Photon flux at the ground 1.2e7 ph/s/m 2
		Na layer profile	Teide Observatory [8]
	LGS PY-WFS	Pupil size	40 px
		Distance between pupils	72 px
		Field of view	5 arcsec
		Modulation radius	0λ/D
		Wavelength	589 nm
		Detector	OCAM2S
	NGS SH-WFS	N subapertures	12
		Pixel/subaperture	10 px
		Field of view	9.28 arcsec
		Wavelength	750 nm
		Detector	OCAM2S
	DEFORMABLE	KL Modes	55
	MIRROR	Influence function	ALPAO 97 (measured)
	AO CONTROL	Type	Modal integrator
		Delay	2 frames
		Loop rate	1 KHz / 2 KHz
	is transmitted from a separate laser launch telescope positioned off-axis from the OGS, without uplink phase
	conjugation, and received from the full aperture of the OGS telescope.	

Table 2 .

 2 Monostatic vs Bistatic in CaNaPy with a vertically extended Sodium layer. LE-Long Exposure..

	Configuration	Loop Rate	LGS Py-WFS	LGS LE FWHM
		and Seeing	LE Strehl @ 589 nm [%]	at 90 km [mas]
	Monostatic	1 KHz 0.7 arcsec	22.80	163
		2 KHz 1 arcsec	17.36	165
	Bistatic	1 KHz 0.7 arcsec	3.22	672
		2 KHz 1 arcsec	2.40	708

Table 3 .

 3 Rayleigh effect in the CaNaPy performance in monostatic configuration (seeing 0.7" + 1 KHz) for several zenith angle (θ); no bg refers to the 'no Rayleigh background' case

			θ = 30 o			θ = 60 o	
	Field Stop diameter	1"	1"	0.5"	1"	1"	0.5"
	Avg scattering						
	background [ph/ms]	0 (no bg) 5.36e3 1.33e3	0 (no bg) 9.67e3	2.44e3
	Avg LGS signal [ph/ms] 3.31e3	3.31e3 3.26e3	1.45e3	1.45e3	1.40e3
	Py-WFS LE Strehl						
	Ratio @ 589 nm [%]	22.80	21.23	21.73	12.55	10.72	12.12