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Chapter 1 

Introduction 

"Light is always propagated in empty space with a definite velocity c which is 
independent of the state of motion of the emitting body" A. Einstein (1879-1955) 

The goal of this research was to determine new applications in the field of adaptive optics 
using newly developed low-cost wavefront correctors. The need of a low cost adaptive op­
tics system compared to the systems proposed in astronomy (which costs several millions 
of US$) has been recognized at the beginning of the nineties. Several universities made 
important research efforts to develop such products. The T.U. Delft developed a wave-
front corrector on the basis of optical micro-electro-mechanical systems. This corrector is 
a deformable membrane mirror. The membrane mirrors from T.U. Delft have the charac­
teristics of a challenging new product. They can work at frequencies close to 1 kHz, have 
no hysteresis, allow several microns of deflection and have a continuous surface of up to 
five centimeters in diameter with hundreds of actuators. Our research concentrates on the 
use of deformable membrane mirrors with a diameter of 15 mm and 37 actuators. 

During this research we diverged from the classical concept of adaptive optics, which is a 
close loop real time wavefront correcting system. Instead, we propose the direct optimiza­
tion of coupling light sources into fibers without a wavefront sensor or to work in open 
loop condition where the deformable mirror is a phase addressing system to record multi­
plexed holograms in a photorefractive crystal. The wavefront sensor is then a calibration 
system to verify the orthogonality between the different phase distributions produced by 
the membrane mirror. 

The basic principles of adaptive optics, which are necessary to understand this research, 
is described in chapter 2. A short historical view is given and some examples of wavefront 
correctors and sensors are explained. An introduction to the optical theory applied to this 
technology is given, in particular the use of the Zernike polynomials for the descriptions of 
the optical aberrations. 

The chapter 3 is focused on the membrane mirror used during this research. We give 
the physical laws of deflection of the membrane and we show the use of a simulation of 
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2 CHAPTERl. INTRODUCTION 

the behavior of the membrane under electrostatic load. We also determine the physical 
limitation of the membrane and the need for calibration for an optimal use. 

The chapter 4 is devoted to the development of a Shack-Hartmann sensor used for the holo­
gram recording application. We explain the optical concept of the sensor, its development 
and the algorithm used to compute the optical wavefront. 

The chapter 5 describes the closed loop system developed for the optimization of the 
coupling of an abberrated coherent light source into a fiber. Different algorithms for the 
optimization have been elaborated and tested. Then, we present the prototype of a telecom 
fiber switch, where the membrane mirror is used to correct the aberrations produced by the 
switching lens. A bundle of monomode fibers is aligned in front of a moving lens and the 
membrane mirror. The light from one input fiber is collimated by the lens, back reflected 
by the mirror and coupled into one of the other fiber by displacing the lens laterally. The 
membrane mirror corrects the aberrations produced by the off-axis use of the lens. Finally 
we present the results obtained for the coupling of diode pump lasers into double clad 
doped fibers used for the amplification of signals. We demonstrate that the mirror is useful 
for the optimization of the fluorescence of the doped fiber and we developed a dynamic 
coupling system for space born fiber amplifiers. We give the limits of this system. 

The chapter 6 describes an open-loop application. The demonstrator is a phase multiplexed 
holographic memory using the membrane mirror as a wavefront addressor. The signal to 
be recorded is produced by a liquid crystal display. We can record multiple holograms 
in a photorefractive crystal using different wavefronts produced by the membrane mirror 
for each hologram. The phase addressing is based on the Zernike modes produced by 
the membrane mirror. We will see that the Zernike mode multiplexing is limited by the 
capability of the membrane mirror to produce independent Zernike modes. 

This thesis work is the result of a research undertaken at the Institute of Microtechnology 
in the context of an European project called MOSIS/ESPRIT1. The main problem of the 
adaptive optics technology remains its cost. This is the reason why MOSIS focused on the 
development and application of a low cost wavefront corrector where the cost per actuator 
is in the 50-100 $ range compared to the classical correctors which are in the 1,000-10,000 $ 
range. 

Part of the research developed in the thesis has been presented at different Conferences 

SPIE Annual Meeting San Diego, 2001. 

Gonté F., Dändliker R., "Phase coding holographic memory using a deformable membrane 
mirror" Proc. SPIE 4493, 2001 

Gonté F., Herzig H.P., Dändliker R., "Massive free-space optical IXN fiber switch using an 
adaptive membrane mirror" Proc. SPIE 4493, 2001 

Conference on adaptive optics for industry and medicine, Albuquerque 2001. 
1MOSIS is the acronym for Micro-Optical Silicon Systems. This project is included in the more general 

European project called ESPRIT (Europe's PRogram for Information Technologies) 
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Chapter 2 

Principle of adaptive optics 

"Long telescopes may causes objects to appear brighter and larger than short 
ones can do, but they cannot be so formed as to take away that confusions of 
the rays which arises from the tremors of the atmosphere. The only remedy is 
a most serene and quiet air, such as may perhaps be found on the tops of the 
highest mountains above the grosser clouds." Isaac Newton (1642-1727). 

vitreous humour 

Ct9»4 Ei>wiclcp*ttft«aritmici. Inc. 

Figure 2.1: Cross-section of the human eye 

The remedy has only been found during the XXth century, that is the adaptive optics 
technology. It is a technology which gives the capability to correct an optical wavefront 
distortion in real time1. Considering this definition the most obvious and widely used 
adaptive optics system is the eye (Fig. 2.1). The diameter of the pupil varies according 

1By recil time we understand that it reacts faster or at least as fast as the occurred change. For example 
in astronomy the frequency is around IkHz. 
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6 CHAPTER 2. PRINCIPLE OF ADAPTIVE OPTICS 

to the intensity of the light by the action of the radial and circular muscles of the iris. Its 
diameter can change from 2 to 8 mm. The crystalline lens changes its shape to image any 
object on the retina, it is connected to the ciliary muscle by ligaments. The crystalline 
lens focus at infinity when the ciliary muscle are relaxed which flattens the lens. When the 
ciliary muscles are contracted the crystalline lens is released and under its own elastic force 
takes a more curved shape which reduce its focal length and allows to image an object at 
a closer distance. The eye is capable to bring the focus of an object from around 20 cm to 
infinity in less than a tenth of second, it can limit the intensity by a factor of sixteen and 
has two detecting systems for low and high intensity2. 

2.1 History of adaptive optics 

Figure 2.2: Frontispiece to Friedrich Risner, Opticae Thesaurus, 1572. 

According to the legend, the first adaptive optics system has been made by Archimedes in 
213 B.C. with the soldier's shield of Syracuse. They have been used to reflect and focus the 
light on the sails of the Roman's ships, then burned the enemy fleet and delayed the capture 
of Syracuse. This action is represented in the Figure 2.2. Unfortunately Archimedes has 
been killed during the sacking of the city in 212 B.C. Adaptive optics has not been needed 
before the modern edge of optics. This edge starts in the second part of the sixteenth 

2The rods and the cones, the rodes being high speed black and white low intensity photodetectors and 
the cones being low speed color and high intensity detectors. 
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century when Friedrich Risner translated Ibn al-Haytham's work3 in "Opticae Thesaurus" 
in 1572 and when Giovan Battista de la Porta published "Magia Naturalis" in 1558 and 
"De Refractione" in 1593. These books give the basic laws of the working principles of 
several kinds of lenses, they produced a high interest on the scientific of this time and 
Johann Kepler published in 1604 "Ad Vitellionem paralipomeni' where he proposed his 
laws of translation, reflection and refraction of light4. Galileo Galilei had the idea in 1609 
to use the newly made Dutch "cylinders" to observe the moon, planets and stars. Due to 
the discoveries made by Galileo Galilei, the instrument has been named Galilean refractive 
telescope5. Sixty years later Isaac Newton proposed a reflective telescope to find a remedy 
to the chromatic aberrations observed with the refractive telescope. During its observations 
with it, Newton recognized a problem that he described and found no solution for it: the 
Seeing. The seeing is a loss of resolution due to the fluctuation of the refractive index of 
the atmosphere, it creates a blur around the stars on a picture. Due to this problem, the 
resolution of a large telescope can be less than the resolution for a 200 mm telescope. The 
need of a high level of technology to correct such problem prevented the development of a 
solution before the second part of the XXth century. 

2.1.1 First applications: astronomy and military 

Figure 2.3: Experimental result obtained with COME-ON-I-

The first publication defining an optical deformable element driven to correct wavefront 
distortion has been written by Babcock [5] in 1953. It proposes the use of an Eidophor6 

3It was written during the second part of the tenth century. 
4 Kepler also developed a telescope with 2 convergent lenses known as the Keplerian telescope in 

1611(101], two years after the success obtained by Galileo. 
5This is an instrument composed of a convergent and divergent lens. 
6The Eidophor is textually described in (5] as following: 'The Eidophor is essentially a thin layer of 

oil covering a reflecting mirror. A rastered electric charge is deposited on the surface of the oil film by 
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invented by F. Fischer [39] as a wavefront corrector. Independently Linnick wrote a paper in 
1957 [49)7 about the same subject. The development cost of such systems was prohibitive, 
therefore nobody made an effort in that sense before the seventies. At that time the need 
for the U.S. air force to take images of satellites in orbit or to control laser beams through 
the atmosphere imposed the use of a controlled segmented mirror, which is nowadays a 
typical wavefront corrector. The first practical application in astronomy started to work 
in 1989, it was a system called COME-ON [80]. It has been used on the 1.52 m telescope 
of the Observatoire de Haute-Provence (France) and the ESO 3.6 m telescope at La Silla 
(Chile), it gave diffraction-limited image in the K band (A = 2.2//m). The choice of an 
infrared band has been made because it is easier to obtain a diffraction limited image at 
this wavelength. This system has been updated under the name "COME-ON+" and since 
has been regularly used, an example of its result is given in Figure 2.3, which shows the 
detection of a binary star from a blurred picture in the H band (A = 1.68/im). The last 
evolution which is actually used since 1996 and called "ADONIS" is well explained in [78]. 
The U.S. military research related to adaptive optics has only been declassified in 1990. The 
release of science and engineering knowledge from the military side and the demonstration 
made with COME-ON gave a boost to the research in adaptive optics. Another domain has 
a strong need of the adaptive optics technology, it is the nuclear fusion using high power 
laser. The quality of the laser beams is controlled with the help of adaptive optics systems. 
Such systems are already installed at the Lawrence Livermore National Laboratory. 

2.1.2 Evolution and future 

Today, every newly developed telescope (Very Large Telescope, Gemini, Keck) is equipped 
with an active and adaptive optics system. The active optics system8 corrects the aber­
rations on the primary mirror, which is a plain or segmented mirror of up to 10 meters 
of diameter corrected by hundreds of actuators. It corrects the aberrations introduced by 
the gravity, its angle of inclination and the structural changes due to the temperature. 
The adaptive optics set-up to correct the atmospheric fluctuations is at the focus of the 
telescope and works in the 1 kHz range. These systems need a turbulence probe, which 
can be a bright star or a laser guide star (LGS), which creates an artificial star with its 
light backscattered in the upper layer of the atmosphere9. Thanks to this technology we al­
ready imagine space telescopes of 6 m diameters (NGST10) and ground telescopes of 100 m 

conventional cathode-ray techniques, and through electrostatic forces the oil film is distorted according to 
the desired pattern." 

7Written in Russian. 
eThis is an adaptive optics system working at low frequency (less than 10 Hz). 
9They are two types of LGS, the first is a Rayleigh beacon, which backscatter off air molecules in the 

range of 10-20 km, the second uses the resonant excitation of atoms in the mesospheric sodium layer at 
an altitude of 90 km [77]. 

10The New Generation Space Telescope will be a déployable mirror of 8 segments with an aperture of 
6.5 m [52]. The natural deformation of the segments will be corrected by an adaptive optics system. 
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(OWL11). In France, an inertial confinement fusion called "Laser Megajoule" is being built 
and will work at the end of this decade. 

Besides these developments, research in low cost adaptive optics started at the beginning 
of the nineties. For this purpose new wavefront correctors and sensors made of micro-
electro-mechanical elements have been developed. They are applied in medicine, industrial 
and new scientific domains, such as eye study, laser welding, free space communication or 
confocal microscopy. The silicon made membrane mirror, which was used for this thesis, 
is a key component of this evolution. 

2.2 Theory and technology of adaptive optics 

The adaptive optics domain is at the boundary of different physical and technological 
concepts, the four components being optics, mechanics, electronics and computing, that 
is the reason why this technology took so long to develop. The principle of an adaptive 
optics system is to measure and correct an optical wavefront. It is a closed-loop system. 
The wavefront sensor measures the path difference between the disturbed wavefront and 
the ideal one, and the wavefront corrector makes the correction. We will not give in this 
section information about air turbulence, Kolmogorov law etc., since our work focuses on 
systems which are not involved in retrieving informations which has crossed different layers 
of the atmosphere. 

