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We present our work on wavefront sensorless adaptive optics optical coherence 
tomography (WSAO-OCT) as a technique for in vivo high-resolution depth-resolved 
imaging that mitigates some of the challenges encountered with use of wavefront 
sensors. In WSAO-OCT, the Hartmann Shack wavefront sensor is replaced by a 
depth-resolved image-driven optimization algorithm, with the metric based on the OCT 
volumes acquired in real-time. A high-speed GPU processing platform and fast modal 
optimization algorithm was developed for real-time, in vivo retinal imaging. Image 
quality improvements with WSAO OCT are presented for both pigmented and albino 
mouse retinal data. We also describe WSAO-OCT for imaging the human photoreceptor 
mosaic in vivo at several eccentricities, and demonstrate the improvement in 
photoreceptor visibility with WSAO aberration correction. 
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The human eye continually moves even when we steadily fix our gaze on an object [1]. 
For many decades, cross-correlation has been the most widely used method for retinal 
motion extraction, and cross-correlation involves computing image intensities to 
maximize similarities between a pair of discrete rectangular images so that template 
location of the cross-correlation are related to detection accuracy[2,3]. 
In this study, we extended previous studies by rigorously evaluating the performance of 
cross-correlations to extract retinal motion. Correlation templates of different retinal 
features were used to determine the optimal template for retinal structures. We can 
draw a clear conclusion. The template employing distinct retinal vessels had the highest 
accuracy and stability, and characteristics of blood features are the best potential 
templates in the cross-correlation algorithm. The vascular pattern of the retina should 



be used as the main template cue for cross-correlation extraction of retinal motion. The 
essential reason is that the retinal background is fairly uniform, and vessels are shown 
very distinctly. Ordinarily, a variety of vessel bifurcation structures appear in retinal 
imaging sessions. As a result, vessel bifurcation or vessel features occupying 
approximately eight percent of the template area, which simultaneously has a 
non-uniform intensity distribution, are the optimal targets in cross-correlation templates 
for retinal motion estimations. 
 
R. W. Ditchburn and B. L. Ginsborg, “Vision with a stabilized retinal image,” Nature 170, 36-37(1952). 
S. B. Stevenson and A. Roorda, “Correcting for miniature eye movements in high resolution scanning laser ophthalmoscopy,” Proc. SPIE 
5688, Ophthalmic Technologies XV, 2005. 
C. Vogel, D. Arathorn, A. Roorda and A. Parker, “Retinal motion estimation in adaptive optics scanning laser ophthalmoscope,”  Opt. Express 
14, 487-497(2006).  
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We present our progress on developing Adaptive Optics enhanced multimodal mouse 
retinal imaging systems including stand alone, and combination of Fourier domain 
optical coherence tomography (FD-OCT) and Scanning Laser Ophthalmoscopy (SLO) 
systems. Combination of OCT with SLO allows for simultaneous detection of structural 
(back reflected light) and potentially functional (fluorescently emitted light) signals [1-2].  
We evaluated two ways of correcting ocular aberrations in the mouse eye. First one by 
using “classical” Wavefront Sensor (SH-WFS) and and a high-speed, high-stroke 
deformable mirror (DM): (DM-97-15; ALPAO SAS) based AO correction and second 
implementing a wavefront sensorless Adaptive Optics (WSAO) scheme utilizing the 
MEMS based tip-tilt DM: (PTT111; IrisAO Inc.) and intensity of en face images acquired 
by FD-OCT as a correction metric [3-4]. Optical design requirements of both wavefront 
correction approaches will be compared and discussed. Several imaging results of retinal 
microscopic structures acquired from retinas of several different mice strains will be 
provided and cross platform imaging results will be compared. Finally example 
application of our AO instrumentation to study animal models of human eye disease will 
be provided.  



 
[1] A. Z. Zam, P. ;  Pugh, E.N. Jr.;  Zawadzki, R.J., "Evaluation of OCT for quantitative in vivo measurements of changes in neural tissue 
scattering in longitudinal studies of retinal degeneration in mice," Proceedings of SPIE BiOS:  Optical Coherence Tomography and 
Coherence Domain Optical Methods in Biomedicine 8934, 6 (2014). 
[2] P. Z. Zhang, A. ;  Pugh, E.N. Jr.;  Zawadzki, R.J., "Evaluation of state-of-the-art imaging systems for in vivo monitoring of retinal 
structure in mice: current capabilities and limitations.," Proceedings of SPIE BiOS:  Optical Coherence Tomography and Coherence Domain 
Optical Methods in Biomedicine 8930, 9 (2014). 
[3] Y. Jian, R. J. Zawadzki, and M. V. Sarunic, "Adaptive optics optical coherence tomography for in vivo mouse retinal imaging," Journal of 
biomedical optics 18, 56007 (2013). 
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This article reports a real time, high speed swept source optical coherence tomography 
(SS-OCT) with 1310nm light source for the image guidance of glaucoma surgery. A 
SS-OCT and a microscope was integrated to image the surface and the tomography of 
the anterior segment in real time, making the anterior surgery become more visualized 
and more precise. A two graphics process units (GPUs) architecture was adopted to 
speed up the data processing and real time three dimension volumetric rendering. A 
Google glass was adopted as co-monitor to show the region of interested during surgical 
maneuvers, which can reduce the optical system’s complexity. Finally, experiments were 
underwent to verify this integrated system. 
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In this study we demonstrate the capabilities of an adaptive optics (AO) scanning laser 
ophthalmoscope (SLO)/ optical coherence tomography (OCT) instrument for retinal high 
resolution imaging. AO-SLO and AO-OCT images are recorded simultaneously with a pixel 
to pixel correspondence. Thereby a direct comparison between both imaging modalities 
becomes possible. One key factor of the system is an implemented active axial eye 
tracking for the OCT channel. This allows for fast recording of en-face OCT images with 



reduced motion artifacts. In addition time resolved measurements of retinal blood flow 
or frame averaging (for increased image quality) becomes possible. Finally, the system is 
equipped with a dynamic focus scheme which allows the maintenance of the high 
transverse resolution throughout the entire imaging depth. 
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A consensus is beginning to emerge that between two and three billion people in the 
world need corrective eyewear if they are to see as clearly as possible. Whilst one 
solution to this problem is to provide them with conventional eyeglasses to correct their 
refractive error, that turns out to be impossible to achieve without training a very large 
number of optometrists , and putting in place a large infrastructure, something which 
would be both expensive and lengthy.  
An alternative approach is to take advantage of the fact that everyone has an eye-brain 
adaptive optical system which has evolved over time to function very well. If a wearer is 
equipped with eyeglasses with simple lenses whose focus can be easily changed 
manually, then the wearer can effectively " piggy-back" on their own eye-brain adaptive 
optical system to find best focus,  and thereby correct their own refractive error with 
such glasses. Our clinical research has shown that this approach can work extremely well, 
as I will explain. Several challenges remain, and I will suggest how they might be dealt 
with. 
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The optical quality of the retinal images in the eye is influenced by aberrations and 
intraocular scattering [1]. While aberrations affects to the central part of point spread 
function (PSF), intraocular scattering produce a wide-angle halo. In most eyes, 
aberrations can be well approximated using Zernike polynomials up to the 4th or 6th 
order indicating characteristic sizes in the phase map on the scale of one millimeter. In 
the other hand, light scattering has its origin at the interaction of light with significantly 
smaller features such as cell nuclei and protein aggregates that have characteristic sizes 
on the scale of micrometers.  
Adaptive Optics (AO) provide well established approaches for the correction of ocular 
aberrations [2]. In order to extend AO for the compensation of higher spatial frequencies, 



related to intraocular scatter, a wide angle description of the wide-angle PSF would be 
required. In that context, we have developed an eye model based on fractal surfaces, 
which is capable to replicate simultaneously the effects of both aberrations and light 
scatter according to the wide-angle PSF of the CIE (Commission International 
d'Eclarairage) standards [3]. The model accurately reproduces the increase of scattering 
associated with the age. Numerical simulations and experimental results obtained with a 
Liquid crystal on Silicon (LCoS) Spatial Light Modulator (SLM) will be presented. 
 
[1]  P. Artal.Optics of the eye and its impact in vision: a tutorial. Advances in Optics and Photonics, 6:340-367, 2014. 
[2]  E. J. Fernández, I. Iglesias, and P.Artal, "Closed-loop adaptive optics in the human eye," Opt. Lett. 26, 746-748 (2001) 
[3]  J.J. Vos and T.J.T.P. van den Berg. Report on disability glare. CIE collection, 135:1-9, 1999. 
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The incorporation of adaptive optics (AO) technology in ophthalmic instruments permits 
to obtain and use optimized advanced refractions, beyond defocus and astigmatism. 
With this technology, patients can evaluate in advance customized optical solutions, 
offering the possibility to choose the most suitable alternative for vision correction. 
Among others, those can include refractive or diffractive multifocal profiles and aspheric 
monovision. In this context, a new AO system will be presented with enhanced 
capabilities for visual testing and advanced refraction. The experimental set-up 
incorporates a fluidic lens for the control and/or correction of defocus, in combination 
with a liquid crystal on silicon (LCoS) phase modulator for the manipulation of the rest of 
eye’s aberrations. A motorized diaphragm acting as the exit pupil assured full control of 
optical conditions during the evaluation of vision. An OLED micro-display in the stimuli 
enabled to perform different visual tests in white light simultaneously to the 
manipulation of ocular aberrations. Those were measured by a Hartmann-Shack 
wavefront sensor operating in IR light. The set-up was successfully demonstrated in real 
patients. Some examples of vision through customized profiles in normal eyes will be 
presented. The incorporation of a fluidic lens in the system significantly increases phase 
modulation performance. With these new features, the instrument significantly 
expanded the range of population that can evaluate, covering many cases of pathological 
eyes.  
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Higher order aberrations in the eye can be corrected with soft contact lenses. Certain amounts 
of spherical aberration, when induced on the contact lens, have been shown to improve visual 
acuity [1]. Custom contact lenses for subjects with keratoconus have also been shown to 
improve vision [2]. We are in the final stages of building an adaptive optics system that can 
simulate the effect of a soft contact lens. Most importantly, the simulation includes the 
translation and rotation of the contact lens on the cornea. The contact lens is simulated by the 
combination of a badal system and deformable mirror, while the subject evaluates the 
performance of the contact lens subjectively. We will present work on the building of the 
contact lens simulator and the evaluation with a Shack-Hartmann wavefront sensor (SHWFS). 
The SHWFS is positioned in the place of the human eye and verifies that the contact lens can be 
accurately simulated.  The tolerance for the eye’s position is evaluated. The proposed system 
offers an effective method to test several different contact lens designs on an individual subject. 
This is an important improvement in the evaluation of customized contact lenses because the 
translation and rotation of the contact lens on the cornea makes it difficult to derive the best 
contact lens design [3]. By eliminating the need to manufacture a proposed design, a more 
efficient and reliable method for evaluating customized contact lenses is developed. 
 
