
    
      Fig. 3. 
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3D view of the corrective optics. The ALPAO DM241 is mounted in a large stroke gimbal tip-tilt mount. The assembly, installed inside the right Nasmyth assembly, can easily be removed when/if a re-calibration of the DM is needed.



    

  
    
      Fig. 5. 
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Radial modes are designed piston-free inside the 28 mm pupil, and over the full clear aperture. Left: profile of the defocus mode. Right: when the defocus mode is also piston-free over the full clear aperture, the 500 Hz resonance is not excited as much.



    

  
    Table 2. 

WFS camera operation parameters listed in increasing sensitivity order.




	Frequency
	EM Gain
	Crop
	HS Speed
	RON
	CIC



	Hz
	
	
	MHz
	e−
	e− pix−1






	500
	×1
	Y
	10
	64.8
	0.036



	500
	×10
	Y
	10
	6.48
	0.036



	500
	×100
	Y
	10
	0.648
	0.036



	100
	×100
	Y
	5
	0.383
	0.036



	50
	×200
	N
	10
	0.324
	0.012






Notes. The table lists: the frequency, the electron multiplication (EM) gain and the horizontal shift (HS) speed. Based on these parameters, the readout noise (RON) and clock-induced charges (CIC) performance improves, at the expense of saturation level first, as the EM gain increases, and latency then, as the frequency decreases.




  
    
      Fig. 7. 
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NAOMI control loop block diagram. The image stream from the WFS is converted into sub-aperture slope residuals by the WPU. The slope residuals are converted into mode residuals by matrix vector multiplication with the S2M matrix. Operating in parallel, the broad-band IIR and the AVC convert the mode residuals into a combined DM modal command when the control loop is closed. When chopping, a DM pre-tilt is added in the “star” state, and the DM is offset to in the “sky” state. The DM modal command is converted into actuator voltages by matrix vector multiplication with the M2DM matrix. The S2M matrix is rotated by θWFS/DM to keep the modes aligned with the DM. The chopping offset and pre-tilt are rotated by θDM/SKY to keep the chopping direction fixed on sky. To compensate for the temperature dependance of the DM, the M2DM matrix is scaled by the DM temperature TDM.



    

  
    
      Fig. 10. 
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Measurements (dots) and models (lines) for the wavefront transfer function for the three loop frequency and gain settings adopted for the NAOMI system. The settings are defined by the loop frequency (f), the HS speed, the crop (crop = 1) or region of interest (crop = 0) mode, and the integrator gain (KI). The total delay (T) and the −3 dB bandwidth (BW) of the models are also given. Measurements and models are in agreement, confirming that the delays and scaling of the control loop are properly accounted for. See Sect. 3.1 for details.



    

  
    
      Fig. 11. 
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NAOMI control loop model. The incident wavefront W is compensated for by the command C applied on the DM. The residual wavefront R is averaged over the integration time Ti by the WFS, delayed by Td, integrated by a controller with a gain KI, and converted into commands C by an digital-to-analog converter (DAC). The cycle time Tc is the inverse of the loop frequency. The pure delay Td includes contributions from the camera frame transfer and readout time, the RTC computation time, and the DM response time. The Laplace transform of each idealised operation is shown above its respective block.



    

  
    
      Fig. 12. 
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Piston conversion factor for each mode of each AO system, measured by injecting a modulation on the DM and detecting it with the GRAVITY fringe tracker. The conversion factor is the ratio between the piston measured in μmrms and the modal modulation in μmrms. A model with optimal single-mode apodisation confirms the high conversion factors for radial-only focus and spherical modes; the amplitude mismatch arises because the DM gain (see Sect. 2.1) was not yet corrected at the time of the measurement. The small conversion factor for tip-tilt is compatible with a small 2.5% photometric pupil shift. All other modes show little conversion factor, probably within the noise of the measurement.



    

  
    
      Fig. 13. 
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Non-common path aberrations measured between NAOMI and the IRIS tip-tilt sensor of the VLTI.



    

  
    
      Fig. 14. 
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Typical instantaneous injected flux histograms for the GRAVITY fringe tracker for STRAP and NAOMI, in median seeing conditions. The P5%/P95% metric, ratio of the injected fluxes at 5% and 95%, is derived from these histograms. STRAP at P5%/P95% = 0.22 has significantly more events at low flux than NAOMI at P5%/P95% = 0.58.



    

  
    
      Fig. 15. 
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Comparison between STRAP tip-tilt and NAOMI AO of the P5%/P95% injection metric histograms for the GRAVITY fringe tracker. The flux dropouts, represented by P5%/P95% values close to zero, are significantly reduced by NAOMI.



    

  
    
      Fig. 16. 
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Correlation between the GRAVITY fringe tracker residuals and the P5%/P95% injection stability metric, comparing STRAP and NAOMI. With NAOMI, the fringe tracking residuals tend to stay in the 80 nm–150 nm range because the P5%/P95% >  0.5 injection stability is high. This figure does not include 20% of the open-dome nights with wind speeds higher than 9 m s−1, where telescope vibrations affect fringe tracking residuals (Woillez et al. 2016).
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