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ABSTRACT  

SHARK-NIR is a high-contrast camera for the LBT, it has been conceived and designed to fully exploit the high Strehl 

ratio adaptive optics correction delivered by the FLAO module, which is being upgraded to SOUL, and will implement 

different coronagraphic techniques, with contrast as high as 10-6 down to 5 mas from the star. To maximize the achievable 

contrast, SHARK-NIR implements a couple of peculiar features, namely a fast internal TT loop to minimize the residual 

jitter and a local non-common path aberration correction, applied through an internal deformable mirror.   

To derive instrumental aberrations, one option is to use the phase diversity technique, which allows wavefront sensing by 

using two images in intrafocus and extrafocus positions. To calibrate this sensor, we initially assembled a dedicated optical 

bench equipped with a deformable mirror and a fast IR camera. To characterize phase diversity under more general 

conditions and independently from the SHARK-NIR setup, we focused then on a new simple test bench, implementing a 

new (multi-actuator) deformable lens able to reproduce low order aberrations up to 4th order of Zernike polynomials, as 

an aberration generator. The optical design is simpler and cheaper than using a deformable mirror, which requires a folded 

optical path and more optics. In this case we used an interferometer to characterize the linearity of the aberration generator 

and the phase diversity is used for sensing non-common path aberrations (NCPA) in SHARK-NIR. 

Keywords: deformable lens, phase diversity, SHARK-NIR, wavefront sensing, wavefront correction 

1. INTRODUCTION

Phase diversity 1 (PD) is a focal plane wavefront sensing technique that allows to retrieve the phase aberration introduced 

by a camera starting from two images of whatever object, one of which (the diverse image) is intentionally corrupted by a 

known aberration. This technique is used for sensing non-common path aberrations (NCPA) in SHARK-NIR2, the new-

generation high-contrast imager for the Large Binocular Telescope (LBT), now in pre-commissioning phase3 4. 

Figure 1 Phase diversity use a set of intra and extra focus images. Here are the images of the set without aberrations. 
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Phase diversity uses a set of intra- and extra-focus images, as show in the schema of Figure 1. To test the phase diversity, 

we mount a dedicated test bench composed of: an interferometer to test the correct aberration introduced by the deformable 

lens, a flat reference mirror for the double pass interferometric test, a lens to introduce known aberrations along the optical 

path, and a Shack-Hartmann test bench to characterize the reference flat of the lens. Images collected before and after the 

focus are pre-reduced and used to perform Phase Diversity5. 

2. DEFORMABLE LENS 

The deformable lens (AOL1816, Dynamic Optics srl) used in this work is composed by two thin flexible glass membranes 

(200um thick). The lens has a clear aperture of 16mm, with a diameter of 61mm, the actuators show a response time below 

2.5ms and is capable of these amount of aberrations (specification sheet) listed in Table 1. The transmission curve of the 

deformable lens allows for work from 400nm to 1200nm, see Figure 2. The space between the membranes is filled with a 

transparent gel. Each of the glass membranes is bonded to a piezoelectric actuator with a ring shape. Each ring is divided 

into nine independent segments for a total of 18 actuators. Each actuator can be driven independently with a voltage range 

of +/-125V 6. The deformable lens can generate aberrations up to the fourth order of the Zernike polynomial with a response 

time of about 2ms. This type of wavefront corrector has been successfully used in different applications, including 

astronomical instruments 7 8. The picture below shows the response function of each single actuator Figure 3, and the 

amplitude of the Zernikes mode Figure 4.  

Table 1 Zernike polynomials in closed loop (16mm aperture lens, 1wave=0.633nm) 

Aberrations Peak to Valley (waves@633nm) rms (waves@633nm 

Tip 33.0 9.0 

Tilt 32.5 9.0 

Vertical Astigmatism 19.0 4.0 

Defocus 12.0 3.0 

Oblique Astigmatism 16.0 3.8 

Vertical Trefoil 11.0 1.7 

Vertical Coma 5.0 0.8 

Horizontal Coma 4.5 1.0 

Oblique Trefoil 7.0 1.5 

Vertical Quadrifoil 6.8 0.7 

Vertical Secondary Astigmatism 3.1 0.3 

Horizontal Secondary Astigmatism 3.1 0.3 

Oblique Quadrifoil 6.3 0.6 

Primary Spherical 1.0 0.2 

 

 

Figure 2 Transmission spectrum of the adaptive lens 
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Figure 3 Response function of deformable lens actuators (interferograms @633nm) 

 

Figure 4 Zernike modes of the deformable lens. 

 
To characterize the response of the deformable lens, we applied to the deformable lens variable aberrations, from -0,12 to 

0,12 waves @633nm corresponding to ±76 nm maximum with 6 nm steps. For each step, we measure with the 

interferometer the amount of aberrations. Figure 5 to Figure 9 show, for each aberration, the amplitude of the response of 

the lens along the value of aberration pushed. 