[1] N. Chateau, A. Blanchard, and D. Baude, "Influence of myopia and aging on the optimal spherical aberration of soft contact lenses," J. 
Opt. Soc. Am. A 15, 2589-2596 (1998) 
[2] R. Sabesan, T.M. Jeong, L. Carvalho, I.G. Cox, D.R. Williams, and G. Yoon, "Vision improvement by correcting higher-order aberrations 
with customized soft contact lenses in keratoconic eyes," Opt. Lett. 32, 1000-1002 (2007) 
[3] A. Guirao, D.R. Williams, and I.G. Cox, "Effect of rotation and translation on the expected benefit of an ideal method to correct the eye’s 
higher-order aberrations," J. Opt. Soc. Am. A 18, 1003-1015 (2001)  
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The most recent progress on the design of adaptive fiber optics collimators (AFOCs) and 
its applications in laser beam combining and laser propagation through atmosphere 
turbulence were reported, all in the Key Laboratory on Adaptive Optics (KLAO), Chinese 
Academy of Sciences (CAS). The theoretical model of the AFOC was established. 
Methods to improve the resonance frequency and control bandwidth of AFOC were 
discussed. A tip/tilt range of near 100 micro-rad with the first resonance frequency of 
over 2000 Hz was achieved. The stochastic parallel gradient descent (SPGD) algorithm 
was employed as the control strategy of single AFOC and AFOC array for phase-locking 
and tip/tilt control in close loop. The systems and the experiments results of coherent 
and incoherent beam combining of fiber lasers, and the applications of this technology 
for free-space optical laser communication and laser propagation through atmosphere 
turbulence have been demonstrated. It is showed that the AFOC can be used both for 
launching fiber lasers and for receiving the lasers from remote beacon, and the AFOC is 
suitable for the applications in beam combining of fiber lasers and the laser propagation 
through atmosphere turbulence. 
 
[1] Beresnev L, Vorontsov M. Design of adaptive fiber optics collimator for free -space communication laser transceiver. Proc. SPIE, 5895: 
58950R, 2005 
[2] Xinyang Li, Chao Geng, et.al. Coherent beam combining of collimated fiber array based on target-in-the-loop technique. Proc. SPIE, 8178: 
81780M,  2011 
[3] Chao Geng, Xinyang Li, et.al. Coherent beam combination of an optical array using adaptive fiber optics collimators. Optics 
communications, 284, 5531, 2011 
 [4] Chao Geng, Wen Luo, et al. Experimental demonstration of using divergence cost-function in SPGD algorithm for coherent beam 
combining with tip/tilt control. Optics Express, 21(21), 25045, 2013 
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The results of numeric simulation are presented in the report of multichannel laser 
radiation propagation under conditions of free diffraction and in a turbulent 



atmosphere.  
It was shown that in free space a multichannel system allows one to obtain higher 
concentration (20-50%) of radiation energy on the object comparing with a Gaussian 
beam. Dependence of the power-in-the-bucket parameter on the path length has 
well-pronounced maximum the height of which depends on density of aperture filling by 
optical fibers and on number of fibers.  
Intensity of atmospheric distortion decreases with increase of the number of channels. 
Adaptive correction for turbulent distortions results in two-times increase of energy 
concentration for systems with 9 and 81 channels. For systems with greater number of 
channels (201 channels) the results of correction do not depend on turbulence intensity.  
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Modern adaptive optical systems are dynamic systems with feedback, and are 
characterized as systems with constant time delay [1]. Uncertainty of atmospheric 
turbulence, which manifests itself in the form of fast changes of its parameters, makes it 
necessary to develop adaptive optical systems using statistical prediction of random 
phase fluctuations.The time delay of the adaptive optical system consists from the 
information processing time, computation time of the adaptive mirror instructions and 
time which depends on the inertial and transient mechanical features of the active 
mirror. This problem can be solved using the method of advanced adaptive correction [2], 
the essence of which is applied to the mirror instructions calculated relative from the 
wavefronts measured in previous times. This approach involves the making of the 
prediction changes in the wavefront for a time. However, this method does not take into 
account the measurement error of the wavefront and the prediction wavefront error. To 
eliminate errors in the synthesis of statistically-optimal control algorithms for 
deformable mirror can be applied, for example, Kalman filter. To construct these 
algorithms required to build a model of the evolution of the system. The main 
parameters responsible for the evolution of the atmospheric optical system are wind 
velocity and structure characteristic of refractive index fluctuations. The calculation of 
the transverse components of wind velocity and structure characteristic of refractive 
index fluctuations is based on the use again [3, 4] the data which obtained from 
Shack-Hartmann sensor. 
 
[1] Zuev V.E., Lukin V.P. Dynamic characteristic of optical adaptive systems // Appl.Opt. 1987. V.26. P.139-144. 
[2] Antoshkin, L. V.; Lavrinov, V. V.; Lavrinova, L. N.; Lukin, V. P. Increase of adaptive correction efficiency of turbulent distortions on basis of 
measurements obtained by the Shack-Hartmann wavefront sensor // Optic in atmospheric propagation and adaptive system XIV, Book Series: 
Proceedings of SPIE, 2011. V. 8178. Art. no. 81780G. 
[3] Goleneva N.V., Lavrinov V.V., Lavrinova, L.N. Numerical simulation of correlation method calculating the transverse component of the 



wind speed onbasis of the measurements on the Shack-Hartman sensor // Proceedings of SPIE, 2014. V.9292. pp. 9292-97. 
[4] Antoshkin, L.B., Lavrinov, V.V., Lavrinova, L.N. Advanced adaptive correction of turbulent distortions based on a Shack-Hartmann 
wavefront sensor measurements // Optoelectronics, Instrumentation and Data Processing, 2012. 48 (2), pp. 188-196.  
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Fiber-optic gyroscope is one of the applications of optical fibers dependent mainly on 
the Sagnaceffect . It is of important applications in the field of space navigation . 
Photonic crystal fiber gyroscopesare a kind of optics gyroscopes that present a diversity 
of new and impr oved features beyond whatconventional optical fiber gyroscopes can 
offer . In this paper we proposed to use of a photonic crystalfiber with an inner hollow 
defect. The use of such fibers is not affected by a material medium on thepropagation of 
optical radiation. Photonic crystal fibers present special properties and capabilities 
thatlead to an outstanding potential for sensing applications . 
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The in-door free atmosphere path with the total length up to 700 m [1,2] provides the 
unique capabilities for testing optical systems in the stable, controlled and repeatable 
atmospheric conditions. We present and discuss the results of experimental 
investigation of Shack-Hartmann wavefront sensing and closed loop adaptive optics 
correction of atmospheric distortions at this beamlet. It was shown that under stable 
conditions (without heating and artificial wind) the distortions, accumulated along the 
path, have the magnitude of 1-2 microns (peak-to-value) and are rather slow. The use of 
closed-loop adaptive optical compensation in a single-mirror (flexible mirror diameter 50 
mm; no tip-tilt correction) configuration [3,4] provided complete correction of these 
distortions down to diffraction limited performance. So our first experiments has 
confirmed the expectations that out beamlet can be used in future as a rather 
convenient test-bed for various adaptive optical systems’ investigations and 
characterization with the rather “soft” starting conditions.  
 
[1] Sirazetdinov, V.S. “Investigation of laser radiation propagation on extended paths on the LAS stand,” Journal of Optical Technology, 
66(11), 970-973 (1999). 
[2] Sirazetdinov, V. S., Starikov, A. D. “Physical modeling of directional transport of laser radiation,” Journal of Optical Technology, 61(11), 
797-800 (1994). 



[3] http://www.nightn.ru/files/products/files/adsys/adsys.htm 
[4] Aleksandrov, A. G., Zavalova V. E., Kudryashov A. V., et al. “Closed adaptive systems with controllable bimorph mirrors,” Journal of 
Optical Technology, 71(11), 737-741 (2004). 
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We present here a significant achievement of a low cost and compact Adaptive Optics 
(AO) system that could be valuable for the broad astronomy community, including 
amateur astronomy. An opto-mechanical testbed was developed and fitted to a 16” 
telescope and to a 1-m class telescope, with the AO control fully implemented in a low 
cost FPGA. An optimized centroiding algorithm based in the Fourier transform is 
implemented, and laboratory and on-sky tests in the 16” telescope are described. 
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Laser Guide Star (LGS) is an artificial turbulence-probing source of Adaptive Optics (AO) 
for compensating for wave-front error of the interested object, and for realizing an ideal 
resolution recovery in atmosphere. Actually, elongation phenomenon of the LGS 
Hartmann spots comes with the off-axis projected beacon laser beam lighting up the 
specific depth and altitude location of LGS backscatter region in the atmospheric layer, 
which will have an influence on centroid measurement accuracy in Hartmann apertures, 
and will lead to non-ideal wave-front distortion compensation. In this paper, a numerical 
model for describing the LGS up- and downward propagation through atmospheric 
turbulence has been built up and focused on sodium LGS. By modeling of multiple 
random phase screens along the LGS propagation path including 30km turbulence effect, 
and multiple sub-layers at different altitudes in the mesospheric sodium layer with 
HNa=90km mean altitude, the Na LGS intensity variations with time at sodium layer have 
been represented, and the characteristics of short-exposure elongated Na LGS spots on 
the Hartmann wave-front sensor (WFS) for a 3m telescope model have been studied. At 
last, in order to investigate the LGS elongation impact on wave-front measurement 
accuracy with WFS, the model has been integrated with our previous LGS anisoplanatism 
numerical model [1], and provides information about the Zernike-modal decomposition 
difference of the reconstructed wave-front between the point source and the elongated 



source for sodium LGS. 
 
[1] X. Luo, X. Li, L. Shao,S. Hu, and K. Huang. Investigation of anisoplanatic effect in adaptive optics for atmospheric turbulence correction. 
SPIEXX International Symposium on High-Power Laser Systems and Applications, 2014. 
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The narrow Field of View of AO systems in Astronomy is one (among with complexity 
and sky coverage) of the main operational limiting factors. With the advent of the large 
(i.e. 8 to 10m class) telescopes and the coming era of extremely large telescopes (in the 
20 to 40m range of diameter) the quest for a larger Field of View becomes more and 
more relevant. I describe the past and current efforts in wide field AO systems in 
astronomy and the ongoing developments for a new paradigm, where the sensed Field 
of View is going to surpass the scientifically usable Field of View in order to give access 
to diffraction limited capabilities with a sky coverage approaching the whole celestial 
sphere.  
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The review paper considers and compares various proposed and realized schematics of 
holographic wavefront sensors (WFS), including traditional WFS with holographic optics, 
modal WFS with holographic filtration of Zernike polynomials [1-4], similar techniques in 
their application to the zonal WFS and also some other techniques (Talbot WFS [5], 
polarization holography WFS [6] etc.). We consider the limitations, imposed onto 
holographic WFS performance by the use of straight-forward holographic technique and 
possible improvements, which can be obtained by the use of more advanced techniques. 
 