2.2.1 A control loop system 

Control Computer 

Figure 2.4: Basic adaptive optics imaging system 

11 The Over Whelmingly Large telescope is a project of the European Southern Observatory 
(ES0)|36][26]. 
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An adaptive optics system is before all a multi-variable closed-loop control system. Multi-
variable because of the number of mirror actuators acting on the system and closed-loop 
because of the residual error correction of the wavefront made by the mirror after sensing 
the corrected wavefront. Figure 2.4 shows the scheme of the system. An adaptive optics 
system is composed of: 

A wavefront corrector which is the most often a deformable mirror. 

A wavefront sensor which is nowadays mainly a Shack-Hartmann sensor composed of a 
matrix of microlenses and a 2-D array of detectors like photodiodes or CCD. 

A scientific instrument such as a spectrometer or an imaging camera. 

A command control composed of a frame grabber if the wavefront sensor contains a CCD 
camera or a multiple analog to digital channel receiver, if the wavefront sensor contains a 
matrix of photon counting detector. 

A wavefront shape calculator. 

A multi-channel digital to analog converter and a high voltage amplifier to send the calcu­
lated position to the actuators of the wavefront corrector. 

2.2.1.1 The Adaptive optics servo-loop 

(Pres 

„be + ^ > 

- ( X ^ 
<PcorT 

WFS 

Sensor 
noise 

VVFC CC DAC HVA DM 

Figure 2.5: Block-diagram of a typical adaptive optics system 

Several authors [19] [53] (94] gave full descriptions of the adaptive optics servo-loop system; 
we will give here only a short summary. The block diagram of an adaptive optics system 
is shown in Figure 2.5, where WFS is the wavefront sensor, CC is the computer control, 
DAC is the digital to analog converter, HVA is the high voltage amplifier and DM is the 
deformable mirror. From the block diagram we can define the transfer function of the 
adaptive optics system. 

The wavefront sensor, whose main part is the photonic detector integrating the optical flux 
during a time Twfs, averages also during the same time the incoming wavefront. By calling 
the wavefront perturbation ip (t) and the output of the wavefront sensor M (fcT„,/s), which 
is the kth sample of the continuous function of M (i), this function can be written 

1 rt 1 roo I roo 

M(t) = -— <p(t)dt = -=r- V{t)dt-=— ip(t)dt (2.1) 
J-wfs Jt—Twf9 J wja Jt—Twfe J-wfs Jt 
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This demonstrates that the temporal behavior of the detector is the difference of the 
infinite integral of (p (t) and of the same integral with a time lag of Twja. Taking the 
Laplace transform, we find that its transfer function is given by 

1 __ p-Twjaa 

WFS (s) = — . (2.2) 
IwJsS 

The wavefront computer has a time delay r during which it makes the computation of the 
wavefront measurement. The corresponding transfer function is 

WFC{s) = e~TS. (2.3) 

The main task of the control computer is to calculate the deformable mirror control voltages 
and to implement the real time compensation to optimize the closed loop. This transfer 
function is given by [19] 

CC (a) = - , (2.4) 
S 

where K is the gain. 

The digital to analog converter keeps its values during a time 7 ^ , which yields the transfer 
function 

DAC(S) = e (2.5) 

The transfer functions for the deformable mirror and the high voltage amplifier are assumed 
to be equal to 1, because their temporal response is largely above the working frequency 
of the system. 

2.2.1.2 Optical wavefront sensors 

Different technologies are possible to detect and measure optical wavefronts. This can be 
made by measuring the shift of interference fringes or the shift of a focal spot, produced 
by a change of the optical path difference, or by the measurement of the irradiance. Table 
2.1 represents a non exhaustive list of these techniques, classified by different approaches. 
The three main systems used up to now are the lateral shear interferometer, the Shack-
Hartmann sensor and the curvature sensor. 

The lateral shear interferometer [31]: This is the technology which has been the most 
widely used until the beginning of the nineties. The wavefront is incident on a parallel 
plate which reflects the wavefront on its first surface and a shifted wavefront on the second 
surface. Theses two wavefronts are combined to form in their overlap area an interference 
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Technical approach 

direct OPD wavefront measurement 

indirect OPD wavefront measurement 

Irradiance based wavefront sensing 

Systems 

Radial shear interferometry 
Point diffraction interferometry 

Lateral shear interferometry 
Knife edge 

S hack-H art mann 

Curvature sensor 
Axial intensity 
Phase retrieval 

Table 2.1: Wavefront sensor list 

pattern. This pattern provides the information on the optical path difference compared to 
the perfect wavefront. Two sheared interferograms at orthogonal directions are required to 
reconstruct the wavefront. 

The curvature sensor: This system, imagined and developed by Roddier in 1988 [76], 
makes a wavefront curvature measurement instead of the wavefront slope measurement 
as done by the shear interferometer and the Shack-Hartmann sensor. The wavefront is 
transmitted through a telescope and is imaged at the focal distance of the telescope. The 
local wavefront curvature is detected by measuring the irradiance distribution of the beam 
at a short distance before and after the focus. This curvature creates a lack or an exess 
of illumination on the two irradiance distributions. This technique provides the measure­
ment of the Laplacian of the wavefront with its radial tilts and aperture edge. It has the 
advantage when used with a membrane or a bimorph mirror, to be directly related to the 
deformation. 

The Shack-Hartmann sensor: The Shack-Hartmann sensor is the most widely used 
wavefront sensor nowadays. Because we developed one for this thesis work, it will be fully 
explained in the chapter 4. 

2.2.1.3 Correctors 

An optical wavefront can be corrected by transmission or by reflection, but the most 
classical wave corrector is a deformable mirror. The surface of the mirror can be continuous 
as shown in Fig. 2.6(a) or segmented as shown in Fig. 2.6(b). In the case of the segmented 
mirror, one or several actuators are disposed under the segments to produce the tip and 
tilt of the segments. Most of the actuators are piezoelectric ceramics. An other kind 
of deformable mirrors having a plane surface is the bimorph mirror. It is composed of 
a sandwich made of a sheet of reflecting surface (glass, metal), an electrode, a sheet of 
piezoelectric ceramic and an array of back electrodes conveniently disposed. The voltages 
applied to the electrode produce a local change in the thickness of the piezoelectric ceramic, 
which change the shape of the reflecting surface. 
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Figure 2.6: Deformable mirror with piezo actuators: (a) continuous surface (b) segmented 
mirror from the Thermotrex company. 

The correction of wavefronts by transmission is possible with liquid crystal devices, as 
explained by Love [50]. With the help of a nematic liquid crystal spatial light modulator 
composed of 69 hexagonal pixels, he has been able to correct a wave front up to the 15th 
Zernike mode. 

The corrector technology used during this work is a new technology, called optical micro-
electro-mechanical systems (optical MEMS). This technology started to be developed at the 
beginning of the nineties. Our corrector is a silicon nitride membrane with a thickness of 
less than one micron and coated with a highly reflective material. We give a full description 
of this deformable membrane mirror and its properties in Chapter 3. 

2.2.2 Interpretation of optical aberrations 

The best way to describe the phenomena in an adaptive optics system is by the use of 
the wave theory of optics. This theory has been definitively settled by Fresnel at the 
beginning of the XIXi/l century. In the context of adaptive optics, we have to take account 
of the propagation of light with aberrated wavefronts, described by the diffraction theory 
of aberrations. This theory has been first investigated by Rayleigh, inspired by the work 
of Huygens, Fraunhofer and Fresnel. 

2.2.2.1 Propagat ion of aber ra ted wavefronts 

An accurate analysis of the diffraction theory of aberrations is given in [9], we will give 
here only the part of this theory needed for our application. As shown in Fig. 2.7 we 
consider a centered optical system with a point source of monochromatic light at PO. Pl 
is the image of point PO. 
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PO 

dO ,' 

Object 
plane 

>v 

Centred 
optical system 

Exit pupil 

ir—---vdl 

PI 

Image 
plane 

Figure 2.7: Coordinate and notation system for the diffraction calculation 

The disturbance U (P) from a reference sphere at an arbitrary point P in the image plane 
is given by the Huygens-Fresnel principle as 

Il 
,tfe(*+*] 

•dS. (2.6) 

A/R is the amplitude at the exit pupil, R is the distance between the center of the exit 
pupil and the point P l , s is the distance between a point at the pupil and an arbitrary point 
in the region of the image. $ is the aberration function of the wavefront at the exit pupil. 
Using normalized polar coordinates (p,6) for pupil, dS is given by dS = r2pdpd9 with r 
being the radius of the pupil. The coordinates in the image are x,y,z with z being normal 
to the pupil plane. Based in polar coordinates in the image plane with <p = arctan [y/x), 
the following reduced coordinates for P are introduced: 

2TT / r \ 2 

and 

U = T\R Z 

v = T (i) J^-
Finally, in the image plane region we can replace s by R, hence Eq. (2.6) becomes 

(2.7) 

(2.8) 

2 /•! r2n 

u(Uiv^) =-1-%-^) i [KAk*-vpeo,*e-*)-W}pdpd0ì 
X R¿ Jo Jo 

and then the intensity at P is given by 

(2.9) 

'^-{T^ttC^^* -V)-^Up \pdpdO (2.10) 

file:///pdpdO
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We can introduce now an important parameter used in adaptive optics to define the quality 
of the correction: the Strehl ratio, also called normalized intensity. It is given by the ratio 
of the peak intensity of the point spread function (PSF) under perfect condition (diffraction 
limited) and under aberrated condition. Without aberration the peak intensity is (at u = 
v = <p = 0) 

Then the Strehl ratio, which is the ratio of the maximal intensity for the aberrated wave-
front and the perfect wavefront, is given by 

1 I /"' f2n • 
SR = max \~ \f f* e^-^V-^-^pdpdê 

7T IJo JQ 
(2.12) 

When the overall aberrations are small, it can be shown that the intensity maximum is 
nearly on the axis (u = v = ip — 0) and the Strehl ratio is reduced to 

5 « = - / / eik"-pdpde , (2.13) 

where $/> is the aberration function centered at the point P. 

Gaussian optics is an approximation of the property of an optical system, called paraxial 
optics or first order optics, which neglects the aberrations. The investigation of aberrations 
started only at the middle of the XIXth century by Petzval and Seidel. Seidel took account 
of the third order theory of an optical system and then determined 5 aberrations, also called 
Seidel aberrations, which are spherical aberration, coma, astigmatism, field curvature and 
the distortion. 

The best way to describe the aberration function is by a power series. In our context, 
where we have an integration over a unit circle (a plain circular membrane), it is best to 
use a complete set of polynomials. 

2.2.2.2 Orthogonal modes and Zernike modes 

In the paper written in 1934 |113], Zernike developed a complete set of orthogonal polyno­
mials12 over the interior of a unit circle to describe wave aberrations. Descriptions how to 
use these Zernike polynomials are given by Born & Wolf [9), Malacara [57], Noll [67], and 
Roddier [77]. 

For an extensive knowledge of the mathematical properties of the polynomials see [12]. 
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The characteristics of the Zernike polynomials are: they are orthogonal over a unit circle, 
they are complete in the sense that any wavefront can be described by a linear combination 
of Zernike polynomials, and they are invariant to rotation around the center of the circle. 

For a circular aperture without obstruction13 and using polar coordinates, the Zernike 
modes are defined by 

Z™ = IC (p) e'""19, 

where 9 and p are the polar coordinates. 

Orthogonality and normalization are given by 

(2.14) 

Í rZ™Z$'pdpde = -?—8nn,8mm,, 
Jo JQ n + 1 

(2.15) 

where Sij is the Kronecker symbol and the asterisk is for the complex conjugate. As 
explained in (9], the radial polynomials R™ (p) can be derived from the Jacobi polynomials 
[12] and are finally found to be 

(n-m)/2 

K(P)= E 
( - l ) ' ( n - , ) ! ,(n-2a) 

Table 2.2 shows the radial polynomials R™ (p) as calculated by Zernike in 1934. 

(2.16) 

m\n 
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5 
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1 

1 

P 

2 

2p2 - 1 

P2 

3 

Zp3 - 2p 

P* 

4 

6p4 - 6p2 

+1 

4p4 - Zp2 

PK 

5 

IO/?5 - 12p3 

+3^ 

5/?5 - 4/?3 

Pb 

6 

2Op6 - 3Op4 

+12p2 - 1 

15p6 - 2Op4 

+6p2 

6p6 - 5p4 

P" 

Table 2.2: Radial polynomials 

From this table, several classifications of the Zernike polynomials have been made. The 
best known are the ones from Kim and Shannon in [41], Noll [67] and Malacara [57]. In 

13 The specific case of annular pupils has been extensively studied by Mahajan in [54]. 
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the paper of Kim and Shannon a 3D representation of the 37 first Zernike modes is shown. 
The Table 2.3 presents the difference of these classifications. 