 

 
Figure 5 Response of the deformable lens to change in astigmatism X aberration 
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Figure 6 Response of the deformable lens to change in astigmatism Y aberration 

 

 
Figure 7 Response of the deformable lens to change in coma X aberration 

 

 
Figure 8 Response of the deformable lens to change in coma Y aberration 

 

 
Figure 9 Response of the deformable lens to change in spherical aberration 
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3. TEST BENCH 

To test the phase diversity we mount a dedicated test bench, see schema in Figure 10 and image of the bench in Figure 11, 

composed of (1) interferometer to test the correct aberration introduced by the (2) deformable lens, (3) folding mirror on 

translation stage introduced for illuminate the phase diversity arm, (4) flat mirror for the double pass interferometric test, 

(5) lens to create images aberrated on the CCD mounted on a translation stage. The ccd camera acquires images at a 16bit 

dynamic range with a pixel of 2,4 microns. The focusing lens with focal of 250mm at 633nm is set to F/# of 15.6. Each set 

of images was acquired with a stack of 10 images, subtracted by a dark image. The images are then coaligned, using a 

Gaussian fit for images near the focus and the Fast Library for Approximate Nearest Neighbors (FLANN) 9 for defocused 

images. The CCD was moved to different positions corresponding to a defocus of 1, 1.5, 2 e 2.5 lambda PtV. The images 

were acquired with the CCD moving to intra- and extra-focus positions of 0.0. +1.233. +1.849. +2.464. +3.082. -1.233. -

1.849. -2.464. -3.082. 

 
Figure 10 Diagram of the test bench. Left Shack-Hartmann bench to characterize the deformable lens. Right-hand setup 

to perform the phase diversity. 

 

 
Figure 11 Image of the two sets of devices installed on the same optical bench. 

 
A second Shack-Hartmann test bench, controlled in closed loop, was used to characterize the reference flat of the 

deformable lens. It is composed of (7) laser source, (8) deformable lens, (9) beam splitter, (10) Shak-Hartmann wave 

sensor, (11) PSF camera. Two lenses, L1 and L2, are used to put the deformable lens in a collimated beam, refocused to 

observe the PSF or perform close-loop wave front correction. With the proprietary software of the deformable lens, we 

place the actuator to minimize the aberration of the lens. In Figure 12 an interferogram of the lens near a flat surface is 

shown, in this case 0,018 waves (11 nm) RMS. We move the lens in front of the interferometer and start aberration 
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generation by checking with the interferometer the corresponding amount of aberrations used. By inserting the folding 

mirror (3) we collect intra- and extra images used for phase diversity. 

 

 
Figure 12 Interferogram of the deformable lens in the positions of reference flat. 

 

 
On SHARK-NIR the phase diversity is performed using two different fiber optics 9, one used to generate a reference spot, 

and the other positioned out of focus in the scientific camera. To simulate the defocused fiber, we use the image that 

corresponds to +1.233mm on defocus. In the final setup of SHARK, two different lenses, with opposite power but same 

focal length, which allow for 6 different combinations of images in intra- and extra-focus are presented. 

We push the lens over astigmatism, coma, and spherical aberration, from -0.12 to 0,12 waves at 633nm (± 76 nm). The set 

of 9 acquired images is subtracted by dark, and we compute phase diversity above all possible combinations of two or 

more images, 502 combinations in total. 

4. PHASE DIVERSITY 

Phase diversity10 is based on the simultaneous recording of two or more quasi-monochromatic images. In the first image, 

it is recorded in the focal plane of the optical system. The second image is recorded in an out-of-focus plane. 

The distance between these two planes is calibrated and corresponds to a small defocus. The relation between the image 

and the aberrated phase is nonlinear: no analytical solution exists to derive the latter from the former. The phase can thus 

be estimated iteratively by minimizing a given criterion. In this work we adopted an optimized method based on a 
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maximum a posteriori (MAP) approach. This method basically consists of maximizing the likelihood of the data once a 

theoretical model for the data themselves is chosen. 

 

All images are collected and analyzed using a dedicated Python code. We present a selection of intrafocal and extrafocal 

plane images with the camera at 3.082mm (2.5 lambda in defocus), corresponding to the maximum amount of astigmatism 

(Figure 13) and Coma and spherical aberrations (Figure 14).  

 

 
Figure 13 Images intra- and extra-focus of 3.082mm applying two different values, positive and negative same absolute 

values, for astigmatism X and Y aberrations. 

 

 
Figure 14 Images intrafocus and extrafocus of 3.082mm applying two different values, positive and negative, the same 

absolute values, for coma X and Y and spherical aberrations. 

 

Phase Diversity sensing was developed5 using IDL and the entire dataset counts more than 3000 raw images. In Figure 15 

the comparison between Phase Diversity using all 9 images (PD-9) and Zygo interferometer for each single mode 

aberration injected with DL. Zygo data points are the average of the two interferograms. The flat DL (top panel) shows a 

20nm overall discrepancy (mainly coma), which can be attributed to NCPA between the two sensing channels. To eliminate 

this contribution, we subtracted the respective flats from all of the measurements. In this way, the PD reconstructions 

match quite well with the Zygo measurements and individual aberrations are well recovered. The only notable 

discrepancies are in the defocus term. Defocus discrepancies are due to the fact that radial modes suffer from higher 

reconstruction uncertainties. Moreover, by looking at the interferograms, we noticed that the DL drifts in focus up to 40nm 

in the worst cases. Such a drift across the PD data set surely affects the reliability of the defocus estimation. No other mode 

exhibits significant drifts.  
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Figure 15 Comparison between Zygo measurements and PD reconstructions using the whole set of 9 images, for the 

single modes injected with the DL. 

 

5. CONCLUSIONS 

We used a previously characterized deformable lens to introduce known aberrations in an optical path. Using more images 

intra- and extra-focus, corresponding to a maximum of 2.5 waves in defocus, we used the Phase Diversity to reconstruct 

aberrations without wavefront sensor. This technique is used for sensing non-common path aberrations (NCPA) in 

SHARK-NIR, the new-generation high-contrast imager for the Large Binocular Telescope (LBT). The PD reconstructions 

match the Zygo measurements, and individual aberrations are well recovered. 
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