[1] F. Ghebremichael, G.P. Andersen, K.S. Gurley. Holography-based wavefront sensing // Appl.Opt. 2008. V.47. №4. P.A62-A69. 
[2] S. Dong, T. Haist, W. Osten et al. Response analysis of holography-based modal wavefront sensor // Appl. Opt. 2012. V.51. №9. 
P.1318-1327. 
[3] R. Bhatt, S.K. Mishra, D. Mohan, A.K. Gupta. Direct amplitude detection of Zernike modes by computer-generated holographic wavefront 
sensor: Modeling and simulation // Optics and Lasers in Engineering. 2008. V. 46. №6. P. 428–439 
[4] A. Zepp, S. Gładysz, K. Stein. Holographic wavefront sensor for fast defocus measurement // Advanced Optical Technologies . 2013. V.2, 
№5-6, P.433–437 
[5] D. Podanchuk, V. Kurashov, A. Goloborodko et al. Wavefront sensor based on the Talbot effect with the precorrected holographic grating 
// Appl.Opt. 2012. V.51. №10. P.C125-C132. 
[6] A. Dudley, G. Milione, R.R. Alfano, A. Forbes. All-digital wavefront sensing for structured light beams // Optics Express. 2014. V.22. №11. 
P.14031-14040.). 
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Adaptive optics (AO) is used to compensate environmental influences on the 
propagation of (laser) light. Applications at Fraunhofer IOSB include laser 
communications and directed energy. For scenarios involving moving platforms or 
targets, the traditional approaches fail because of insufficient measurement speed and 
because well-established wavefront sensors are all sensitive to scintillation [1].  
For measuring the wavefront deformation of a laser beam the Holographic Wavefront 
Sensor (HWFS) is a promising alternative to currently used methods [2-5]. Here the 
wavefront of the incoming beam is decomposed into its aberrations by the diffraction 
process. After the readout of a detection device, this information can be used to control 
a modal corrector (e.g. deformable mirror) in a closed-loop AO system. Besides the high 
measurement speed, the sensor is in principle insensitive to scintillation. 
We realized HWFS by recording an analog multiplex hologram. We analyzed the sensor 
response to incoming laser beams with defined wavefront aberrations. We are now 
working on integration of the HWFS in an AO system. In the field of laser 
communications this can lead to optimized fiber coupling and with this to higher 
bandwidths and a better light efficiency. 
 
[1] R. Barros, S. Keary, L. Yatcheva, I. Toselli, and S. Gladysz, “Experimental setup for investigation of laser beam propagation along 
horizontal urban path.” Proc. SPIE 9242, Remote Sensing of Clouds and the Atmosphere XIX; and Optics in Atmospheric Propagation and 
Adaptive Systems XVII, 92421L (2014).  
[2] M. A. A. Neil, M. J. Booth, and T. Wilson, “New modal wave-front sensor: a theoretical analysis,” J. Opt. Soc. Am. A 17, 1098–1107 
(2000).  
[3] G. Andersen and R. Reibel, “Holographic wavefront sensor,” Proc. SPIE 5894 (2005).  
[4] S. Dong, T. Haist, W. Osten, T. Ruppel, and O. Sawodny, “Response analysis of holography-based modal wavefront sensor,” Appl. Opt. 51, 
1318–1327 (2012). 
[5] A. Zepp, S. Gladysz, and K. Stein, “Holographic Wavefront Sensor for Fast Defocus Measurement,” Adv. Opt. Techn., 2, 433, (2013).  
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A photonic crystal fibre filled with castor oil (LF-PCF) has been used as a 
waveguide-based wavefront sensor. The high-index columns of oil in the PCF form an 
array where each one will act as a waveguide [1-3]. The sensing method makes use of 
the angular-dependent light-coupling efficiency caused by a wavefront gradient at the 



entrance aperture in such a way that the coupled light power to each waveguide is 
influenced by aberrations in the entrance pupil [4]. Measurements have been realized 
using a HeNe laser as an illumination source and a deformable mirror (D-M) conjugated 
to the entrance face of the LF-PCF to generate well-controlled optical aberrations at the 
LF-PCF plane. The light power coupled to each waveguide of the LF-PCF has been 
analyzed for tilt, defocus, astigmatism and coma. Measurements show that the coupled 
power in the oil-columns of a LF-PCF is sensitive to local tilt of the wavefront, with fair 
agreement with simulations. This demonstrates that a LF-PCF has significant potential as 
a wavefront sensor with possibilities to overcome some intrinsic problems of the 
Hartmann-Shack such as the wavefront sensing in diminutive spaces. Wavefront 
reconstruction algorithms and new designs will be implemented in the future. 
 
[1] D. Rativa and B. Vohnsen. Simulating human photoreceptor optics using a liquid-filled photonic crystal fiber. Biomed. Opt. Express, 2, 
543–551, 2011. 
[2] K. Nikolova, I. Panchev, S. Sainov. Optical characteristics of oil, obtained from sea-buckthorn. Euro. Food Res. Tech., 223: 843–847, 2006. 
[3] R. Souza, M. Alencar, M. Meneghetti and J. Hickmann.  Large nonlocal nonlinear optical response of castor oil. Opt. Mat., 31: 
1591–1594, 2009. 
[4] B. Vohnsen, I. Iglesias and P. Artal. Guided light and diffraction model of human-eye photoreceptors. J. Opt. Soc. Am. A., 22: 2318–2328, 
2005. 
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We present improvements for a recently introduced real-time image processing 
approach [1] of a Shack-Hartmann wavefront sensor (SHWFS) using a Field 
Programmable Gate Array (FPGA). The approach, based on connected-component 
labeling (CCL) and subsequent ordering, shows higher-range when compared with the 
standard approach while being deterministic and real-time capable. However, intensive 
experimental tests have revealed some issues, e.g. due to unequal spot intensities that 
originate from the typical Gaussian intensity profile of the beam and ordering problems 
that are due to intensity changes resulting in newly detected spots. To tackle these 
issues, we here propose improvements on thresholding and ordering. These changes 
have been simulated first with MATLAB before being implemented in VHDL on an FPGA. 
The algorithms have been designed in such a way that their impact on the latency of the 
evaluation is minimized and the implementation on an FPGA is efficient. 
In this paper we demonstrate that the developed algorithms are competitive with those 
in commercial SHWFS’s, the latter showing much slower performance. The improved 
evaluation performance given in our approach, however, just requires standard 



techniques from image processing in order to adopt CCL to the problem in a simple way. 
With our public-open algorithm, the performance and accuracy of the sensor may easily 
be judged. Concerning performance the algorithm shows to be at least equivalent with 
the non-published, commercial algorithms. 
 
[1] S. Mauch and J. Reger, Real-time spot detection and ordering for a Shack-Hartmann wavefront sensor with a low-cost FPGA in "IEEE 
Transactions on Instrumentation and Measurement”, vol. 63, no. 10, pp. 2379-2386, Oct. 2014 
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The use of a spatial light modulator as phase-shifting point diffraction interferometer 
was demonstrated recently for wavefront sensing applications [1]. In addition to 
achieving phase shifting without the need for mechanically moving parts, it allows 
tunability in fringe spacing by altering the spacing between the partially transmitting 
pinhole masks generated by the spatial light modulator. Wavefront phase can be 
retrieved from a linear combination of the phase-shifted interferograms [1]. However, it 
was noted that a small amount of detector or scatter noise could affect the accuracy of 
the wavefront sensing. Here, a Fourier-based phase unwrapping method was used to 
reconstruct the wavefronts from the interferograms [2]. It was observed that the 
rewrapping of the Fourier reconstructed wavefronts resulted in phase maps that 
matched well the original wrapped phase obtained from the interferograms and its 
performance was more stable and accurate than conventional unwrapping. 
 
[1] V. Akondi, A. R. Jewel and B. Vohnsen. Digital phase-shifting point diffraction interferometer. Opt. Lett., 39:1641–1644, 2014. 
[2] M. D. Pritt and J. S. Shipman. Least-squares two-dimensional phase unwrapping using FFT's. IEEE Transactions on Geoscience and 
Remote Sensing, 32: 706-708, 1994. 
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Wavefront and phase measurements are traditionally performed with devices that either 
consider local gradients on the phase to infer the wavefront, or interfere the wave with a 
reference to note the fringe pattern and thereby reconstruct the wavefront.  These 
tools do not work with vector beams and are problematic for vortex beams.  Here we 
outline a simple tool for the measurement of vector-vortex beams in real time during 
propagation [1].  Our approach combines non-homogenous polarization optics and a 
spatial light modulator to perform all-digital wavefront sensing of the light.  We show 
that when combined with modal decomposition of the light, any unknown beam can be 
measured with this tool.  We compare our results to more standard approaches and 
show excellent agreement. 
 
[1] A. Dudley, G. Milione, R. Alfano and A, Forbes, “All-digital wavefront sensing for structured light beams”, Opt. Express 22, 14031-14040 
(2014). 
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Shack-Hartmann (SH) sensor, based on sampling of wavefront tilts in subapertures, is a 
simple, reliable, and widely used in adaptive optics wavefront sensor. A wavefront 
curvature sensor has the advantage of providing the results suitable for direct control of 
membrane and bimorph deformable mirrors [1], but requires linear registration of 
intensity in two planes. SH sensor modifications using astigmatic microlens array [2] and 
three SH sensors [3] provide measurement both in the form of wavefront gradients and 
Laplacian curvatures. In this work, we consider a simple arrangement that turns a 
standard SH sensor into a curvature sensor by moving the camera chip of the SH sensor 
into the optical plane conjugated to a deformable mirror. This establishes a direct 
geometric correspondence between the coordinates on the DM surface and the sensor 
chip. Then, change in the local centroid density corresponds to the Laplacian curvature 
of the mirror, and the phase at the boundary can be found from   the centroid 
displacements along the edge of the pupil. We investigate the feasibility of this approach 
for direct control of membrane deformable mirror by measuring the dependence of the 
calculated centroid density on the control signal applied to the mirror actuators. The 
experimental results demonstrate a good linear dependence. 
 