In the present thesis, we will only use the classification given by Noll. The modes up to 
the 5th order are presented in Appendix A. 

Noll 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Malacara 

1 
3 
2 
5 
6 
4 
9 
8 
10 
7 
13 
14 
12 
15 
11 
19 
18 
20 
17 
21 
16 

Shannon 

1 
2 
3 
4 
5 
6 
7 
8 
10 
11 
9 
12 
13 
17 
18 
14 
15 
19 
20 
26 
27 

m 

0 
1 
1 
0 
2 
2 
1 
1 
3 
3 
0 
2 
2 
4 
4 
1 
1 
3 
3 
5 
5 

n 

0 
1 
1 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 

Zernike polynomials 

1 
2pcos 0 
2p sin 0 

V 3 ( 2 / ) 2 - l ) 
y/èp2 sin 20 
\/6p2 cos 20 

/8(3/?3 - 2p ) s inô 
y/S (3/)3 -2p) coso 

y/SpP sin 39 

\/sp3cosze 
Vb(Gp4 -p2 + 1) 

/Í0(10/)4 -Zp2) cos 29 
VlO(IO/?4 -3/92) sin 29 

VlOp4 cos AB 
VlO/)4 sin 49 

/ 1 2 ( 1 0 / ) 5 - 12/)3 + 3/)) coso 
Vl2(lO/>5-12/?3 + 3/))sin0 

/ Ï 2 (5/)5-4/?3) cos 30 
VÎ2 (5/)5-4/)3) sin 30 

Videos 50 
/12/)5 sin 50 

definitions 

piston 
Tip 
Tilt 

Defocus 
Astigmatism(3rd order) 
Astigmatism(3rd order) 

Coma 
Coma 
Trefoil 
Trefoil 

Spherical 
Astigmatism(5th order) 
Astigmatism(5th order) 

Ashtray 
Ashtray 

Table 2.3: Different classifications of the Zernike polynomials. 

2.3 Summary 

In this chapter we gave a short overview of the history of adaptive optics; we have seen that 
the development of this technology took a long time due to the scientific and technological 
limits encountered. We also briefly described the concept of adaptive optics systems, which 
is a closed-loop system using a wavefront corrector and wavefront sensor to correct dynamic 
optical aberrations. We did not take account of air turbulence in the description, because 
the experiments made in this work are not based on the transmission of wavefronts through 
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atmospheric layers. We gave a short description of the concepts of aberrations. Finally, 
we introduced the Zernike polynomials. We have seen that the Zernike Polynomials were 
ideal by their specific properties to describe the aberrations. 



Chapter 3 

The membrane mirrors 

" The reason why the light reflects from a mirror at the same angle as the in­
cident light is the following. As the light moves very quickly, when it falls on 
the mirror it does not penetrate the interior but it can not stop and as the force 
and the natural primitive movement still remains in it, it reflects off the side it 
cames from and follows the same inclination as the precedent." IBn-al-Haytham 
(965-1039) 

The research on membrane mirrors started in the second part of the seventies [29]. The 
membrane mirror prototype produced by the Perkin-Elmer corporation was made of tita­
nium, nickel, beryllium or even molybdenum by evaporation on a substrate. The membrane 
was positioned and tensioned between a transparent biased electrode and an electrode ar­
ray. The membrane assembly was confined in a 270 Pa vacuum needed for the damping 
requirement of the assembly. In 1981 a membrane mirror made of polypropylene and coated 
with aluminum has been specifically designed for astronomical applications [61). It was 
used in combination with a speckle interferometer. But it is only with the development of 
the Micro-Electro-Mechanical (MEM) technologies in the nineties that the fabrication of 
low cost membrane mirrors has been possible |97][6[. As for the standard adaptive mirrors 
they can be made of a continuous or segmented mirror. We have used membrane mirrors 
produced by the Technological University of Delft. They are continuous membrane mirrors 
of different size and have different coatings. 

3.1 Fabrication technology of the mirror 

The team led by Gleb Vdovin at T.U. Delft started to developed membrane mirrors a few 
years ago. Their first mirrors were rectangular with a surface of 1 cm2, now they are able 
to produce membrane mirrors with a diameter of up to 5 cm and specifically designed for 
the astronomy. During this work, we used circular membrane mirrors with a diameter of 

19 
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15 mm. Figure 3.1 shows a photograph of the membrane mounted on the chip and the 
interference pattern obtained from the mirror surface. 

Figure 3.1: Membrane mirror: (a) photo, (b) interference pattern 

The membrane mirrors are made of silicon nitride supported by a silicon chip and sustained 
by a PCB holder. The electrode structure, spacer and connectors are deposited on the PCB 
holder. An extensive description of the fabrication process is given in [97], [99] and [98); it 
is summarized in the following. 

Constant 

Young's modulus 
Density 

Poisson's ratio 

Symbol 

E 

P 
O 

value 

3.Ie11 N/m2 

3.18 g/cm3 

0.23 

Table 3.1: Physical characteristics of the silicon nitride 

The membrane mirror is made of silicon nitride of 0.5 /¿m thickness and is fabricated using 
KOH anisotropic etching of (100) silicon wafers. The principal physical characteristics at 
room temperature of the silicon-nitride are given in the Table 3.1. The membrane is then 
coated with different layers of metal to obtain the desired reflectivity. Aluminum can be 
directly deposited on silicon-nitride. The scattering from the membrane is less than 2% 
and is produced by the coating defects and dust on the membrane. The total reflection is 
between 85% and 90% for visible light. For a mirror of higher reflectivity, it is necessary to 
coat first the membrane with a 10 nm thick layer of chrome to improve the adhesion of the 
next coating, then to deposit a 100 nm thick layer of silver, and to finish with several layers 
of dielectric materials with a thickness specific to the laser wavelength to be reflected. A 
reflectivity of more than 99.9 % has been obtained. We can see in Figure 3.2 a typical 
coating of the membrane. The presented coating is for maximum reflection at 800 nm. 

Figure 3.3 shows the cross section of the deformable membrane mirror and the hexagonal 
array of the 37 electrodes under the membrane, which has a diameter of 15 mm. The 
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I substrate (SlN) 
2Cr(10nm) 
3 Ag (100 nm) 
4 dielectric layers opt. for 800 nm 

2 3 C 

Figure 3.2: Typical mirror coating for high reflection at 800 nm 

distance between the centers of the electrodes is 1.75 mm. The diameter of the hexagonal 
structure of the electrodes is 12 mm. Thus, the useful diameter of the membrane mirror is 
considered to be less thanl2 mm. 

I 
Bias 

/ 
Al. coating 

f - Si, chip 

Spacer 

Vl 

PCB 

V2 Vn 

(a) (b) 

Figure 3,3: Membrane mirror: (a) schematic cross-section, (b) photograph of the electrode 
array. 

3.2 The physics of a membrane mirror 

We consider the membrane as an element having a thickness very small compared to its 
width and length. Moreover, its deflection is very large compared to its thickness. In 
this case, the resistance of the element to bending is neglected [90]. The deflection of the 
membrane is due to the electrostatic attraction produced by the electrodes. Each electrode 
has a specific position to be taken into account for the overall deflection of the membrane. 
The behavior of the membrane has been extensively studied by Morse [64] in a general 
case. The equation of motion of a circular membrane without external force and viscous 
damping in polar coordinate is 

dt2 (3.1) 

where r\ is the the displacement of the membrane from its equilibrium position, p the mass 
density, 

T = - ^ - , (3.2) 
2 ( 1 - a ) ' V ; 
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is the stress of the membrane with the Young's modulus E, the Poisson's ratio a, the 
strain 8 of the membrane due to stretching, and the membrane thickness h. For a typical 
thickness of h =0.5 //m, a strain of S — 9.2 • 10~3, and the values given in Table 3.1 for the 
Young's modulus and the Poisson's ratio, we obtain a stress of T =11.9 N/m2. 

In the case of an additional external force F (r, tpt t), the Eq. (3.1) becomes [29] 

? ! M B ï A M + ^ . (3.3) 
Ot£ p p 

The static equation for the membrane mirror is then 

V 2 , (r.rf = ^ a . (3.4) 

In our case, the circular membrane is deflected by electrostatic attraction, the force from 
one electrode is then given by [77] 

_ C0TtS2 rVn + K l 2 

F = ——-
d 

(3.5) 

where V8 is the operating voltage and V0 a bias voltage, s is the electrode pad radius, d 
is the distance between the electrode and the membrane and to = 8.85 • 10~12 F/m is the 
absolute dielectric constant . 

Following [65] and [64], the steady state deflection at a position r on the membrane pro­
duced by an electrostatic attraction acting at the center of the membrane is 

V =
 f 2&[ ln? + ¿ ( * 2 - r 2 ) ] 0<r<s 

2 & l n 7 s <r<R 
(3-6) 

R is the radius of the membrane as shown in Fig. 3.4. 

At the center of the membrane mirror (r = 0), and implementing Eq. (3.5) in Eq. (3.6) 
we find 

With a voltage of VQ + V3 = 200 V, an electrode radius of s = 6 mm, which is equivalent to 
the array radius of the 37 electrodes, a distance d — 100 pm and a stress of T = 11.9 N/m2, 
we obtain a deflection of r¡ =9.5 p.m. 

The natural fundamental frequency / r e s of the membrane mirror is given by [89) 
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Membrane 

Electrode - I 

/ 

Figure 3.4: Diagram for the coordinate of the membrane with a central electrode. 

_ 10.21ft / E 
Ires~ 2*iP Vl2p( l -aa) ' K } 

With values for E and a given in Table 3.1 and the radius R = 7.5 mm of the mirror 
membrane, we obtain a fundamental resonance frequency of fres = 1340 Hz. 

3.3 Simulation 

We used a computer simulation program to calculate the behavior of the membrane mirror 
for different distributions of the electrode voltages. We will see that the structure and 
the number of the electrodes to activate the membrane produce a typical set of mirror 
deflections, which we will call the membrane mirror modes. They can be directly used for 
some applications. 

A program simulating the deformation of the membrane has been developed at the Imperial 
College of London, (70] and [71], on the basis of a finite element model of the membrane 
deflection with the linear approximation that the deflection is small compared to the dis­
tance between the membrane and the electrodes. It allows the simulation of the membrane 
deformation according to the electrode voltages and to obtain the Zernike polynomials 
corresponding to this deflection. The simplified Eq. (3.4) becomes then 

^ , ) = ^ = - 0 ¾ ^ . (3.9) 

The finite element model which has been implemented with the help of the package DIFF-
PACK on C++, gives the mirror influence functions. The deformation of the membrane 
mirror, expressed as a vector of Zernike coefficients ¢, is then given by 

$ = Ae, (3.10) 



24 CHAPTER 3. THE MEMBRANE MIRRORS 

where A is the influence matrix of the mirror and e oc V2 is a vector representing the 
actuator pressures of the 37 electrodes. For our purpose, the influence matrix A delivered 
by the Imperial College has been defined as 500 x 37 elements and transform the actuators 
pressure as a 500 term Zernike expansion describing the deformation of the membrane 
mirror. This matrix has been exploited on MATLAB to obtain the simulated deformation 
of the membranes mirror. The vector of electrode voltage to the square for a particular 
deformation described by a vector of Zernike coefficient is given by 

e = A - ' $ , (3.11) 

where A"1 is the pseudo inverse of A. The Eq. (3.11) represents the least square fit to 
determine the specific electrode set for a particular set of Zernike mode. This is applied on 
the overall membrane of the mirror. As the membrane is held at its rim by the Silicon chip, 
we understand that we can not perfectly fit the Zernike modes. To obtain them we decided 
to work with the central part of 12 mm of diameter of the membrane mirror. We calculated 
the new influence matrix by calculating the Zernike coefficients of the deformation of the 
central part of each electrode deflection. This new influence matrix is called B and has 
200 x 37 elements, therefore the specific set of electrode for each wanted Zernike mode is 
given by e = B " 1^. 

The simulated Zernike deformations for each mode up to the 4th mode are given in Ap­
pendix B. Figure 3.5 shows the interference pattern of the 10 first Zernike modes but the 
piston. We corrected most of the initial aberrations which was on the bias to well observe 
the modes. Then the first picture is the unbiased mirror and the second is the biased 
mirror, the other photograph are the modes two to ten with their maximum deflection 
capability. 

An important work has been done by Zhu et al [114] and it has shown that the mirror 
considered above is not able to create the Zernike modes above the 0th order (see Tab. 
2.3). 