[1] Roddier, F. Curvature sensing and compensation: a new concept in adaptive optics. Appl. Opt. 27, 1223–5 (1988). 
[2] Paterson, C. & Dainty, J. C. Hybrid curvature and gradient wave-front sensor. Opt. Lett. 25, 1687–1689 (2000).  
[3] Zou, W., Thompson, K. P. & Rolland, J. P. Differential Shack-Hartmann curvature sensor: local principal curvature measurements. J. Opt. 
Soc. Am. A. Opt. Image Sci. Vis. 25, 2331–2337 (2008). 
[4] Leroux, C. & Dainty, C. A simple and robust method to extend the dynamic range of an aberrometer. Opt. Express 17, 19055–19061 



(2009). 
[5] Streibl, N. Phase imaging by the transport equation of intensity. Opt. Commun. 49, 6–10 (1984).  
[6] G. Vdovin, "Reconstruction of an object shape from the near-field intensity of a reflected paraxial beam," Appl. Opt.  36, 5508–5513 
(1997).  
[7] Vdovin, G., Soloviev, O., Samokhin, A., &Loktev, M. Correction of low order aberrations using continuous deformable mirrors. Opt. 
Express 16, 2859–2866 (2008). 
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Wavefront sensing is commonly achieved by monitoring changes in propagation 
direction of ray components with respect to that of a corrected reference wave as used 
with the Hartmann-Shack (HS) and in interferometric methods [1]. Pupil intensities can 
be employed that allow subsequent wavefront determination as used in curvature and 
pyramidal sensors [1], and recently in the angular-dependent coupling efficiency to 
waveguide arrays [2] that sample an incident wavefront similar to the subaperture 
division of a HS. Here, we report on an intensity wavefront sensing method that makes 
use of attenuated total internal reflection (ATIR) for surface plasmonpolariton (SPP) 
excitation in a Kretschmann configuration at a planar metal-dielectric interface while also 
giving insight into contaminants at the interface [3,4]. The reflection has a narrow 
angular dependence that can be used to determine aberrations across an incident 
wavefront. The dynamical range and sensitivity is set by the material and illumination 
conditions. We show numerical results using ComsolMultiphysics® for thin Ag and Au 
films on glass and compare these to experimental results obtained with an adaptive 
optics (AO) kit (Thorlabs Inc.) for different Zernike aberration modes. The method is 
validated although complications remain to be overcome as only TM-polarized light can 
be analyzed for one prism setting and the needed elimination of print-through effects of 
the mirror used to generate controllable aberrations. 
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A least squares procedure to find the tilts, curvature, astigmatism, coma and triangular 
astigmatism by means of measurements of the transverse aberrations, using a Hartmann 
or Shack-Hartmann test is described. The sampling points are distributed in a ring 



centered on the pupil of the optical system. The properties and characteristics of rings 
with three, four, five and six sampling points are analyzed with some detail. 
 
[1] Hartmann, J., “Bemerkungenuber den Bau und die Justirung von Spektrograpen,” Zt. Instrumentenkd., 20, 47 (1900). 
[2] Malacara D. and Z. Malacara, “”Testing and Centering of Lenses by Means of a Hartmann Test with Four Holes,” Opt. Eng., 31, 1551-1555 
(1992). 
[3] Hernández-Gómez, G., Z. Malacara-Hernández and D. Malacara-Hernández, “Hartmann Tests to Measure the Spherical and Cylindrical 
Curvatures and the Axis Orientation of Astigmatic Lenses of Optical Surfaces,” Appl. Opt., 53, 1191-1199 (2014). 
[4] Platt, B. C. and R. V. Shack, “Lenticular Hartmann Screen,” Opt. Sci. Newsl., 5, 15-16 (1971). 
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A series of experimental tests have been conducted to evaluate the benefit of using 
some form of Adaptive Optics to shape a laser beam that is propagating under water. 
The experiments were carried out at the NRL laboratory facility in Stennis, MS, where a 
large Plexiglas tank of water is equipped with heating and cooling plates that allow for a 
well measured thermal gradient that in turn generates different degrees of turbulence 
that can distort a propagating laser beam. In this paper we present an analysis of the 
wavefront measured in various conditions and derive statistical parameters from it. We 
also performed open and closed loop adaptive optics tests and we present some of the 
preliminary results.  
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A basic Adaptive Optics setup is composed of three key elements: a wavefront sensor to 
detect the aberrations; a deformable mirror to correct such aberrations; and a closed 
loop control system connecting both sensor and deformable mirror in order to reduce 
the aberrations.  
The control system can be realized by the use of a dedicated platform such as an FPGA or 
GPU, because dedicated hardware can guarantee higher performances than software 
written for generic architecture such as CPU [1][2]. On the other hand, such solutions 
need more development time and hardware than a CPU-based approach, thus being 
more expensive both towards the developer and the end user. Moreover they are not 
flexible, operating on a strict selection of hardware. The proposed solution aims to be a 
cost-effective adaptive optics setup. It is a CPU-based approach that relies on Qt, which 
is a cross-platform application, and UI framework [3]. By using Qt Creator, an IDE 
specifically designed to work with Qt, the development effort is greatly reduced: it 
natively manages both code and GUI, and, given the required toolchains, it can be easily 
compiled in many different platforms, without source differentiation. The source is 
written and compiled in C++ language, so that it runs fast with minimum overhead from 
the Qt classes. We demonstrate that the system can operate in real time at more than 
100Hz frequency. 
 
[1] S. Mauch, A. Barth, J. Reger, C. Reinlein, M. Appelfelder, et al. 
“FPGA-accelerated adaptive optics wavefront control part II”, Proc. SPIE 9343, Laser Resonators, Microresonators, and Beam Control XVII, 
93430Y (March 3, 2015) 
[2] D. Gratadour, A. Sevin, J. Brulé, E. Gendron and G. Rousset “GPUs for adaptive optics: simulations and real-time control”, Proc. SPIE 8447, 
Adaptive Optics Systems III, 84475R (September 13, 2012) 
[3] http://www.qt.io/ 
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AO (Adaptive Optics) is composed of three parts. One is a sensor to measure wave-front 
known as Wave-Front Sensor (WFS), another is a corrector to reconstruct its aberration 
like DM (Deformable Mirror) and TTM (Tip-Tilt Mirror), and the other is a control system 
to analyze wave-front aberration and its reconstruction as well as to control the sensor 
and the corrector. The control system is a brain part of AO system, and it needs high 
performance in computation for wave-front analysis and reconstruction matrix. 
Generally we configure the control system in various ways with DSP, FPGA, CPU, or GPU. 
Nevertheless, we can construct relatively simple AO system in hardware with CPU or 
GPU. We can make a code and debug it in more efficient environment, because the 
simpler the system the better. We are developing a wave-front sensing library for 
Shack-Hartmann Wave-Front Sensor (SHWFS) type using parallel programing technology 

mailto:*shchoi@kasi.re.kr


with CPU and GPU on Windows system. Basically it provides three algorithms for 
computations of sub-aperture displacements; centroid, sum of absolute differences (SAD) 
and FFT convolution. And it can compute Zernike Polynomial, subpixel accuracy 
displacement, histogram, contrast, and so on in parallel mode. Moreover we can display 
their information as an image. After optimization, we will apply this library to a 
simulation test-bed and a real-time AO system for astronomical purpose. 
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In this paper we consider two approaches widely used in optical testing:  
Shack-Hartmann wavefront sensor (SHWFS) and Fizeau interferometer technique. Fizeau 
interferometer that is widely used in optical testing can be easily transformed to a device 
using SHWFS, the alternative technique to check optical components. We call this device 
Hartmannometer, and compare its features to those of Fizeau interferometer(FI). 
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Aberration is usually defined as the deformation of a Gaussian reference sphere, 
centered on a particular reference point. In adaptive optics we require to adjust the 
aberrations at the plane of the correction device, ideally with the tip/tilt and defocus 
terms omitted, as otherwise the system can be attracted to bright neighbouring image 
points. We first investigate the aberrations of a tilted dielectric plate. Different 
expressions are given in the literature for this simple case, which we attribute to 
differences in the definition of aberration, and choice of the reference point. This then 
leads to a new set of aberrations, analogous to the Zernike polynomials, that allow 
aberrations to be specified independent of a particular reference point. 
 
[1] Sheppard CJR (2013) Limitations of the paraxial Debye approximation, Optics Letters38, 1074-1076 
[2] Sheppard CJR (2013) Balanced diffraction aberrations, independent of the observation point: Application to a tilted dielectric plate, J. 
Opt. Soc. Am. A30 (10) 2150-2161. 
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In a recent manuscript [1] a transfer function for wavefront aberrations in optical 
coherence tomography is proposed and validated. This model predicts the loss of the 
optical coherence tomography (OCT) signal caused by an arbitrary wavefront aberration 
expressed in Zernike polynomials. The model is developed both for reflector and 
scattering media. Several advanced optimization algorithms are tested and optimized on 
the OCT wavefront aberration model. Lower RMS wavefront errors are achieved with six 
to ten times less measurements when compared to a conventional coordinate-search 
algorithm. 
 
[1] H. R. G. W. Verstraete, B. Cense, R. Bilderbeek, M. Verhaegen, and J. Kalkman, "Towards model-based adaptive optics optical coherence 
tomography," Opt. Express  22, 32406-32418 (2014). 
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In this manuscript, we present a lens setup for large defocus and astigmatism correction. 
A tunable defocus lens and two rotational cylindrical lenses are used to control the 
defocus and astigmatism. The setup is calibrated using a simple model that allows the 
calculation of the lens inputs so that a desired defocus and astigmatism are actuated on 
the eye. The RMS wavefront error of the desired defocus and astigmatisms is 0.169 
diopters. 
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Discretized Aperture Mapping (DAM) is a low-pass optical filter able to smooth an 
aberrated wavefront and to remove scattered light, improving the dynamic range in 



high-contrast imaging. 
DAM is composed of an afocal double lenslet arrays, with an optical filter array in the 
intermediate focal plane. Each sub-beam is diaphragmed by a lens, focussed into an 
optical filter to become coherent in phase, and re-expanded onto another lens to 
produce a collimated filtered beam. While the sub-apertures become flat in phase, the 
differential phases between each pair of sub-apertures is passing. The whole aperture is 
no more a continuous wavefront but a discretized wavefront, with differential pistons 
between the sub-apertures. Consequently, DAM remains invariant by translation in the 
focal plane when pointing an off-axis object. First, the imaging properties of DAM 
preserves the object-image convolution relationship within a finite field of view. Second, 
the filtering properties of DAM improves the image quality by reducing the contribution 
of scattered light, by filtering out the high spatial frequency content of the incoming 
wavefront. We argue that DAM should be used as a low-pass spatial filter on any optical 
systems where the high spatial frequency content is useless and problematic.We hope 
that this new concept will open new research areas for direct imaging applications which 
require high dynamic range, like in astronomy (e.g. to image exoplanets) or in medicine 
(e.g. to image the eye retina). 
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Imaging neurons deep within the brain of a living mouse shares many similarities with 
gazing at distant stars with a telescope. In both cases, imaging quality is limited by 
optical aberration and scattering. Wavefront shaping using adaptive optics (AO) has 
revolutionized astronomy by allowing us to obtain sharp images of celestial objects 
through the turbulent atmosphere. Similar technology can be applied to microscopy for 
optically transparent samples but not mammalian brains, which are highly scattering. In 
this talk, I will describe our work to extend AO microscopy to these more optically 
challenging systems, which has allowed us to image both the input and output of mouse 
cerebral cortex with diffraction-limited resolution. 
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High resolution microscopy relies on the use of high quality optics with the goal of 
obtaining diffraction-limited operation, working at the physical limits imposed by the 
wavelength of the light.  Yet in many cases this goal is not achieved as aberrations, 
distortions in the optical wavefront, blur the focus and reduce the resolution of the 
system. Aberrations can arise from imperfections in the optics, but are often introduced 
by the specimen, particularly when imaging thick specimens. One common source is a 
planar mismatch in refractive index, such as that between the microscope coverslip and 
the specimen mounting medium, which introduces spherical aberration.  Biological 
specimens also exhibit variations in refractive index that arise from the 
three-dimensional nature of cells and tissue structures.  In general, these aberrations 
become greater in magnitude and more complex in form as the focusing depth is 
increased.  The induced wavefront aberrations distort the focus causing a reduction in 
resolution and, often more importantly, reduced signal level and contrast. These effects 
limit the observable part of the specimen to a region near the surface. 
Adaptive optics systems enable the dynamic correction of aberrations through the 



reconfiguration of an adaptive optical element, for example a deformable mirror or 
liquid crystal spatial light modulator. Various adaptive schemes have been developed for 
a range of different modalities including confocal, multiphoton and widefield 
microscopes.  Some systems employ wavefront sensors to measure aberrations, 
whereas others use indirect sensing to determine the wavefront distortions. We review 
the methods and applications of these systems in biological sciences and other 
areas.  We also present recent developments in adaptive optical methods for 
super-resolution nanoscopy – methods through which resolutions far below the 
diffraction limit of the microscope are achieved through combinations of optical and 
photo-physical effects.   
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Multiphoton microscopy is being used in all major areas of biomedical research. 
Exploiting its optical sectioning properties, high-resolution 3D images can be created. 
However, one of the limiting factors is the presence of specimen-induced aberrations. 
These affect both resolution and maximum depth of penetration. Since direct 
measurement of these aberrations is challenging, different approaches involving 
wavefront sensorless adaptive optics have been used to minimize these detrimental 
effects [1,2]. In particular, spherical aberration (SA) [3] and Bessel beams [4] have been 
reported to increase the depth-of-focus in multiphoton imaging of thick samples. Here, 
we propose a wavefront sensorless technique combining Bessel beams (generated by 
means of 0-  phase masks (0 PMs)) and SA patterns to improve the quality of 
multiphoton images. For that aim a Liquid-Crystal-on-Silicon spatial light modulator 
(LCoS-SLM) was implemented into a custom multiphoton microscope [3]. The LCoS-SLM 
was used to systematically generate individual or combined 0 PMs and SA patterns 
during image recording. The optimum aberration phase to be induced was investigated 
for different specimens, nonlinear signals and depth locations. Results show that 
particular combinations of both 0 PMs and SA can yield improved images. Moreover, 
those controlled combinations of phase conditions increase depth-of-focus within the 
sample independently of the specimen-induced aberrations. 
 
[1] D. Débarre, E. J. Botcherby, T. Watanabe, S. Srinivas, M. J. Booth, and T. Wilson, “Image-based adaptive optics for two-photon 

microscopy,” Opt. Lett.34(16), 2495-2497 (2009) 
[2] J. M. Girkin, S. Poland, and A. J. Wright, “Adaptive optics for deeper imaging of biological samples. Curr. Opin. Biotechnol.20(1), 106-110 
(2009). 
[3] J. M. Bueno. M. Skorsetz, R. Palacios, E. J. Gualda, and P. Artal, “Multiphotonimaging microscopy at deeper layers with adaptive optics 
control of spherical aberration. J. Biomed. Opt.19(1), 11007 (2014). 
[4] P. Dufour, M. Piché, Y. De Koninck, and N. McCarthy, “Two-photon excitation fluorescence microscopy with a high depth of field using an 



axicon,”Appl. Opt.45(36), 9246-9252 (2006). 
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The most popular technique for the acquisition of functional fluorescence signals (e.g. 
Calcium imaging) in thick biological samples is laser scanning two photon microscopy, 
due to the high imaging depth achievable, and low photodamage and photobleaching. 
However, the frame rates achievable in such experimental procedure are severely limited 
by the serial nature of the acquisition, limiting the acquisition speed to a few frames per 
second over wide fields of view.  In order to overcome this limitation, it is possible to 
employ a spatial light modulator (SLM) for parallel acquisition over multiple points of 
interest. Previously reported implementations of SLMs in two photon microscopy 
required the acquisition of an image through a standard galvanometric scanner [1], 
followed by the illumination of points of interest through the SLM. This requires complex 
coordinate transformations between the scanning image and the SLM input space in 
order to precisely position the points of interest [2]. We present a simpler and fully 
digital setup capable to collect 3D two photon images by only exploiting the SLM. This 
configuration leads to an accurate placement of points of interest throughout the field of 
view, and has the advantage of working without the need of mechanically moving parts. 
The system was successfully employed for high speed two photon calcium imaging on 
acute cerebellar slices, achieving frame rates of up to 1 kHz, while monitoring the 
activity of hundreds of neurons [3,4]. 
 
[1] V. Nikolenko, B. O. Watson, R. Araya, A. Woodruff, D. S. Peterka, and R. Yuste, "SLM Microscopy: Scanless Two-Photon Imaging and 
Photostimulation with Spatial Light Modulators," Front Neural Circuits 2(5 (2008). 
[2] S. Quirin, J. Jackson, D. S. Peterka, and R. Yuste, "Simultaneous imaging of neural activity in three dimensions," Front Neural Circuits 8(29 
(2014). 
[3] D. Gandolfi, P. Pozzi, M. Tognolina, G. Chirico, J. Mapelli, and E. D'Angelo, "The spatiotemporal organization of cerebellar network activity 
resolved by two-photon imaging of multiple single neurons," Front Cell Neurosci 8(92 (2014) 
[4] P. Pozzi, D. Gandolfi, M. Tognolina, G. Chirico, J. Mapelli and E. D’Angelo, “High-throughput spatial light modulation two-photon 
microscopy for fast functional imaging” Neurophotonics, 2(1), 015005-015005 (2015). 

 

Optimization-based light-sheet generation** 
Dean Wilding*, Paolo Pozzi, Oleg Soloviev, GlebVdovin and Michel Verhaegen 

 
Delft Center for Systems and Control, Delft University of Technology, the Netherlands 
*d.wilding@tudelft.nl 



** This work is sponsored by the European Research Council, Advanced Grant Agreement No. 339681.  

 

The light-sheet microscope is fast becoming a tool in the armory of biologists for the 
imaging of biological samples [1].  For this technique the axial resolution of the 
light-sheet microscope [2] is determined by the thickness of the light-sheet used.  The 
current techniques for generating this light-sheet include the use of cylindrical lenses, 
beam-scanning with galvanometric mirrors and the generation of so-called Bessel beams 
[3].  For a focused Gaussian beam there is an approximate quadratic relationship 
between the size of the focal spot and the depth of field.  As a result of this relationship, 
it is unavoidable for a light-sheet microscope that the edge of the field has a worse axial 
resolution than at the center and one must trade beam uniformity over the field to 
maximize axial resolution at the center.  We present an approach using optimization 
techniques to engineer a beam that is uniform over the field-of-view whilst retaining the 
thin axial sectioning of the center.  Our method includes the optimization of a set of M 
odd-polynomial functions to fulfil our designed cost criterion.  The light-sheet is then 
generated from these coefficients by the use of a spatial-light modulator (SLM) or a 
custom phase plate.  We present simulations of this technique, the plan for the 
experimental realization and the initial results. 
 
[1] Huisken, Jan, and Didier YR Stainier. "Selective plane illumination microscopy techniques in developmental biology." Development 
136.12 (2009): 1963-1975. 
[2] Huisken, Jan, et al. "Optical sectioning deep inside live embryos by selective plane illumination microscopy." Science 305.5686 (2004): 
1007-1009. 
[3] Planchon, Thomas A., et al. "Rapid three-dimensional isotropic imaging of living cells using Bessel beam plane illumination." Nature 
methods 8.5 (2011): 417-423. 
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A common source of aberration in microscopy is nonuniform interfaces between the 
object and the objective lens. We demonstrate a technique to compensate these 
aberrations using conjugate adaptive optics (AO), in which the deformable mirror and 
the wavefront senor are optically conjugate to the interface aberration. We use 
partitioned aperture wavefront sensing to provide a direct measure of wavefront error in 
conjugate AO, extending that technique to accommodate non-uniform illumination of 
the aberration layer by the object. We demonstrate real-time control with an efficient, 
fast, and robust algorithm using PAW feedback to a MEMS deformable mirror. We 
demonstrate that in microscopy applications, the conjugate AO approach can lead to 



substantial improvement in field of view in comparison to pupil AO. 
 
[1]Johnston DC and Welsh BM, "Analysis of Multiconjugate Adaptive Optics," Journal of the Optical Society of America vol. 11, pp. 394-408, 
(1994). 
[2]Mertz J, Paudel H, and Bifano TG, "Field of view advantage of conjugate adaptive optics in microscopy applications," arXiv preprint 
arXiv:1501.02685, (2015). 
[3]Bonora S and Zawadzki RJ, "Wavefront sensorless modal deformable mirror correction in adaptive optics: optical coherence 
tomography," Optics Letters, vol. 38, pp. 4801-4804, (2013). 
[4]Jesacher A and Booth MJ, "Sensorless adaptive optics for microscopy," Mems Adaptive Optics V, vol. 7931, (2011). 
[5]Booth MJ, "Wavefront sensorless adaptive optics for large aberrations," Optics Letters, vol. 32, pp. 5-7, (2007). 
[6]Parthasarathy AB, Chu KK, Ford TN, and Mertz J, "Quantitative phase imaging using a partitioned detection aperture," Optics Letters, vol. 
37, pp. 4062-4064, (2012). 
[7]Gureyev TE and Nugent KA, "Rapid quantitative phase imaging using the transport of intensity equation," Optics Communications, vol. 
133, pp. 339-346, (1997). 
[8]Teague MR, "Deterministic Phase Retrieval - a Green-Function Solution," Journal of the Optical Society of America, vol. 73, pp. 1434-1441, 
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We describe the use of spatially incoherent illumination to make tridimensional 
reconstruction of semi-transparent biological samples using a quantitative phase 
imaging technique [1]. We propose to use spatially incoherent illumination which creates 
lateral resolution increase and optical sectioning to image thick samples with 
intracellular resolution [2].  
However, when the nominal working distance of the microscope is changed, the image 
quality is strongly deteriorated mostly by the spherical aberration created because of the 
observation through a thick sample with a high Numerical Aperture (NA) objective. To 
compensate for these aberrations, the setup is coupled with adaptive optics system to 
enhance the contrast above several hundreds of µm imaging depth. It is the possible to 
keep a constant resolution on the image along the z-axis. 
 