3.4 Characteristics 

3.4.1 Deflection 

The deflection has been measured for different mirrors with the help of a Michelson in­
terferometer. This interferometer has a reference mirror of 2 meters focal length, which 
corresponds more or less1 to the bias deflection of the membrane mirrors. Compared to this 
reference an average of 12 interferences lines at 633 nm have been measured at maximum 
deflection in the central part of the membrane mirror (diameter 12 mm), which represents 

It is slightly different for each mirror. 
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Figure 3.5: interference pattern of the first Zernike mode: (A) unbiased mirror, (B) cor­
rected bias, (C) tilt, (D) tip, (E) astigmatism 45°, (F) defocus, (G) astigmatism 0°, (H) 
trefoil 0°, (I) coma 90°, (J) coma 0°, (K) trefoil 30°. 
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a path difference of 7.57 firn or a deflection between the bias and the maximum deflection 
of 3.8 fxm. We then obtain a maximum relative deflection of ±3.8 • 10"6 m. 

The membrane mirror, after fabrication, is not perfect and has many aberrations, as it 
can be seen in the Figs. 3.1 or 5.9. These aberrations produce a different deflection capa­
bility, depending on the position of the electrodes which are activated. We measured this 
deflection for different electrode configurations. At the same time we have demonstrated 
that the membrane deflection is proportional to the square of the electrode voltage. The 
experimental results shown in Fig. 3.6, are obtained with the membrane mirror shown in 
Fig. 3.1. The electrode configurations correspond to six clusters of four electrodes located 
on the rim of the membrane. We applied a voltage of up to 160V and the deflection was 
measured in numbers of wavelength with a Helium-Neon laser at A = 633 nm. We observe 
that we have up to 3 wavelengths of difference between two different groups of electrodes. 
Therefore, for a good modal deflection each membrane must be carefully calibrated to 
compensate such differences. Different weights must be given to the electrodes. 

D 70 iO GD m IQO 130 140 160 

Figure 3.6: Deflection of the membrane mirror depending on the electrode groups. 

As shown in section 3.2, the deflection of the membrane is proportional to the square of 
the voltage applied to it. The voltage applied to the electrodes is driven by a 40 channels 
Digital to Analog Converter (DAC) associated to a high voltage amplifier. The DAC has 
a resolution of 12 bit which gives a Least Significant Bit (LSB) of 1/4096. To set the 
membrane at mid distance of the maximum deflection, the bias is set at 2896 LSBs, which 
corresponds to a voltage of 141 V for a maximum voltage of 200V. 
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3.4.2 Initial aberration of the membrane 

The initial aberrations of the membrane mirror are different for each mirror. In the case 
of a membrane with low aberrations (less than one wavelength), this is easy to correct by 
slightly different voltages on the electrodes and it is then possible to obtain the Zernike 
modes with good quality. In the case of an automatic search of the best correction in 
an optical system, we even do not need to correct aberrations, as this is automatically 
corrected by the search. In the case of several wavelengths of aberrations, it is no longer 
possible to obtain a correction of the membrane. Then it is no longer possible to obtain 
good quality Zernike modes and automatic optimization is limited by these aberrations. 

3.4.3 Temporal response 

(a) (b) 

Figure 3.7: Measurement of the temporal response of the membrane: (a) release time, (b) 
deflection time . 

The maximum speed at which the membrane mirror is deflected or released has been mea­
sured. It determines the maximum working frequency of the mirror. These measurements 
have been made with a collimated laser beam reflected on the membrane mirror and cou­
pled into a fiber. The deflection or release of the mirror changes the coupling into the fiber. 
The change in the output intensity of the fiber is detected by a photodiode and measured 
with an oscilloscope. Fig. 3.7(a) shows the measurement of the release time of the mem­
brane; maximum coupling is obtained with the released membrane and reduced when the 
membrane is deflected. We see that the membrane is stable after 2.5 ms, which gives a 
frequency response of 400 Hz. In Fig. 3.7(b) the measurement of the deflection time of the 
membrane is shown; the maximum coupling is obtained with the deflected membrane and 
reduced when the membrane is released (flat). We see that the membrane is stable after 2 
ms, which gives a frequency response of 500 Hz. The difference of response for these two 
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cases is explained by the fact that during the release the membrane is not damped and has 
a natural vibration, as clearly shown in the measurements. 

In an intermediate case, switching between two different voltages of 50V and 141V (bias 
voltage), the temporal response is faster. The damping behavior is also different. For small 
position changes, the membrane mirror can work up to 1 kHz. 

(a) (b) 

Figure 3.8: 3.8Measurement of the temporal response for switching between 50 V and 
141 V (bias): (a) release time, (b) deflection time. 

3.4.4 Limits 

The membrane mirror does not withstand electrostatic shocks. The contact of an human 
potential with an electrode connection can blow up the membrane.The membrane does not 
withstand mechanical contact, which means that it is not possible to clean it with a brush 
or a cloth. 

We measured with the help of a high power diode laser2 the reflectivity of the aluminum 
coated membrane at a wavelength of 805 nm. The initial reflectivity was 85 %. The surface 
of the mirror illuminated by the laser was 6 x 6 mm2. The behavior of the membrane 
changes around 5 W and the membrane mirror was damaged at 8.3 W, which corresponds 
to a charge of 0.23 W/mm2 and a power absorption of 34 mW/mm2. Above this power, 
the PCB surface supporting the electrode structure begins to burn. In Fig. 3.9(a) we can 
see the membrane under laser stress and Fig. 3.9(b) shows the damaged membrane. 

2The exact characteristics of this laser are given in 5.3.2.2 
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(a) (b) 

Figure 3.9: Mirror under high power laser stress (a) and damaged mirror (b). 

3.5 Summary 

Membrane mirrors are the wavefront correctors used in this thesis. They have been 
developed by the Technical University of Delft. We first described their fabrication by 
anisotropic etching and their main characteristics, such as diameter and electrode array. 
We then explained physical behavior under electrostatic attraction. We presented a com­
puter simulation program which allows to determine the required electrode voltages for 
any desired deformation. We determined the required voltage distributions to produce the 
Zernike modes. We finally described the measured characteristics of the membrane mirror: 
the quality of the deformation limited by the initial aberrations of the membrane, the tem­
poral response limited by the release speed of the membrane and the limits of resistance 
to high power laser radiation. 
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Chapter 4 

The S hack-Hart mann sensor 

11If we had a means of continually measuring the deviation of rays from 
all parts of the mirror, and of amplifying and feeding back this information 
so as to correct locally the figure of the mirror in response to the schlieren 
pattern, we could expect to compensate for both the seeing and for any inherent 
imperfections of optical figure" H. W. Babcock (born 1912) 

In an adaptive optics system, the second most important element after the wavefront 
corrector is the wavefront sensor. As explained in Section 2.2.1.2, several types of wavefront 
sensors exist, working on different principles. We wish to use a wavefront sensor in the 
application described in Chapter 6. We have to analyse the wavefront used for each written 
hologram in one sequence of measurement. This is the reason why we have decided to 
build a S hack-H art mann sensor. The great advantage compared to the lateral shearing 
interferometer is the simultaneous measurement of the x and y slopes produced by the 
wavefront change. We also preferred the wavefront sensor compared to the curvature 
sensor because it uses only one detector array, whereas the curvature sensor needs two of 
them. In fact, the Shack-Hartmann sensor is just composed of a detector array, a micro-lens 
array, and a telescope to reduce the size of the wavefront to the size of the detector array. 
We specifically developed the Shack-Hartmann sensor to analyse the wavefronts produced 
in the application described in Chapter 6. Its dynamic range has been calculated to cover 
all the possible deflections of the membrane mirror and its resolution to cover the smallest 
possible change. We have also chosen the spatial resolution adapted to the actuator array 
of the membrane mirror. 

4.1 Principle 

The Shack-Hartmann sensor is an evolution of the Hartmann sensor. Hartmann recognized, 
that the diffraction spot produced by a hole in a plate has a position which change with 
the angle of the incoming light beam on the plate. He deduced, that a matrix of holes 

31 
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in a plate could give the local tilt of the light beam at each hole and then reconstructs 
the wavefront [32]. His idea was used since the beginning of the 20th century to test the 
quality of telescopes. Shack and Piatt had the idea to dispose lenses on the holes to build 
a "Lenticular Hartmann Screen" in order to increase the displacement of the spot. This 
was done in 1970 for a U.S. Air Force laser project [82]. 

4 . 1 . 1 D e s i g n 

Plane 
Wavefront 

Distorted 
wavefront 

Pupil plane 
jilens matrix 

Focal plane Spot distribution 

Figure 4.1: Principle of the Shack-Hartmann sensor 

The Shack-Hartmann sensor is composed of an array of micro-lenses, an array of detectors, 
and of a telescope to reduce the size of the wavefront to the size of the detector. The 
type of lenses and their positions is different according to the detectors and the application 
of the Shack-Hartmann sensor. The type of detectors depends mainly on the required 
spatial resolution and the light intensity to be detected. In astronomical applications the 
light intensity can be as low as few photons, so that an array of photomultipliers becomes 
necessary. There are two main types of application for the Shack-Hartmann sensor, the 
first is the fine analysis of an incoming wavefront, the second is as a sensor for real-time 
correction of a wavefront. We will concentrate on the wavefront analysis, which is needed 
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for our application. Since we have enough light, we will use a CCD camera as detector 
array. We have to determine how to measure the displacement of an Airy spot at the focus 
of the micro-lenses on the CCD. 

4.1.2 Computation 

The measurement obtained from the Shack-Hartmann sensor is the position of the spot 
produced by the micro-lenses. This change of position Ax and Ay in the x and y direction 
are measured. The Airy spot covers several pixels of the CCD camera. To find the position, 
we calculate the center of gravity of each spot, given by 

Ci = %^ál and , = %^¿, (4.1) 

where i¿¿ is the intensity at the pixel (iyj) and x^j and y^j are the position coordinates. 
The sum is taken over all the pixels devoted to a micro-lens. The normalization by J2i¿ Uj 
reduces the sensitivity to the scintillation of the source. But we recognize also that the 
saturation of the pixels produces an error of measurement. The angle ax corresponding to 
the average slope of the wavefront $ (x,y) for the x axis on each subaperture (micro-lens) 
is given by 

Ax X f d$ 
( ^-dxdy, (4.2) 
Jsubaperture OX f • M 2nAsa Jsubaperti 

where Ax is the x-displacement of the spot, f is the focal length of the micro-lens, M is the 
magnification of the telescope, A is the wavelength, and Asa is the area of the subaperture 
for the micro-lens. The equation for the y-axis reads 

a, = -pL = JL- i pxdy. (4.3) 
/ • M ¿ïïAsa Jsvbaperture Oy 

The spatial resolution of the wavefront measurement is given by the pitch of the microlens 
array. 

4.2 Sources of error 

We can distinguish systematic and random errors. Systematic errors are mainly due to 
misalignment between the components of the Shack-Hartmann sensor, the telescope, the 
micro-lenses array and the CCD, but also due to the differences in the focal lengths of the 
micro-lenses and the variations of responsitivity of the pixels. Random errors are caused 
by the photon or shot noise and the electrical noise. 
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4.2.1 Spatial resolution error 

We have seen than the measurement of the wavefront slope at each subaperture is an 
average. To resolve the wavefront shape produced by the membrane mirror, we must have 
a minimum spatial resolution. We have seen that our mirrors have 37 degrees of freedom 
in two dimensions. Following Nyquist we need a resolution of at least twice as many 
sample points per linear dimension, which means a minimum of 148 subapertures. We 
have chosen a hexagonal array of microlenses with a diameter of 256 //m over a CCD array 
of 4.1 x 4.1 mm2. As explained in Sec. 4.4, this corresponds to 200 subapertures covering 
the surface of the membrane mirror with a resolution of 0.44 mm2. 

4.2.2 Misalignment error 

The misalignment effects on Shack-Hartmann sensors have been studied by Pfund et al. 
[72]. They have divided the possible misalignments in four groups; the lateral translation, 
the axial translation, the rotation about the x and y axis, and the rotation about the z 
axis. 

In case of lateral translation, all spots are displaced from their position by the same dis­
placement vector, so that instead of Az we obtain Axnew = Ax + 6xì where öx is the value 
of the displacement vector in the x direction, and the same for Ay. When reconstructing 
the wavefront from these measurements, this misalignment is considered as a tip or a tilt 
(as it will explained in Section 4.3). This only happens if there is a relative translation 
between the CCD camera and the micro-lens array between the reference measurement (or 
calibration) and the wavefront measurement. 

An axial displacement has to be considered as a small change of the focal length of the 
microlens so that fnew = / + (5/, where Sf corresponds to the axial displacement. This will 
keep the shape of the reconstructed wavefront but the system will have to be recalibrated 
because it changes the amplitude of the wavefront variations. 