[1] P. Bon, G. Maucort, B. Wattellier, and S. Monneret, “Quadriwave lateral shearing interferometry for quantitative phase microscopy of 
living cells,” Opt. Express, vol. 17, pp. 13080–13094, Jul 2009. 
[2] P. Bon, S. Aknoun, S. Monneret, and B. Wattellier, “Enhanced 3d spatial resolution in quantitative phase microscopy using  spatially 
incoherent illumination,” Opt.Express, vol. 22, pp. 8654–8671, Apr 2014. 

 

Comparison of a Multi-actuator Adaptive Lens with deformable 
mirrors and its application in in-vivo imaging 

Andrea Bertolucci
1
, YifanJian

*3
, Ylias Saitashev

7
, Luca Rizzotto

1
, Pengfei Zhang

4
, Edward N. Pugh, Jr. 

4
, 

Marcos Dantus
7
, F.Mammano

6
, Robert J. Zawadzki

4,5
, Marinko V. Sarunic

3
,Stefano Bonora

*,1,2
 

 
1
CNR-Institute for Photonics and Nanotechnology, Via Trasea 7, 35131, Padova, Italy 

2Hilase project, Institute of Physics AS CR v.v.i., Na Slovance 2, 18221, Prague, Czech Republic 



3 School of Engineering Science, Simon Fraser University, Burnaby, BC, V5A1S6, Canada 
4 UC Davis RISE Small Animal Ocular Imaging Facility, Department of Cell Biology and Human Anatomy, University of California Davis, Davis, 
CA 95616 
5
 Vision Science and Advanced Retinal Imaging laboratory (VSRI), Department of Ophthalmology & Vision Science, University of California 

Davis, Sacramento, CA 95817 
6CNR-IBCN, Via E. Ramarini, 32 - 00015 Monterotondo Scalo Roma 
7
Department of Chemistry, Michigan State University, East Lansing, Michigan 48824,United States 

*stefano.bonora@dei.unipd.it 

 

We present the comparison of a Multi actuators Adaptive Lens (M-AL), that can correct 
high order aberrations, with deformable mirrors. The adaptive lens performance are 
compared with the one of a membrane and bimorph deformable mirrors used together 
in a wide field microscope setup, using a Shack-Hartmann wavefront sensor for closed 
loop control. 
The M-AL has the potential to increase the diffusion of adaptive optics to many new 
applications by simplifying the integration of a wavefront corrector inside existing 
systems. 
As examples of the advantages of the use of the M-AL we present its integration in a 
confocal microscope and in two different in-vivo bio-imaging platforms such as an OCT 
ophthalmoscope for small animals and a 2-photon microscope. 
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Electrical control of optical focalisation is important in several fields, such as consumer 
electronics, medical diagnostics and optical communications. As an alternative to 
complex, bulky and expensive state-of-the-art approaches based on shifting 
constant-focus lenses, we are currently developing electrically tuneable lenses made of a 
highly-performing class of electromechanically active polymers, known as dielectric 
elastomers. This original approach allows focusing tuneability to be achieved with 
compact size, low weight, fast and silent operation, shock tolerance, no overheating, low 
power consumption, and inexpensive off-the-shelf materials. The presentation will show 
ongoing progress and future challenges. 

 

Invited talk: 
Sound driven optofluidic lenses for high-speed focusing  

Marti Duocastella  
 
Italian Institute of Technology (Italy) 

 

The requirement of accurate z-focus control constitutes a time limiting step for 
applications as important as laser processing or imaging. Several approaches have been 
developed to circumvent this problem including mechanical sample translation or the 
use of varifocal lenses for focal plane shifting. However, in all cases the capacity to 
control focus is fundamentally limited by inertia to speeds well above 1 ms. In this talk, I 
will present an optofluidic lens that uses acoustic waves to periodically modulate the 
refractive index of a fluid and achieve focus scanning speeds at microsecond time scales. 
Such high speed enables one to simultaneously capture multiple focal planes in 
brightfield and confocal microscopy, or to uniformly process irregular surfaces for 
high-throughput laser microfabrication. 
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We present results obtained with the further developed version of our miniaturized 
unimorph deformable mirror. The mirror is dedicated to be used for intra-cavity 
aberration compensation in high-power solid state lasers. Improved assembly and 
connection techniques were developed to prevent electrode print-through, providing 
diffraction limited surface figures.  Long term stability, dynamic behaviour, and open 
loop performance have been significantly enhanced by design modifications of the 
piezoelectric element. 
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Photo controlled deformable mirrors (PCDM) are based on an electrostatic membrane 
where a photoconductive material replaces the conventional electrode pads so that the 
mirror surface deforms according to a light pattern projected on the photoconductor. 
It has been demonstrated that PCDMs allow for a great simplification in the architecture 
and control system. Indeed the size, distribution and density of the virtual actuators 
(light pattern) can be easily optimized according to the specific requirements [1,2]. 
In order to open the route towards specific application of PCDMs (for example 
astronomy), the increase of the mirror aperture and the improvement of its 
performances are required.This can be achieved by a suitable design and selection of the 
photoconductive material. 
Therefore we developed theoretical models and we defined the key parameters both 
geometrical and physical that affect the performances. 
We applied this approach to inorganic and organic systems, highlighting the advantages 
and drawbacks of both technologies, providing general guidelines to the best choice of 
the photoconductive layer, according to the target application. 
 
[1] U.Bortolozzo, S.Bonora, J.P. Huignard and S. Residori. Continuous photocontrolled deformable mirror, Appl. Phys. Lett, 96 (25):251108, 
2010. 
[2] S. Bonora,D. Coburn, U. Bortolozzo, C. Dainty and S. Residori. High resolution wavefront correction with photocontrolled deformable 
mirror, Optics Express, 20 (5)  5178-5188, 2012. 
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Photo controlled deformable mirrors (PCDM) are based on an electrostatic membrane 
mirror where a photoconductive material replaces the conventional electrode pads so 
that the mirror surface deforms according to a light pattern projected on the 
photoconductor.  
It has been demonstrated that PCDMs allow for a great simplification in the architecture 
and control system [1]. Indeed the size, distribution and density of the virtual actuators 
(light pattern) can be easily optimized according to the specific requirements [2]. 
State of the art PCDM apertures are however limited by the crystal size of the photo 
conductive materials. 
We demonstrated the possibility to use zinc selenide, as a photo conductive substrate 
and we built a 2” PCDM. Both the photoconductive response of the material and the 
optical properties of the deformable mirror have been fully characterized and compared 
to theoretical models. 
This work opens the way towards large aperture PCDMs thanks to the size scalability of 
zinc selenide. 
 
[1] U.Bortolozzo, S. Bonora, J.P. Huignard and S. Residori. Continuous photocontrolled deformable mirror, Appl. Phys. Lett, 96 (25):251108, 
2010. 
[2] S. Bonora, D. Coburn, U. Bortolozzo, C. Dainty and S. Residori. High resolution wavefront correction with photocontrolled  deformable 
mirror, Optics Express, 20 (5)   
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Concepts for future large space telescopes require an active optics system to mitigate 
aberrations caused by thermal deformation and gravitational release. Such a system 
would allow on-site correction of wave-front errors and ease the requirements for 
thermal and gravitational stability of the optical train. In the course of the ESA project 
"Development of Adaptive Deformable Mirrors for Space Instruments" we have 
developed a unimorph deformable mirror designed to correct for low-order aberrations 
and dedicated to be used in space environment. We briefly report on design and 
manufacturing of the deformable mirror and present results from performance 



verifications and environmental testing [1]. 
 
[1]  P. Rausch, S. Verpoort, and U. Wittrock, “Performance Verification and Environmental Testing of a Unimorph Deformable Mirror for 
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The efficiency of high power laser facilities suffers from wave front aberrations due to 
several thermal and mechanical effects [1]. Deformations caused by mounting forces or 
thermal lensing due to high power density within the laser amplifiers lead to wave front 
inhomogeneity and high peak power resulting in damage of optical elements [2]. 
Deformable mirrors (DM) are used to compensate for such aberrations for several years. 
Depending on the position within the amplifier chain the beam diameter reaches 200 
mm or more, which requires active elements of the same size in minimum. One 
challenge in fabrication large unimorph DMs is to keep high quality optical (flat) surfaces 
after the two key steps: bonding and mounting and reduce gravitational sag in horizontal, 
vertical or 45-degree- operating position. This study presents a method for mounting 
large aperture DMs with a compliant support structure. The concept of the DM is 
presented and it was shown that mounting with silver filled silicone cylinders (NUSIL 
CV2-2646) is possible to reach low gravitational sag (9 nm RMS, vertical) and high 
piezoelectric stroke (>13 µm PtV). It was demonstrated that the mount induces 
negligible surface deformations using 50-mm-aperture sample mirrors. 
 
[1] Buske, Ivo; Aberrationen in Nd:YAG Hochleistungslasern und -verstärkern: Ihr Einfluss und ihre Korrektur mit adaptiver Optik, 
Dissertation, 2005 
[2 ]Kmetik, V., Nemcova, S., Jiran, L., Stranakova, E. &Inneman, a. Development of large aperture elements for active and adaptive optics. 
EPJ Web Conf.48, 00008 (2013). 
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Sandia National Laboratories and the Naval Research Laboratory have been working on 
the development of large aperture (19.5 mm) adaptive polymer lenses (APLs). This 



technology can be used for tactical imaging applications, and more specifically for 
push-button adaptive optical zoom systems for variable magnification [1].  
The bulk of the research was performed for direct view optics in the visible regime [2]. A 
lot of the effort was place on quantification, identification, minimization and control of 
optical aberrations due manufacturing processes. 
A system was built and demonstrated using these APLs. The lessons learned were 
expanded to infrared imaging systems [3]. This paper presents an overview of the 
achieved results for the visible, short- and mid-wave infrared regimes at the component 
and system level. We also present the current work on the use of these lenses for other 
applications such as: beam control for variable divergence systems and for pointing or 
illumination. 
 
[1] D.V. Wick. Active Optical Zoom, US Patent 6,977,777 (2005). 
[2] F. Santiago, B.E. Bagwell, T. Martinez, S. Restaino and S. Krishna. Large aperture adaptive doublet polymer lens for imaging applications. 
JOSA A, 31(8) 2014. 
[3] F. Santiago, B.E. Bagwell, V. Pinon III and S. Krishna. Adaptive polymer lens for rapid zoom shortwave infrared imaging applications. 
Optical Engineering 53(12), 125101, December 2014. 
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We appear opaque because our tissues scatter light very strongly. Interestingly, optical 
scattering is deterministic and can be time-reversed in much the same way a ricocheting 
billiard ball can be made to retrace its trajectory if nudged appropriately. I will discuss 
out recent results in using ultrasound tagging in combination with digital optical phase 
conjugation to focus light tightly and deeply within biological tissues. I will also report on 
our experiments using digital optical phase conjugation to tightly focus light on a moving 
target in a scattering medium. This technology can potentially enable incisionless laser 
surgery, targeted optogenetic activation, high-resolution biochemical tissue imaging and 
more. 
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Propagation through atmosphere is a major limitation in free space QKD 
implementations. Adaptive optics can be a solution to this problem. This paper describes 
the first results of our investigation using a deformable mirror. Quantum Key Distribution 
(QKD), first introduced by Bennet and Brassard in 1984 [1], is a method of exchanging 
cryptographic keys between two users that exploits the laws of quantum mechanics in 
order to guarantee its security. Since then many experimental setups have been 
implemented both in fiber and free space [2,3]. The former are already on the market, 
nevertheless the free space channel is attracting the community since it can guarantee 
world-wide secure communication through single photon earth satellite links. The major 
limitation of the free space channel are the perturbations introduced by the atmosphere. 
In this sense the need for a fast correction of the jitter accumulated during the 
propagation in the free space channel has been pointed out many times[4,5]. Adaptive 
optics (AO) can be the optimal solution to this problem allowing a better spatial filtering: 
a better optical conjugation between the transmitter and the receiver and a consequent 



rejection of noisy photons coming from other direction. We propose a tilt correction AO 
system that we integrated in our QKD experimental setup.  
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Generalized Phase Contrast (GPC) is a light efficient method for generating speckle-free 
contiguous optical distributions using binary-only or analog phase levels. It has been 
used in applications such as optical trapping and manipulation, active microscopy, 
structured illumination, optical security, parallel laser marking and labelling and recently 
in contemporary biophotonics applications such as for adaptive and parallel two-photon 
optogenetics and neurophotonics. We will present our most recent GPC developments 
geared towards these applications. First, a compact GPC Light Shaper implementation 
based on our latest theoretical derivations is used to demonstrate the benefits for typical 
applications where lasers have to be actively shaped into particular light patterns. We 
then show the potential of GPC for biomedical and multispectral applications where we 
experimentally demonstrate the active light shaping of a supercontinuum laser over 
most of the visible wavelength range. 
 
E. Papagiakoumou, F. Anselmi, A. Bègue, V. de Sars, J. Glückstad, E. Y. Isacoff, and V. Emiliani, "Scanless two-photon excitation of 
channelrhodopsin-2," Nature Methods 7, 848–854 (2010). 
A. Bañas, D. Palima, M. Villangca, T. Aabo, and J. Glückstad, "GPC light shaper for speckle-free one- and two- photon contiguous pattern 
excitation," Opt. Express 7102, 5299–5310 (2014). 
A. Bañas, O. Kopylov, M. Villangca, D. Palima, and J. Glückstad, "GPC Light Shaper: static and dynamic experimental demonstrations," Opt. 
Express (2014). 
O. Kopylov, A. Bañas, M. Villangca, and D. Palima, "GPC light shaping a supercontinuum source," 23, 1894–1905 (2015). 
J. Glückstad and P. C. Mogensen, "Optimal phase contrast in common-path interferometry.," Appl. Opt. 40, 268–82 (2001). 
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Liquid crystal on silicon (LCOS) technology is well established over last decades first in 
display technology [1] and now in photonics applications [2]. The specificity of photonics 
applications (e.g. in adaptive optics) imposes new requirements, challenges and 
opportunities in further development of the LCOS SLM technology. We transferred the 
wafer-level based LCOS technology into the field of non-display applications. We will 
discuss developing of SLMs with larger resolution (1920x1080 and more), dynamic range 

http://www.ppo.dk/


(multiple wavelengths), reflectivity (reduction of interpixel gap, implementation of highly 
reflective dielectric stack), adaptation of the spectral band, flexible driving options (with 
or without standard video interface).  
 
[1]RL. Melcher. LCOS microdisplay technology and applications. Inform. Display16 (7):20–23, 2000. 
[2] LCOS Spatial light modulators: trends & applications. G. Lazarev, A. Hermerschmidt, S. Krueger, S. Osten in Optical Imaging and 
Metrology: Advanced Technologies, eds. W. Osten, N. Reingand (Wiley, 2012) . 
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The increasing need for higher resolution for space optical applications has led to the 
development of technologies aimed at improving imaging performance beyond what is 
currently achievable by classical optical systems.  
Active Optics is a very promising example of such technologies, tackling in-flight effects 
(e.g.  thermo-elastic deformations, radiation effects on optical materials, desorption…) 
which impact the optical quality of space instruments. As such, Active Optics can be 
considered as an enabling technology for future missions using large mirrors. Its use  
can  also potentially decrease the manufacturing complexity of optical components  
and reduce the outage rate of missions (due e.g. to Sun baffle intrusions or eclipses 
altering the thermal conditions within the instrument).  
This communication gives an overview of the current state-of-the-art of Active Optics 
developments for Space Applications at the European Space Agency, detailing the 
constraints that such systems would encounter during a Space mission and listings 
effects affecting image quality that Active/Adaptive Optics could help reduce. 
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Adaptive Optics (AO) system for a ground telescope consists of four components 
wavefront sensor, deformable mirror, control system, and reference source. Based on the 
parameters, such as Fried parameter, outer scale, wind speed, and wavelength, the AO 
system is required to optimize the components: number of sub-aperture and actuator, 
actuator stroke, and correcting speed. For the development of an AO system for the 
Bohyunsan 1.8 meter telescope, simulators have been developed to estimate 
performance in various parameter changes. Two simulators have been set-up.  
Atmosphere simulator provides turbulent wavefront, and AO correction simulator 
corrects the distorted wavefront caused by the atmosphere simulator. The continuous 
distorted wavefront is created by Matlab used in numerical AO simulation. In the 
closed-loop operation, the deformable mirror creates continuously moving turbulent 
wavefront. It moves in given direction and speed as if the AO system works in the real 



site condition. In the AO simulation we will tweak parameters to achieve an optimized 
performance. For example, we can compare various wavefront sensors and different 
influence functions. In this paper, we present our on-going characterization of the AO 
simulators performances. 
 

Optical field reconstruction with digital micromirror interferometry 
Hai Gong

1,*
, Paolo Pozzi 

1
, OlegSoloviev

 1,2
, Michel Verhaegen

1 
& GlebVdovin

 1,2,3,°
 

 
1
DCSC, TU Delft,  Mekelweg 2, 2628 CD, Delft, The Netherlands 

2
Flexible Optical BV, Polakweg 10-11, 2288 GG Rijswijk, The Netherlands 

3 ITMO University, Kronverksky 49, 197101, St Petersburg, Russia 
*h.gong@tudelft.nl 
°g.v.vdovine@tudelft.nl 

 

The Digital Micromirror Device (DMD) has found many applications in scientific imaging, 
sensing and wavefront control [1]. A DMD-based wavefront sensor, based on 
time-multiplexed sampling of the pupil has been reported recently [2]. In this work we 
investigate the possibility of interferometric optical field sensor with DMD forming a 
series of sampling interferometers in the pupil of an optical system. If only two 
micromirrors are turned on, they form a two-point Young's interferometer, with 
interferometric pattern observed in the focus of the lens.  The phase difference 
between the two reflected beams, with respect to the origin, can be directly obtained 
from the position of the interferometric pattern, while the intensity in the sample point 
can be calculated from the brightness of the interference pattern. The field in the whole 
pupil, with respect to the fixed reference micromirror, can be reconstructed by 
measuring the values of phase and intensity, micromirror after micromirror, for all 
micromirrors in the pupil.Our preliminary experiment validates the feasibility of our 
approach for the field reconstruction in the case of coherent field. We believe that this 
approach can be extended to sensing of speckle patterns and even incoherent fields, by 
analyzing not only the intensity and phase, but also the amplitude and the visibility of 
the interference patterns. Such analysis would yield the complete complex amplitude 
and/or coherence function, making the approach directly applicable to a wide range of 
inverse source problems in optics. 
 
[1] D. Dudley, W.M. Duncan, and J. Slaughter. Emerging digital micromirror device (DMD) applications. Micromachining and Microfabrication, 
January 2003.3 
[2] R. Schmitt, I. Jakobs, and K. Vielhaber. Wavefront sensor design based on a micro-mirror array for a high dynamic range measurement at 
a high lateral resolution. Springer Berlin Heidelberg, 2009. 
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The main objective of the present project is to explore the viability of a scalable, generic 
adaptive optics (AO) control system based exclusively on Field Programmable Gate 
Arrays (FPGAs), making strong use of their parallel processing capability. A large part of 
the computational algorithms used for AOcontrol are common irrespective of the 
telescope that theyare used on. The target is to implement a generic platform which can 
incorporate popular wavefront sensing and correction techniques through abstraction of 
the AO geometries as described by Southwell, 1980 [1]. With the advent of extremely 
large telescopes(30 m -- 100 m), we find the need for incorporating AO asan 
indispensable part of these telescopes. A scalable Wavefront Processing Unit (WPU) and 
a modified MVM (matrix vector multiplier) has been implemented on the FPGA as part 
of the Real Time Controller (RTC). We have made use of a targeted compression 
algorithm and the AO geometry to make MVM feasible to be implemented on the Xilinx 
Virtex-7 series of FPGAs. 
 