The problem of rotation about the x- or y-axis is more difficult. In fact, the micro-
lenses have no more the same distances from the CCD and we have a linear change of 
the sensitivity in the amplitude over the wavefront. The result is similar to a tilt in the 
wavefront. Pfund has calculated the tolerance angle for such misalignment, which is given 
by 

ß ^ = ̂ { X- ) , (4.4) 

where xmax is the maximum distance of a reference point to the axis of rotation and Aa:min 

is the smallest measurable displacement. In our case, the CCD has a size of 4x4 mm2, the 
maximum distance is thus 2 mm. Considering that the minimum measurable displacement 
is l/100th of a pixel and that the size of the pixels are 16 /¿m, we obtain Axmin— 0.16^/m. 
Then the tolerance angle is 0.72°, which is easily obtainable. 
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The case of rotation around the optical axis (z axis) can be considered as a change of axis 
position for the interpretation of the Zernike modes, the tolerance is easily calculated by 

lmin = • (4.5) 

We obtain 7m¿n = 4.5 • 10"3°. This problem of rotation is of course eliminated when a 
reference is taken just before the measurement. 

4.2.3 Random errors or noise limitation 

The error on the measurement is linked to the signal to noise ratio (SNR) of the detector. 
As given by [31], it is determined by the shot noise associated with the dark noise1. In the 
case of a CCD the additional source is mainly the electrons added to the charge of each 
pixel during the transfer to the on-chip amplifier. The signal to noise ratio for a generic 
CCD is given by 

SNR = ^ ^ , (4.6) 

where np is the number of detected photo-electrons per subaperture (all the pixels below 
one microlens), N$ is the number of pixels per subaperture, n^ is the number of dark 
electrons per pixel, ne is the read noise in electron per pixel. 

The standard deviation of the angular position error produced by the random noise has 
been found by [31] and [92] is then given by 

3TT A 1 /t _. 

° = TEdSNR' ( 4 7 ) 

where A is the wavelength of the light and d is the diameter of the microlens. An estimation 
of the standard deviation is given in Section 4.4.1. 

4.3 Wavefront reconstruction 

The measurement of the subaperture wavefront slopes gives us only the local change of 
the wavefront. It is then necessary to reconstruct the overall wavefront. As explained 
by Southwell in [85], two methods are used to reconstruct the wavefront from the zonal 
slope measurements on the CCD: the zonal reconstruction and the modal reconstruction. 
The zonal reconstruction is generally applied to the closed-loop system [79]. It aims to 
minimize the error measurement or the wavefront variance. Good descriptions of this 

1WlIeIi used in astronomy, we have to include the background noise, which is photons not coming from 
the studied stellar object. 
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technique can be found in [68)[78][85]. For our purpose we prefer the modal reconstruction 
to obtain the Zernike coefficients of the membrane mirror deformation. This method has 
been thoroughly discussed and described in [34], [13], [31] and [77], 

Thus, the wavefront phase $ (x, y) is given by 

M 

$(s»y) = Yl ai<ZK{x,y), (4.8) 
J(T=I 

where aK is the amplitude of the Zernike mode ZK- The gradient Qx and ay given by the 
Eqs. (4.2) and (4.3) are the partial derivatives of the wavefront : 

Qx(x,y) = £-$(x,y) 

01V^v) = ii^ (^y) 

(4.9) 

Using Eq. (4.8) and (4.9), the gradient at the specific location n = (xn, yn) can be expressed 
as 

(4.10) 

The Eq. (4.10) gives the relation between the gradients and the coefficients ax and can 
be written in matrix form with a vector p containing the partial derivative axn and ayn 

from 1 to n, a Zernike coefficient vector a and a matrix D containing the derivative of the 
Zernike polynomials. This matrix form is written 

P = Da, (4.11) 

which is equivalent to 

OLxn 

a yn J 

d 7 

9 7 
L dx 

Ö 7 d ? 
te¿K,i aü¿l,l 
d 7 ö 7 

d 7 Ö 7 
te¿K,n oH¿\fi 

d 7 

S7 

9 7 

[ Oi O2 ... oM ] . (4.12) 

The solution of the coefficient vector a is found by taking the pseudo inverse of D, which 
becomes 

a = ( D T D )
 1 D P (4.13) 
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4.4 The prototype 

Figure 4.2: Photograph of the Shack-Hartmann sensor 

Figure 4.2 shows the photograph of the Shack-Hartmann sensor. The CCD camera is 
mounted on a 3D stage, the array of micro lenses is supported by the 2D holder. The 
telescope to reduce the diameter of the optical beam to be analysed is composed of two 
lenses in front of the sensor. The 3D stage is used to align the CCD camera with the 
optical axis of the system. The 2D holder is used to position the microlens in front of the 
CCD camera. 

4.4.1 The CCD camera 

A D converter 
Frame rate 

Effective area 
Effective nbr of pixels 

pixel size 
pixel clock rate 

Dark noise 
Random noise 

Photoresponse non uniformity 
Responsitivity at 488nm 

12 bit 
136Hz 

4.1x4.1 mm 
256x256 

16x16 ßm 
10 MHz/pixel 

30DN 
5DN 

4% 
50 DN/(nJ/cm2) 

Table 4.1: Camera DALSA CA-Dl datum (DN is for digital number) 
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The main characteristics are given in Table 4.1. It is a DALSA CA-Dl with 12 bit of 
resolution and a matrix of 256x256 pixels. We have chosen it for the low random noise 
and high frame rate, which gives the possibility to average several images to reduce the 
influence of mechanical and optical noise. Typically we made an average of 10 frames for 
each acquisition. 

We can make an estimation of the SNR and of the standard deviations with the charac­
teristics of the CCD camera used for the prototype and given in Table 4.1. The energy for 
one photon at a wavelength of 488 nm is E = y = 4.07 • 10~19 J. The responsitivity at 
488 nm of the CCD camera is given in Table 4.1 and is R = 50 DN/(nJ/cm2). The size of 
each pixel is 16 x 16 ^m2. Therefore 50 DN on a pixel corresponds to 2.56 • 10"15 J and 
one DN 5.12 • 10~17 J, which corresponds to the energy of 126 photons. In Table 4.1, the 
noise is given in digit, thus we can translate it in photo-electrons. The Shack-Hartmann is 
designed with subaperture covering 16 x 16 pixels and most of the energy of the spot covers 
4x4 pixels as it will be explained in Sec. 4.4.3. Let says that the 16 pixels covered by 
the spot are nearly saturated, this corresponds to 64000 digits. With np = 64000 x 126 
photo-electrons, Ns = 256 pixels, n¿ = 30 x 126 electrons and ne = 5 x 126 electrons, 
we obtain a SNR of 568. Then at a wavelength of 488 nm and with microlenses with a 
diameter of 256 /xm. we obtain a standard deviation of 1.98 //rad. 

4.4.2 Design of the microlenses 

The need of a high spatial resolution and of a high angular resolution impose the use of 
microlenses with a low numerical aperture (NA). Different methods to manufacture the 
microlenses are given in [3], [111] and [69]. We have chosen a 5x5 mm2 hexagonal matrix 
of microlenses with a diameter D = 256 //m and a focal length / = 15 mm. The hexagonal 
shape has been chosen to obtain a fill factor of 100%. This array has been manufactured 
at the CSEM2 by direct laser beam writing in photoresist and then replicated on silica 
substrate [25]. 

The diffraction spot detected by the CCD pixels can be approximated as being produced 
by a circular aperture. The radius of the spot which corresponds to the first dark ring is 

With A = 488 nm, / = 15 mm and D = 256 ¿¿m, we then obtain w = 34.8 //m. In the first 
dark ring is concentrated 82% of the total energy, to get more than 96% we need to take 
account of the second dark ring [56], which means a radius of 69.6 /im or a surface of 8x8 
pixels. Considering of the second dark ring avoids also overlapping of the spots. 

2Centre Suisse d'Electronique et de Microtechnique 
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4.4.3 Resolution 

We have to reduce the optical beam of our system from the 12 mm diameter of the active 
mirror aperture to 4 mm the size of the CCD detector. This is done with the help of 
two achromatic doublet lenses of 300 mm and 100 mm of focal length forming a Keplerian 
telescope. 

Each microlens covers a surface of 16x16 pixels and each diffraction spot covers a surface 
of 8x8 pixels. Therefore we have a free move on each side of 4 pixels, which is ±64 ¿im. 
From Eq. (4.2), we find a maximum angle of 1.4-10-3 rad. 

Figure 4.3: Maximum angle for a spherical membrane mirror deflection. 

The maximum angle of a spherical deflection as shown in Fig. 4.3 is given by 

a = 2 t a n - 1 ^ V (4.14) 

where h is the deflection and s is the diameter of the aperture of the membrane. For 
h = 4.5 /im and s — 12 mm we obtain an angle of a = 1.4 • IO - 3 rad, which is just equal 
to the capability of the sensor. 

Pl P2 P3 P* 

Figure 4.4: Distribution of the airy function over the pixels 
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The minimum measurement capability depends on the sensitivity of the CCD camera. As 
we have seen, the spot covers a surface of around 8x8 pixels but the airy disc is contained 
in a surface of 4x4 pixels. Theoretically, the minimum measurable slop is given by the 
change of one least significant bit (1/4096 of the maximum intensity to be measured) on at 
least one pixel. It is important that the pixels centered on the airy disk of the microlenses 
are close to the saturation. Looking at the intensity distribution of the airy disk, as shown 
in the Fig. (4.4), we see that the strongest intensity change is produced at the center of 
the airy disc. The Fig. (4.4) shows two airy functions with a shift of half a pixel. With 
a simulation on MATLAB, we calculated for a change of 1/4096 of intensity a shift of 
1/2500 pixel lengths or 6.4 nm. Taking into account the shot noise and the dark noise, 
which corresponds to 35 digits, reduces greatly the theoretical limit to 1/90 pixel lengths 
or 0.18 ¿im. We know that a noise of 35 digits is the worst case and that we can average 
several pictures to reduce the impact of this noise, so that we can expect a sensitivity of 
about 1/100 pixel lengths or 0.16 /zm, which correspond to a minimum measurable slope 
of 3.56 //rad. 

The minimum deformation of the membrane is produced by one digit from its bias position, 
this corresponds to a deflection of 3.1 nm or an angle of 1 //rad. To obtain such resolution, 
we would need a sensitivity of 0.045 /xm which corresponds to 1/356 pixel lengths. 

4.5 Calibration and applications 

Al 

Figure 4.5: Spot detected by the CCD camera. 

Figure (4.5) shows a typical detection of the Airy spot. We see that we have the expected 
4 x 4 illuminated pixels. We checked first the mechanical stability of the system and then 
the electronic noise. We measured also the minimum resolution of the prototype with the 
help of the membrane mirror. We have developed an acquisition procedure to measure and 
calculate the deformations of the membrane mirror. 
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(a) (b) 

Figure 4.6: Typical distribution of noisy pixels: (a) noise below 16 digits, (b) noise between 
16 and 32 digits. 

4.5.1 Stability of the system 

First we measured the noise of the CCD camera by comparing the acquisition of the same 
wavefront taken twice. Each acquisition is an average of 10 frames as explained in Sec. 
4.4.1. This measurement had been made on several wavefronts. We never obtained pixels 
with a difference of the intensity of more than 32 digits. Typically we obtained about 
100 pixels or less with a change of less than 16 digits and about 5 pixels with an average 
comprised between 16 and 32 digits. A typical distribution of these pixels is shown in 
Fig. 4.6. The measured noise is even smaller than given by the characteristics of the CCD 
camera in Table 4.1. It shows that the estimation of resolution made in subsection 4.4.3 is 
perfectly realistic and that we can even expect a better resolution. 

4.5.2 Measurement of the minimum resolution 

We did not have a tilt mirror with the precision required for this type of measurement. 
Therefore, we decided to measure the smallest possible deflection change on the membrane 
mirror and to compare it with the resolution given in 4.4.3. The smallest deflection change 
is adding or removing 1 digit of voltage to the biased mirror, which is set to 2895 digits. 
As we have seen in Sec. 4.4.3, this corresponds to a deflection change of 3.1 nm or a 
maximum change of slope of 1 ¿¿rad. Doing so, we can observe a change of the intensity 
distribution of pixels and after centroiding calculation, the measurement gives a change 
of the spot position between 0 to 0.02 pixels. But by adding or removing a second digit 
of the voltage, we observe a spot position change of up to 0.035 pixels, clearly showing 
a defocus with tilt. By increasing the deformation by a few more digits, we obtain the 
expected defocus. Even by taking into account that we do not know exactly the behavior 
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of the membrane mirror under such small voltage changes, it shows that the sensitivity 
of the Shack-Hartmann sensor is in the limit of the minimum deformation change of the 
membrane mirror. From these results we believe that the estimated resolution of 1/100 
pixels is a good approximation. 

4.5.3 Acquisition 

.«3 -K 0 U 

(a) (b) (c) 

Figure 4.7: Acquisition of reference (biased mirror) (a), changed wavefront (b), and calcu­
lated slope (c). 

The Shack-Hartmann sensor is controlled with LABVIEW. We make an average of 10 
acquisitions per wavefront analysis to reduce the noise. A centroid algorithm (Eq. (4.1)) 
calculates the positions of the spots. The difference between the spot position of the 
reference wavefront and the analysed wavefront gives the slope of the wavefront. The 
measured slope pattern is used to calculate the Zernike coefficient with the help of an 
algorithm, also written on MATLAB. This algorithm follows the principle given in section 
4.3. The different steps are shown in Figs 4.7 and 4.8. The spot distribution of Fig. 4.7 
(a) corresponds to the reference wavefront (biased membrane mirror) and Fig. 4.7 (b) to 
the changed wavefront. The slope calculated from these two spot distribution is shown in 
Fig. 4.7 (c). The corresponding Zernike coefficients are presented in Fig. 4.8 (a). From 
these coefficients we restore the deformation of the membrane mirror (Fig. 4.8 (b)). 

4.6 Conclusion 

We have developed a wavefront sensor to specifically measure the deformation changes 
of the membrane mirror. We made our choice on a Shack-Hartmann sensor, because it 
measures simultaneously the x and y slopes with only one CCD camera. The prototype 
is composed of a commercially available CCD camera and of a microlens array designed 
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(a) (b) 

Figure 4.8: Measured Zernike coefficients (Noli classification) (a) and restored deformations 
(b) 

for this purpose and fabricated at the CSEM. The prototype with a measurement range 
of 1.4 mrad and a minimum resolution of at least 3.5 //rad, fully covers the maximal and 
minimal deflection capability of the membrane mirror. The resolution is not limited by the 
alignments, but by the noise of the CCD camera. From the measured slopes we calculate 
the in Zernike coefficients and from these coefficients we can restore the deformation of the 
membrane mirror. 
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Chapter 5 

Closed-loop systems 

"It would seem inappropriate to speak of one of these hypothetical entities 
as a particle of light, a light quantum, or a light quant, if we are to assume that 
it spends only a minute fraction of its existence as a carrier of radiant energy, 
while the rest of the time it remains as an important structural element within 
the atom. It would also cause confusion to call it merely quantum, for later 
it will be necessary to distinguish between the number of these entities present 
in an atom and the so-called quantum number. I therefore take the liberty of 
proposing for this hypothetical new atom, which is not light but plays an essential 
part in every process of radiation, the name photon." Gilbert Newton Lewis 
(1875-1946). 

Although the use of a water jet to guide light has been demonstrated in 1870 by J. Tyndall 
[93], it was not before 1954 that the transmission of information has been demonstrated 
through a cladded dielectric wave guide [95]. At the end of the sixties the first low ab­
sorption silica glass fibers were produced [40] and opened the path of a revolution in the 
communication and optical domain. If several solutions have been proposed for the cou­
pling of the light sources into glass fibers, it remains anyway a problem. It is usually hard 
to obtain a good fiber coupling even in the most simple and well aligned set-up (45]. We 
developed a set-up which couples a plane wavefront into a single mode fiber to demon­
strate the potential of a deformable membrane mirror for such purpose. Thanks to this 
demonstrator, we were able to investigate different algorithms to optimize the coupling ef­
ficiency. We diverged from a classical adaptive optical system, because we do not measure 
the wavefront of the light beam but we optimize directly the output intensity of the fiber 
system. We developed two applications where the use of adaptive optics brought a large 
advantage. The first application is a single-mode telecom fiber switch, the second is the 
coupling of a diode laser pump into double-clad doped fiber amplifiers. 

45 
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5.1 Optimization of single-mode fiber coupling 

Basically, some light source is reflected on a membrane mirror to be properly coupled into 
a single-mode fiber. The intensity of the light is detected at the output of the fiber. The 
intensity is the information used to change the deformation of the membrane mirror and 
to obtain a better coupling. We mounted a set-up to test this idea. This set-up produces 
a plane wavefront from a laser source which is reflected on the membrane mirror before it 
is coupled into a single-mode fiber. 

Efficient coupling of light into single-mode fibers is a current problem in many optical 
systems. It is a time consuming task, which in general is done manually once, with the risk 
of subsequent drifts. Furthermore, the coupling efficiency remains low when the wavefront 
is not Gaussian. We propose an automatic injection method, based on the adjustment of 
the optical beam wavefront with an adaptive membrane mirror (see Ch. 3), which is a 
low cost adaptive optics corrector. For the demonstration, we generate a plane wavefront 
from a He-Ne laser. The beam is reflected on the membrane mirror before being coupled 
into a single-mode fiber. The membrane mirror has an active area of 12 mm in diameter, 
activated by 37 electrodes which electrostatically attract the membrane. 

We decided to build a closed-loop system, which uses the efficiency of the coupling as 
adjustment variable. The optimization is done on the output intensity of the fiber. Four 
optimization programs have been tested. The first approach is to optimize the electrode 
voltages to obtain the best coupling. The second approach is to find the best combination 
of low-order Zernike modes. For both approaches, two different optimization algorithms are 
compared. The first one is a maximization algorithm. Electrode by electrode or mode by 
mode are optimized to get the best coupling. The second algorithm uses an evolutionary 
algorithm [20], which follows the Darwinian principle. Each membrane deformation is 
considered as an individual which is determined by a set of electrode voltages or by a set 
of Zernike polynomials. These polynomials are aberration polynomials defined by Zernike 
in 1934 [113]. They have the advantages to be orthonormal, complete (any wavefront can 
be described by a linear combination of Zernike polynomials) and invariant to rotation [9] 
(see Ch. 2). 

5.1.1 The test set-up 

The set-up is shown in Fig. 5.1. The beam from the He-Ne laser is enlarged by the 
telescope formed by the lenses Ll and L2, and clipped by the stop aperture Sl to generate 
a plane wavefront. It is then reflected on the deformable mirror M2 and injected into 
the single-mode fiber through the beam splitter BS2 and the injection lens L3 of 40 mm 
focal length. To transmit all the optical power reflected by the mirror into the the fiber, 
this beam splitter BS2 can be advantageously replaced by a polarized beam splitter and 
a quarter wave plate. A Michelson interferometer, formed by the beam splitter BSl, the 
reference mirror Ml, and the deformable mirror M2, is added to the set-up to image the 
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Figure 5.1: Breadboard to test fiber coupling 

deformation of the membrane mirror on the camera. The mirror Ml has a focal length of 
2 m, corresponding to the focal length of the deformable mirror M2 when the bias voltage 
is applied. 

The deformable mirror is an adaptive membrane mirror produced by the Technical Uni­
versity of Delft [99], as described in Chapter 3. The maximum operating frequency of the 
mirror is 1 kHz, but to obtain a good stabilization of the membrane, we preferred to work 
at 330 Hz. The mirror is activated with 37 hexagonally disposed electrodes, which at tract 
electrostatically the membrane. With this principle only deflections in one direction can 
be produced. Therefore, a bias voltage is applied to allow deflections in both directions. 
The maximum voltage that can be applied to the electrodes is 200 V. The deflection is 
proportional to the square of the voltage. We apply a bias of 141 V, which gives a spherical 
surface to the mirror with a focal length of 2 m. This membrane mirror can produce the 
low-order Zernike modes [9]. The optimization of the deformation of the membrane mirror 
can be made directly by changing the voltage of the electrodes or applying a set of different 
Zernike polynomials to create a specific deformation. The order of the modes which can be 
produced by the mirror is limited by its spatial resolution (only 37 electrodes activate the 
membrane) and by the deflection range for each mode. The electrodes of the membrane 
mirror are controlled with a 12 bit DAC card giving a resolution of 4096 least significant 
bit (LSB), which means a potential of 4.53-10133 deformations. 

We used a single-mode fiber optimized for the wavelength of 633 nm with a core diameter 
of 4 /¿m and a numerical aperture of NA = 0.13. The radius of the diffraction limited spot 
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produced by the lens L3 is 

w = 1 .22^, (5.1) 

where A is the wavelength, / is the focal length of the lens L3, and D is the diameter 
of the diaphragm, which corresponds to the diameter of the active area of the mirror. 
We obtain w =2.57 /im for D = 12 mm and / = 40 mm. The radius is larger than 
the radius of the core of the fiber. For a perfect fit, we would need of focal length of 
/ = D/(2NA) = 46 mm. This incompatibility produces an injection loss of around 50 
%. To eliminate the light coupled into the cladding and to ensure that we really optimize 
the coupling into the core of the fiber, the protective coating of the fiber is removed on a 
length of 10 cm and the fiber is immersed in a bath of index matching oil. 

A closed-loop system controlled by a computer adjusts the shape of the adaptive mirror to 
optimize the efficiency of the coupling. The output intensity of the fiber is detected by a 
photodiode and fed to the computer via a 16 bit analog to digital card. The 37 electrodes 
of the mirror are controlled through a 40 channels, 12 bit digital to analog card. 

Before starting the optimization with the bias voltage of 141 V applied to the mirror 
electrodes, the coupling of the light into the fiber is manually optimized by adjusting the 
fiber holder on its 3 axes. 

5.1.2 Optimization program 

In classical adaptive optics system, a wavefront sensor determines the aberrations from 
which the command control determines the best corrector shape. However, in our case 
the important matter is the amount of light coupled into the fiber, which can be directly 
measured at the output of the fiber with a photodiode. From this information we can 
program a command control to change the shape of the mirror until the best coupling 
is obtained. The measurement with a wavefront sensor is no more needed. We have 
investigated different optimization programs and compared the obtained results. 

5.1.2.1 Maximization algorithms 

The first algorithm optimizes the membrane deformation, electrode by electrode or Zernike 
coefficient by Zernike coefficient. It scans the voltage of each electrode or the coefficient of 
each mode to find the best value. Then, it classifies the electrodes or modes by the gain in 
intensity obtained for the coupling and starts a new iteration. In the case of optimizing the 
electrode voltages, as shown in Fig. 5.2, the voltage is first scanned by steps of 400 LSBs. 
The final voltage for each electrode will be between the two values which gave the best 
output efficiencies. These two values are recorded and a finer scan with steps of 40 LSBs 
is performed between the two values; once again the two best values are recorded and 
again a new scan with steps of 10 LSBs is performed, followed by a last scan with steps 
of 1 LSB. By doing so, we obtain the best voltage for each electrode with a maximum 
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Figure 5.2: Algorithm for the direct optimization of the electrode voltages. 
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of 34 measurements, which yields for the scanning of the 37 electrodes a maximum of 
1258 measurements per iteration. In the case of the Zernike coefficients, we use the same 
principle and produce around 600 deflections per iteration. The program stops when a 
local maximum is reached, which happens usually within less than 10 iterations. With this 
algorithm, the number of deformations checked to reach the maximum is small compared 
with the number of possible deformations. 

5.1.2.2 Evolutionary algorithm 

l\iring [91] asked the following question in 1950 : "Can machines think?" Rather than 
answering, he proposed the now famous Turing test known essentially by its use in Science-
fiction1. He also compared the human process of learning with the evolution. Since this 
date a specific domain in computing has been created and called Artificial Intelligence. The 
first step has been to look for a learning process and the proposed solutions of evolution 
have been deeply studied. The evolutionary programming is now a specific branch of 
programming. 

The second algorithm follows the principle of the evolutionary theory of the neo-Darwinian 
paradigm. The different steps describing the algorithm are the following: reproduction, 
mutation, competition, selection. In our model we consider each possible shape of the 
mirror as an individual. Each individual can be described by either a set of electrode 
voltages or a set of Zernike polynomials, which are called the genetic code. A random 
population is designed and tested. The best individuals of this population are selected for 
reproduction (they become parents). The reproduction is made by mixing the genetic code 
of the parents to create a progeny. During the mixing a small part of the genetic codes 
undergo a mutation (as it happens in a natural evolution), which is a random change 
of some codes. The obtained progeny is tested and compared to its parents. The best 
individuals from the comparison are selected to become the new parents. After several 
iterations the best optimization is obtained. 

The Fig. 5.3 shows the block diagram of the algorithm with the parameters used during 
the process. The mirror bias is set after the check of the electronic interfaces of the 
experiment. A population of 500 individuals is randomly chosen and tested. We keep the 
100 best individuals of this population. The first 10 individuals are kept unchanged, while 
the 90 others are mutated to a level of 10%. This population of 100 individuals is the 
starting population for the evolution process. We keep the first 10 individuals as reference 
and we start the progeny creation. The 3 first individuals will create 20 children. 50% 
of these children will undergo a mutation of 1% of their genetic code. We also create 70 
children with the 10 parents. These 70 children undergo a mutation of 10%. By adding all 
the children and the reference population we obtain a new population of 100 individual. 
We can test them and start again the progeny creation until the best individual is obtained. 