[1] W. Southwell, "Wave-front estimation from wave-front slope measurements," J. Opt. Soc. Am.  70, 998-1006 (1980). 
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We present progress on our holographic adaptive laser optics system (HALOS) - a 
compact, closed-loop aberration correction system that uses a multiplexed hologram to 
deconvolve the phase aberrations in an input beam. The wavefront characterization is 
based on simple, intensity measurements of fixed focal spots and does not require any 
complex calculations. As such, the system does not require a computer in the loop and is 
thus much cheaper, less complex and more compact than conventional approaches. 
Additionally, since the sensing is based on parallel, all-optical processing, the speed is 
independent of actuator number – running at the same bandwidth for one actuator as 
for a million. 
We present details of a fully functional, closed-loop prototype incorporating a 
62-element MEMS mirror, operating at a bandwidth of over 10kHz. The system uses 
off-the-shelf components and fits entirely on a 0.4x0.6m breadboard.  
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Using adaptive optics in lasers is only less than 20 years old. Everything started in the 
90’s when people where dreaming at powerful laser beams propagating over long 
distances and still being able to damage some flying device. The first laser systems to be 
equipped with adaptive optics are the fusion lasers: NIF in the US and LMJ in France. This 
was possible because wavefront sensors were becoming available and because many 
attempts were made to successfully design and operate large size deformable mirrors. I 
will give an overview of the different techniques used together with some specific tricks 
coming from using adaptive optics in laser systems. 
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A high average power amplifier system capable of producing 100 J at 10 Hz has been 
designed and is being constructed [1]. To ensure a good wavefront quality at the output, 
suitable for experiments, we have incorporated two different AO systems.  
The front end delivers a seed of ~300 mJ into the 10 J multipass amplifier which operates 
at 10 Hz. The first AO system is deployed within this amplifier; consisting of a PHASICS 
SID4 quadriwave lateral shearing interferometer[2] and a deformable dielectric coated 
mirror with a 30 mm active region. The deformable mirror uses 49 piezo actuators 
controlled via a high voltage electronic box. A prototype of this mirror has been installed 
on the 10 J DiPOLE amplifier, which uses the same amplifier technology, to evaluate the 
performance of the deformable mirror. 
The second AO system is installed on the 100 J amplifier, another multipass amplifier 
which is seeded with the output from the 10 J amplifier. This AO system employs an 
Imagine Optics HASO wavefront sensor and an ILAO deformable mirror.  The mirror 



consists of 52 mechanical actuators and has an active size of   80 mm. The deformable 
mirror cannot be operated in closed loop in this position, the alternative mode of 
operation will be described. 
Both adaptive optics systems have been evaluated off-line, the results of which will be 
discussed. Currently both AO systems are being installed on the 100 J laser system and 
initial measurements of the performance of the system will be reported. 
 
[1] P. Mason et al 2014 “In Design of a 100Joule, 10Hz HEC-DPSSL Power Amplifier “, paper presented at HEC-DPPSL Conference, Oxford, UK. 
[2] S. Mousset et al 2006, “Piston measurement by quadriwave lateral shearing interferometry”, Optics Letters Vol. 31, No 17, pp 2634-2636 
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We present new advanced features allowing to optimize completely the high power laser 
installations. The aim is to have a complete control of the focal spot in terms of quality 
and location. These two conditions are necessary to optimize the energy deposited on 
the target during laser matter interaction experiments. 
We will present how it is possible to optimize completely the focal spot quality by 
correcting the aberrations of a whole laser installation including the aberrations 
introduced by the last focusing optics. For this, an Adaptive Optics  (AO) loop is made at 
low power directly on the diverging beam with the wave front sensor located in the 
chamber after the focal spot. This AO loop configuration leads to a diffraction limited 
spot. This method is based on the ability of 4 Wave Lateral Shearing Interferometer to 
measure high numerical aperture beam up to f/1.5. 
We will present how it is possible to concentrate the light power at a very precise 
location. For this, the AO loop can be used to change in real time the focus position in 
the chamber along the 3 dimensions by modifying the combination of tilt and defocus 
added on the phase map used as order for the loop. 
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Within the framework of the Hilase project a high average-power diode pumped 
cryogenically cooled multi-slab laser system is being developed at the Central Laser Facility, 
Rutherford-Appleton Laboratory, Harwell, England in collaboration with Hilase team. The 
system will deliver pulses of energy up to 100 J at a repetition rate of 10 Hz. The high 
average-power nature of the system results in high thermal loading being induced in the 
gain media and motivates the need for efficient wavefront correction in order to maintain 
high beam quality. 
The system incorporates two multi-pass amplifiers first of which amplifies the pulses to 10 
J energy and second up to 100 J. The 10 J multi-slab amplifier head was modelled both 
numerically and experimentally. Based on these simulations, a set of working conditions 
for the adaptive optics system has been put together so that the wavefront correction 
would be sufficient for obtaining a diffraction limited beam. The closed loop uses data 
from SID4 quadriwave lateral shearing interferometer as correcting loop feedback signal. 
So far, three deformable mirrors have been developed in the framework of this study and 
all these mirrors have been characterized and their performance tested. Results of the 
characterization and performed tests clearly indicate perfect suitability of this adaptive 
optics technology for wavefront correction in the Hilase multi-slab laser system.  
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Ultrafast femtosecond lasers have found many applications in fields like spectroscopy, 
high-field physics, medicine or laser processing. Some of these applications have been 
demonstrated to benefit from diffractive shaped beams [1]. A common approach to obtain 
a shaped profile is by means of a phase-only diffractive optical element (DOE) and a 
Fourier lens. However, due to the broadband nature of femtosecond pulses, space-time 
coupling effects can happen since the shaped profile is formed for a given wavelength [2]. 
A complete characterization is thus mandatory to assess the usefulness of diffractive 
shaped pulses for further applications. In this contribution, we report the complete 
spatiotemporal dynamics and propagation of femtosecond shaped pulses by using the 
STARFISH technique [3]. The experimental results are corroborated by computer 
simulations based on the solution of the Fresnel equation.  In particular, we have 



analyzed a Gaussian-to-flat-top DOE and a diffractive lens. Space-time coupling effects are 
observed in both cases. The ring structure of diffractive lenses gives rise to a train of 
pulses in the temporal domain [4]. In contrast, femtosecond FTBs presents a 
monotonically increasing beam size with the wavelength and a curvature in the pulse front. 
The results of this study will be helpful, for example, to understand the filamentation 
dynamics with DLs [5] and to assess the validity of top-hat shapers for femtosecond laser 
processing. 
 
[1] F. M. Dickey and S. C. Holswade, Laser Beam Shaping: theory and techniques (Marcel Dekker, 2000).  
[2] A. Forbes, F. M. Dickey, M. DeGama and A. du Plessis, “Wavelength independent beam shaping”, Opt. Lett. 37, 49-51 (2012). 
[3] B. Alonso, I. J. Sola, O. Varela, J. Hernàndez-Toro, C. Mèndez, J. San Romàn, A. Zair and L. Roso, “Spatiotemporal amplitude-and-phase 
reconstruction by Fourier-transform of interference spectra of high-complex-beams”, JOSA B 27, 933-940 (2010). 
[4] B. Alonso, R. Borrego-Varillas, O. Mendoza-Yero, I. J. Sola, J. San Romàn, G. Mìnguez-Vega and L. Roso, “Frequency resolved wavefront 
retrieval and dynamics of diffractive focused ultrashort pulses”, JOSA B 29, 1993-2000 (2012). 
[5] R. Borrego-Varillas, C. Romero, O. Mendoza-Yero, G. Mìnguez-Vega, I. Gallardo and J. R. Vàzquez de Aldana, “Femtosecond filamentation in 
sapphire with diffractive lenses”, JOSA B 30, 2059-2065 (2013). 
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The manipulation of the temporal profile of ultrashort laser pulses is one of the basic 
tools for coherent control of a large number of photoinduced mechanisms, from 
chemical reactions to biological processes. Shaping of femtosecond light pulses is 
typically performed in the frequency domain, by manipulation of the pulse spectral 
intensity and, more important, of its spectral phase. One of the tools proposed for phase 
control uses the 4-f stretcher: the frequency components of a pulse are dispersed by a 
prism or a grating, collimated, and sent back by a folding mirror. By using a deformable 
mirror in place of the flat folding optics, one can finely control the optical path of each 
component, and hence manipulate its spectral phase. This technique is able to compress 
femtosecond pulses down to their transform-limited duration, demonstrating the great 
potential of Adaptive Optics for ultrafast lasers [1]. Obtaining the mirror shape for pulse 
compression requires two steps [2]: measure the pulse spectral phase and introduce the 
phase which compensates for its distortions. Such process is iteratively repeated till a 
fine phase correction is obtained. In this work we show that, by including a suitable 
mirror and characterization technique in a closed loop, we could get this procedure to 
automatically correct spectral phase distortions accumulated in an optical chain. The 
mirror is deformed by piezoelectric actuators, while the spectral phase is detected by the 
SEA-TADPOLE technique [3]. In few automatic iterations, the closed loop is able to 
calibrate the mirror and correct for the spectral phase distortions introduced by glass 



plates of various thicknesses on the optical path. 
 
[1] S. Bonora, D. Brida, P. Villoresi, and G. Cerullo, Ultrabroadband pulse shaping with a push-pull deformable mirror. Opt. Express 18, 
23147-23152 (2010) 
[2] D. Brida, G. Cirmi, C. Manzoni, S. Bonora, P. Villoresi, S. De Silvestri, and G. Cerullo, Sub-two-cycle light pulses at 1.6 μm from an optical 
parametric amplifier. Opt. Lett. 33, 741 (2008). 
[3] P. Bowlan, P. Gabolde, A. Shreenath, K. McGresham, R. Trebino, and S. Akturk, Crossed-beam spectral interferometry: a simple, 
high-spectral-resolution method for completely characterizing complex ultrashort pulses in real time. Opt. Express 14, 11892 (2006). 
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This paper presents the results of high power CO2 laser aberration correction  and jitter 
stabilization. A bimorph deformable mirror and two tip-tilt piezo correctors were used as 
executive elements. Two types of wavefront sensors – Hartmann to measure higher 
order aberrations (defocus, astigmatism etc.) based on infrared uncooled 
microbolometer camera produced by INO, Canada, and another – tip-tilt one based on 
Russian technology of thin film deposition on Si substrates, were applied to measure 
wavefront aberrations. We discuss both positive and negative attributes of suggested 
wavefront sensors. The adaptive system allowed to reduce aberrations of income laser 
radiation by 7 times (P-V) and to stabilize jitter of incoming beam up to 25 at a 
speed of 100 Hz. The adaptive system frequency range for high order aberration 
correction was 50 Hz. 
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It is desired to use some special intensity distribution on the target for various industrial 
applications. The adjusting of the intensity profile can be implemented by means of 
adaptive optics. In this paper we present laser beam control in the focal plane of lens 
with bimorph deformable mirrors. Hill-climbing method and stochastic algorithm are 
compared. Advantages and disadvantages of two methods are discussed. 
 