1FOr e.g. "2001 the Space Odyssey" in which HAL1 the computer which controls the spacecraft, passed 
successfully the Turing test. 
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Figure 5.3: Diagram of the evolutionary algorithm 
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5.1.2.3 Optimization test and results 
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Figure 5.4: Intensity optimization with different algorithms 

Figure 5.4 shows typical results of the improvement of the coupling efficiency obtained with 
the four programs, plotted as a function of the number of tested mirror deformations. The 
coupling efficiency is normalized with respect to the best value obtained manually. For all 
four curves, the maximum is obtained after less than 8000 deformations, which has to be 
compared with the total number of 4.53-10133 possible deformations. 

The optimization made on the Zernike polynomials with the two algorithms lead to an 
increase of the efficiency by a factor of at least 1.9. With the two algorithms working on 
the electrodes, the increase of efficiency goes up to a factor of 2.2. We notice also that 
the evolutionary algorithm applied to the electrodes improves the coupling faster than the 
others. 

5.1.3 Conclusion 

We have demonstrated the use of a membrane mirror to improve the efficiency of the 
injection of a beam with a plane wavefront into a singlemode fiber. With an appropriate 
algorithm, we have obtained a gain in efficiency of more than a factor of 2 compared to the 
best value obtained by manual optimization. We have tested two optimization algorithms, 
a simple maximization algorithm and an evolutionary algorithm, and we have applied both 
to optimize either the electrode voltages or a set of Zernike modes of the mirror. We have 
obtained better results working on the electrode voltages than with the Zernike modes. 
This is due to the fact that in theory any deformation can be reproduced with an infinite 
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set of Zernike modes, but in practice we can only use a finite number of Zernike modes. 
This limits the spatial resolution of the possible deformations. The two algorithms gave 
similar results in both cases but in general the evolutionary algorithm converges faster. 

We will demonstrate the use of this concept in two different applications, the fiber switch 
and the dynamic coupling of the optical pump for double clad fiber amplifiers. 

5.2 Massive telecom fiber switch 

During the past few years, the demand for optical telecommunications has boomed [7). In 
order to satisfy this demand, new optical switches are required to replace the electrical 
switches used until now. Optical switches with few interconnects (1x2, 2x2) have been 
published for a couple of years [59]. Nevertheless, optical telecommunication networks need 
optical switches with large number of interconnects. Alignment tolerance, diffraction of the 
Gaussian beams and aberrations are parameters which are more critical for optical switches 
with large number of interconnects than for optical switches with a few interconnects. 
Most of the published optical switches with large number of interconnects are using micro-
mirrors with sizes in the range of 100 //m to 500 //m [30], [48] and [66]. These switches have 
relatively small collimated beams which limit their expandability due to diffraction (47]. 
Another approach (without micro-mirrors) is to use a macro lens and have larger collimated 
beams. With this approach, the diffraction of the Gaussian beam is less critical, but 
aberrations become significant. To overcome this drawback, there are two possible ways. 
One is to use a diffraction limited designed lens as proposed by Ford and DiGiovanni (2I]. 
The other way, which has been chosen here, is to use a conventional lens and correct for 
the aberrations using an adaptive mirror. In this work, a IxN optical fiber switch is 
studied. Investigations are conducted to describe the physical properties of the switch 
and to determine the limitations. The merit function of the optical switches is their 
coupling efficiency. The limitations, mainly due to the aberrations and misalignments 
of the optical components, are overcome using the micromachined membrane deformable 
mirror developed at T.U. Delft and described in Ch. 3. A prototype with 32 fibers has 
been developed. 

5.2.1 Concept 

We have developed a IxN switch for monomode fiber optical communication systems, 
which is composed of an array of fibers, an achromatic lens and an adaptive membrane 
mirror. The optical system has two functions. First, it images a single-mode source fiber 
onto another single-mode receiver fiber. Second, it deflects the beam to address one of the 
receiver fibers (switching function). Fig. 5.5 shows the system composed of a fiber bundle, 
a lens and a mirror. The source fiber is imaged (4-/ system) onto one of the receiver fibers 
by moving the lens laterally. However, using the achromatic lens under off-axis conditions 
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Figure 5.5: The fiber switch principle 

introduces aberrations, which cause coupling losses to the receiving single-mode fibers. 
The deformable mirror is used to adaptively correct these aberrations. The optimization 
of the coupling efficiency is made with the help of an evolutionary algorithm as explained 
in section 5.1.2.2. For each position of the lens, the optimized voltages on the electrodes of 
the membrane mirror can be stored during the calibration procedure and afterward recalled 
during operation of the switch. A demonstrator has been set up with an array of 32 fibers. 

5.2.2 Breadboard 

Achromat * 

Membrane mirror 

Figure 5.6: Experimental set-up of the switching system 

The experimental set-up is schematically shown in Fig. 5.6. The light emitted from an 
He-Ne laser (À = 633 nm) is coupled into a single-mode fiber using an aspheric lens. A 
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92%/8% coupler splits the signal into a reference fiber and a source fiber. The source fiber 
is part of a linear array of 32 single-mode fibers. The 32 fibers are held in a commercially 
available silicon V-groove array. The distance between adjacent fiber cores is 250 /im 
± 0.5/zm. The single-mode fibers have a cut-off wavelength of 590 nm. The mode field 
diameter is 2ws = 4.5 /im, corresponding to a core diameter of 3.8 /im and a numerical 
aperture of NAfn>er = 0.11. The cladding diameter is 125 /im. The fiber array is then 
8 mm long. The fibers are parallel within ±0.1°. The linear array of fibers is placed 
in the front focal plane of the lens, whereas the membrane mirror is placed in the back 
focal plane. The lens is a commercially available doublet achromat of focal length / = 40 
mm with an anti reflective coating (reflectivity < 0.3%). Switching from the the source 
fiber to any of the 31 receiver fibers is possible by moving the achromat laterally using 
a precision x-y stage with a resolution of about 0.14 /im. The signals from the receiver 
fiber and the reference fiber are detected with calibrated silicon photodiodes. The ratio of 
the receiver and reference signal gives the coupling efficiency. We use the linear array of 
fibers with the source fiber at one end. It demonstrates the feasibility of a system which 
is twice as large with symmetric displacement of the achromat. The array of 32 fibers can 
therefore demonstrate the feasibility of a 1 x62 one dimensional system. Moreover, a two 
dimensional array of fibers can be switched if the achromat is displaced in both x and y 
directions. The linear array of 32 fibers can thus demonstrate the feasibility of a 1 x 3019 
two dimensional system. 

Figure 5.7: Photograph of the breadboard of the free space optical fiber switch. 

A photograph of the main part of the breadboard is shown in Fig. 5.7. We see the 
deformable membrane mirror the achromat lens moved by its 2 step motors and the array 
of fibers. The membrane mirror is aluminum coated and has an active diameter of 12 mm. 
A detailed description of the mirror is given in chapter 3. The membrane mirror used in the 
experiment had a substantial initial astigmatism, as shown in Figure 5.9. The reflectivity 
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at 633 nm is 87%. The total loss due to the optical elements is estimated to be 22% by 
considering two interfaces between the receiver fiber and air, with 4% Fresnel losses each, 
1% transmission loss inside the achromat and 0.3% of reflectivity at both surface and the 
reflectivity of the membrane mirror. 

5.2.3 Results 

F i b e r number 

Figure 5.8: Measured coupling efficiencies vs. fiber number (input fiber number 1). 

For the optimization of the shape of the membrane mirror for maximum power coupling 
of each connection we used the evolutionary algorithm based on the Zernike modes as 
described in Sec. 5.1.2.2. In general after 10 iterations the optimization has converged 
(see Fig. 5.4). The important parameters to get good convergence are the amount of 
mutations, as well as the number of modes used. 15 to 20 modes are enough for the 
optimization. If less than 15 modes are used, the optimization is not optimal. With more 
than 20 modes, the algorithm gets slower without a significant improvement of the result. 
It is not astonishing that the number of useful modes is in 15-20 range, as it corresponds 
to the aberrations up to the fifth order (secondary aberrations). Each connection has its 
own optimized deformation which can be memorized, storing the voltage applied on each 
electrode and the position of the lens. With these preset values the optimized membrane 
mirror deformation can be recalled for later connection to the same receiver fiber. Figure 
5.8 shows the coupling efficiency of our system using the deformable mirror, compared to 
the same system with a conventional flat mirror. The experimental results for the flat 
mirror follow quite well the theoretical curve obtained by simulation with a ray tracing 
program (ZEMAX), taking into account the estimated 14% loss due to the optical elements. 
The coupling efficiency is less than 40% beyond number 7. For comparison, the optimized 
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power coupling efficiency using the deformable mirror is between 29% and 52 % and the 
average coupling efficiency over all fibers is 39%. The coupling efficiency shows no fading 
with increasing fiber number. 

Figure 5.9: Interference pattern of the membrane mirror at rest 

The difference between the maximum theoretical coupling efficiency (78%) and the mea­
sured ones (52%) can be explained with the large initial astigmatism at rest, shown in 
Fig. 5.9 due to residual stress in the membrane. Simulations show that an astigmatism of 
A/5 leads to a decrease of the coupling efficiency by 50%. The measured deviation of the 
membrane mirror from the perfect plane at rest is about 3 to 4 wavelengths. 4 wavelengths 
correspond to a quarter of the membrane deflection capability. Although the membrane 
mirror has the potential to correct its own imperfections, this limits the ability to further 
correct the system aberrations. 

We verified also the calibration concept for the system. We optimized the coupling effi­
ciency for fiber number 15 and stored the corresponding electrode voltages of the membrane 
mirror. Coming back to the same position after addressing other fibers, we got with the 
stored values for the electrode voltages the same coupling efficiency as before, which proves 
the reproductibility of the membrane mirror. 

5.2.4 Conclusion 

We have shown that a deformable membrane mirror can correct the aberrations of an 
optical switching system. The average measured coupling efficiencies for the connections 
up to the 31 i / l receiver fiber of a one dimensional system is 39% (including the 22% losses 
due to the optical components). Compared to an optical system without correction of the 
aberrations, the system with the deformable membrane mirror is better for connections 
beyond fiber number 7 (see Fig. 5.8). We have demonstrated the feasibility of a one 
dimensional 1x31 optical fiber switch, which corresponds to a two dimensional 1x3019 
fiber system. The limit is given by the size of the achromat and its lateral displacement 
required for the switching. A larger achromat (with a larger focal length ) and a larger 
deformable membrane mirror should be able to address more fibers. The correction of the 
aberrations was limited in our experiments by the residual stress of the membrane. In Ch. 
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3, we have seen that membrane mirrors with less than one wavelength of aberrations can 
be obtained. 

5.3 Pumping of double clad fiber amplifiers 

The first fiber amplifiers have been developed in the mid eighties and were doped with 
Erbium to amplify the optical communication wavelength of 1.5 ¿/m. The only way to get 
high power after the amplification is by the use of double clad fiber, first presented in 1988 
[84). They are now used on many applications such as high power laser amplifiers, ultra-
fast lasers, laser guide stars or free space communications. The main difference between a 
monomode fiber and a double clad fiber is the refractive index of the coating of the fiber, as 
shown in Fig. 5.10. If the refractive index of the outer coating is lower than the cladding, 
this cladding can act as a multi-mode guide for the pump power. 

refractive index „. refractive index 
. ^ fibre cut . ^ 

X3Of 
monomode double clad 

Figure 5.10: Difference of refractive index between a classical and a double clad fiber. 

The monomode core of the fiber is doped with a rare earth element. In our experiments 
we have chosen Neodymium and Ytterbium. We demonstrate the optimization of the 
coupling of diode pump lasers into double clad fiber amplifiers. We first started with a 
medium power diode laser pumping an Ytterbium doped fiber before coupling a high power 
diode laser into a Neodymium doped fiber. 

5.3.1 Pump coupling into Ytterbium doped fiber 

We demonstrate the increase of efficiency in the coupling of the diode pump laser into 
an Ytterbium doped fiber. We propose two types of coupling, side coupling and front 
coupling. For the front coupling we were able to demonstrate that the optimization for a 
maximum of coupled pump light and the optimization for a maximum of fluorescence are 
different. We developed a breadboard for both types of coupling. 
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Figure 5.11: Diagram of the breadboard for the Ytterbium fiber coupling 

5.3.1.1 The breadboard 

The diagram shown in the Fig. 5.11 shows the breadboard for the Ytterbium fiber. The 
doped fiber has a cladding diameter of 125 /¿m and a core diameter of 4 /im. The length 
of the fiber was 4 m for the front coupling and 20 cm for the side coupling. The fiber 
was doped at 1%. We developed a breadboard to demonstrate the capability to increase 
the coupling of a diode laser with a highly divergent beam into a double clad fiber doped 
with Ytterbium. The diode laser emits 1 W at a wavelength of 980 nm. The beam has a 
divergence of ±30 degrees and ±5 degrees in two orthogonal directions. The laser is roughly 
collimated with an optical system Ll composed of a cylindrical lens and an aspheric lens. 
The laser is reflected at 90° by an aluminum coated membrane mirror. Depending on the 
position of the flip mirror, the laser is directed to the front coupling set-up or to the side 
coupling set-up. For the front coupling set-up an achromat lens L2 with a focal length of 
20 mm is used to couple the light into the double clad Ytterbium fiber. A spectrometer at 
the output of the fiber filters the fluorescence of the Yb+ 3 at 1064 nm ±3 nm. The side 
coupling set-up is composed of the achromat lens L3 of focal length 20 mm to focus the 
light on the prism. The doped fiber is positioned under the prism with a few millimeter 
of coating removed as shown in Fig. 5.12. An index matching oil is used to obtain the 
contact between the prism and the fiber. The prism is a right angle silica prism and the 
laser beam has an angle of incidence of 24 degrees with respect to the surface normal of 
the prism. 
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Figure 5.12: Cross-section diagram of the side coupling 

5.3.1.2 Results 

Side coupling: The coupling was low. It was not possible to measure the fluorescence 
reasonably well. Therefore .we only concentrated on the optimization of the coupling effi­
ciency. The best coupling efficiency obtained before the optimization was 12%. We were 
able to obtain after optimization a coupling efficiency of 17%, which represents a relative 
improvement of 42%. 

Front coupling: We first investigated the fluorescence. We obtained an optimization of 
the fluorescence intensity of 48% comparing the intensity before and after optimization. In 
Fig. 5.13, we show the deformation of the membrane mirror calculated from the electrode 
voltages and the Zernike coefficients describing this deformation. 

Once the above measurement made, we did cut the fiber to a length of 20 cm, which 
limits the absorption of the laser pump into the fiber. Before optimization we obtained 
a coupling efficiency of 39%, after the modulation we obtained 54%, which represents a 
relative increase of 38%. The deformation of the membrane for this optimization and the 
corresponding Zernike coefficients are shown in Fig. 5.14. 

Comparing Figs. 5.13(a) and 5.14(a) we see that the deformations are significantly different 
for the two types of optimization. We can explain it by the followings considerations: to 
obtain a maximum of fluorescence the pump needs to cross as often as possible the core of 
the fiber, which is not necessarily the same condition as for maximum pump light coupling 
into the outer cladding. 

5.3.2 Pump coupling into Neodymium doped fiber 

A space borne fiber amplifier for coherent inter-satellite communication using Neodymium 
doped fiber has been designed by Rochat [75)(74). An important problem of this system is 
the efficient coupling of the light from the high power diode pump laser module into the 
double-clad doped fiber. This kind of fiber, which can be used as an amplifier or a laser, 
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Figure 5.13: Membrane mirror shape for maximum fluorescence: (a) contour plot of the 
deformation, (b) Zernike coefficients. 
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Figure 5.14: Membrane mirror shape for maximum pump light coupling: (a) contour plot, 
(b) Zernike coefficients. 
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is well explained in [51] and [62]. We propose to correct the shape of the focal point from 
the diode laser to increase the coupling efficiency by the use of adaptive optics. 

5.3.2.1 Concept 

An optical power of at least IW is needed for an optical satellite to satellite coherent 
communication. A master oscillator power amplifier (MOPA) structure has been chosen 
to reduce the size of the optical system2. The master oscillator is a Nd:YAG laser from 
Lightwave Technology with a maximum power of 100 mW at a wavelength of 1064 nm 
and the amplifier is a double clad Nd-doped fiber. A diode laser module of 23 W is used 
to pump the fiber. The maximum coupling efficiency of the laser pump module into the 
double clad fiber is 29% with a classical front coupling. Under these conditions, a saturated 
output power of 1.3 W was obtained with an input power of at least 10 mW [75]. Any 
improvement of the pump coupling would increase the output power. We propose to use a 
membrane mirror to improve the pump coupling efficiency. 

5.3.2.2 Breadboard 

Si 
photodiode 

chopper 

Nd:YAG laser I—I 

20w 

laser diode 

DMM 

Figure 5.15: Design of the breadboard for the dynamic pump coupling into the Nd-doped 
fiber amplifier. 

The design of the breadboard is given in Fig. 5.15. The double-clad Nd-doped fiber is 
the central part of the breadboard. It is backward pumped. The signal to be amplified is 

2In space, the size, weight and consumption is of main importance. 
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coupled into the monomode core of the doped fiber from one side of the fiber by the use 
of a 95/5 fiber coupler. The pump light is coupled with the help of the deformable mirror 
into the multimode core of the doped fiber from the other side of the fiber. The pump is 
counter propagating the signal in the doped fiber. The pump and the signal are separated 
with a dichroic mirror. 

The pump absorption band of Neodymium doped fiber is around 805 nm. We are concerned 
with the laser transition at 1.06 /¿m. The fiber is 12 m long in a rolled kidney shape. 
The fiber was produced by the Institut für Physikalische Hochtechnologie at Jena. Its 
characteristics are given in Table 5.1. 

core 0 
Cladding 0 

NA core 
NA cladding 

Pump attenuation (800 nm) 
Signal loss (1064 nm) 

Nd (weight) 
Lifetime 

IPHT 45 SK 3 
4 /¿m 

200/zm 
0.19 
0.4 

750 dB/m 
0.58 dB/m 

1.7% 
270 ms 

Table 5.1: Characteristics of the Nd doped double clad fiber 

The diode pump laser module is a DL-20 produced by FISBA OPTIK. Its characteristics 
are given in the Table 5.2. The multi-mode diode pump laser is coupled into the multimode 
core of the double-clad fiber. The diode laser module output is used with a lens system of 
55 mm of focal length. Its spot size is 200 //mx300 pm oval shaped. 

type 
Max. power output 

Wavelength 
mode 

output 

GaAlAs 
23 W 

805.4 nm 
multimode 

CW 

Table 5.2: Characteristics of the diode pump laser 

The characteristics of the Nd:YAG master laser are given in Table 5.3. 

The membrane mirror was the one shown in Fig. 3.2 with a silver coated membrane. It has 
37 hexagonally disposed electrodes and a diameter of 15 mm. It is disposed at 45 degrees 
in the path of the pump beam. The dichroic mirror separates the pump from the amplified 
signal. The 95%/5% fiber coupler is used to transmit the signal into the doped fiber and 
to monitor the remaining output power of the pump at the far end of the doped fiber. 
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Type 
wavelength 
Linewidth 

power 
mode 

Nd:YAG 
1064 nm 
5 kHz 

100 mW 
TEM00 

Table 5.3: Characteristics of the Nd-YAG master laser 

5.3.2.3 Exper iments 

(a) (b) 

Figure 5.16: (a) Pump coupling part of the optical system, (b) Reflection of the laser 
pump light on the membrane mirror. 

Figure 5.16 shows the main parts of the adaptive optical system, which is the coupling of 
the pump into the doped fiber and the intensity pattern of the diode pump light reflected 
on the membrane mirror. The membrane mirror was specially made for very high reflection 
(more than 99.9%) at the wavelength of the diode pump laser to support the 25 W of pump 
power, but had a very small deflection capability of only 3 /xm. This deflection was sufficient 
to demonstrate a change on intensity of the fluorescence when the mirror is modulated, 
but did not allow to optimize the coupling. Thus, to prove the optimization capability of 
the system, we decided to use a classical membrane mirror with a small output power of 
the diode pump (less than 1 VV) and with a short length (1 m) of double clad fiber. This 
experiment gave us the ability to demonstrate the optimization of coupling of the FISBA 
diode laser module into the double clad doped fiber, but the fluorescence output was to 
small to allow optimization of the gain. 

The genetic algorithm working on the electrodes (see Section 5.1.2.2) had been used for this 
purpose. The 15 mm diameter membrane mirror coated with aluminum has a deflection 
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capability of 9 ¿/m. After optimization, we only obtained an increase of the coupling 
efficiency of around 7%, which means a coupling efficiency of 37%. This proves that we 
have a possibility to optimize the coupling but that we need a mirror with larger capability 
for correction. We think that the newly made mirrors of 25 mm diameter and a deflection 
capability of 20 to 30 firn could give the expected results. The deflection produced by 
the mirror is shown in Fig. 5.17. The Zernike coefficients of the deflection show that the 
coefficients of main importance are the defocus, the spherical aberration and astigmatism. 
The main aberration is the defocus and we tried to correct it with a better alignment, but 
without success. 

Mrnbnnt Mtcünt i t t i «min ien »iti3 CotftewnUoftNZtiwk« polynomial! oflhedefltäion 

• Oetocus 

Astigmatism 
Ailigmatiam 

2nd order 

£.-.W Spheric a 1^1 
»bin ilion 

S 10 12 14 
ZtnHkt numbtr 

16 73 

(a) (b) 

Figure 5.17: Deflection of the membrane mirror from its bias position(a) and the corre­
sponding Zernike coefficients (b). 

5.4 Conclusion 

We investigated the use of the membrane mirror in a closed-loop system to optimize the 
coupling of light into different kinds of fibers. We first started with the coupling of a laser 
beam into a single-mode fiber to determine the efficiency of the two optimization algo­
rithms used in the closed loop system. The first kind of algorithm scans the voltage on the 
electrodes to determine the best optimization. The second is an evolutionary algorithm 
following the neo-Darwinian paradigm, which is reproduction, mutation, competition, se­
lection. Each membrane deformation is considered as an individual and the corresponding 
set of electrode voltages is the genetic code. We have demonstrated, that we can obtain 
an improvement of the coupling by a factor of 2.2. 

The first application in which we applied this optimization system is a telecom fiber switch. 
Its is composed of an array of fibers, a lens and the membrane mirror. One fiber of the array 
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is used as the input fiber, the light is collimateci by the lens, reflected by the membrane 
mirror and then refocused into an other fiber, depending on the off-axis position of the 
lens. We successfully developed a ID array fiber switch of 32 fibers, which is equivalent to 
a 2D fiber switch of more than 3000 fibers. 

The second application is the optimization of the pumping of fiber amplifiers. For the 
demonstration of this application, we used two types of double clad doped fiber amplifiers, 
The first one was an Ytterbium doped fiber and the second one was a Neodymium doped 
fiber. We tried to optimize the coupling of a diode laser of 1 W for the Ytterbium doped 
fiber and in the case of front coupling and side coupling. We obtained optimization for both 
types of coupling. We demonstrated, using the front coupling, that the result is different 
for the optimization of the fluorescence and for the maximum coupling of pump power 
into the cladding. We also tried to optimize the coupling of a diode laser array of 23 W 
into a Neodymium doped double-clad fiber amplifier. We have demonstrated for this case, 
that an optimization was achievable but we could not obtain an improvement of more than 
a few per cent, because of the limits of the membrane mirror. With a larger membrane 
mirror, having a greater deflection capability, we can expect better results. 



Chapter 6 

Phase multiplexing of volume holograms 

"If a diffraction diagram of an object is taken with coherent illumination, 
and a coherent background is added to the diffracted wave, the photograph will 
contain the full information on the modifications which the illuminating wave 
has suffered in traversing the object. Moreover, the object can be reconstructed 
from this diagram without calculation. One has only to remove the object, and to 
illuminate the photograph by the coherent background alone. The wave emerging 
from the photograph will contain as a component a reconstruction of the original 
wave, which appears to issue from the object." Dennis Gabor (1900-1979). 

The discovery of the hologram1 principle by Gabor in 1948 (23], by trying to improve 
electron microscopy, gave the capability to record both phase and intensity of an optical 
wave. The availability of monochromatic light with the development of the laser in Ruby 
by Maiman in 1960 [55) and the He-Ne laser by Javan and Bennet the same year gave 
a boost to this research. The first volume holograms have been written in 1963 in alkali 
halides [96]. The photorefractive effect has been discovered by considering the optical 
damage in LiNbÛ3 and LiTaOs under laser radiation of 515 nm and 633 nm in 1966 [4]. It 
gave the possibility to demonstrate the holographic storage in photorefractive crystals two 
years later [H]. The first multiplexing technique has been demonstrated in 1974 [15] and in 
1975 [86] by choosing different angles of recording for each hologram. We had to wait fifteen 
more years for the demonstration of orthogonal phase-coded multiplexing [16][17], Three 
main techniques have been developed to record several holograms in the same volume: 
wavelength multiplexing [HO), angle multiplexing (2)163], and phase-coded multiplexing 
[18)(102). We propose to record data by holographic writing in a photorefractive crystal 
with a new phase multiplexing technique. The deformable membrane mirror is used to 
produce Zernike mode deformations with each deformation being the address of one specific 

1 Hologram means "total recording". 
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hologram. We have chosen an Iron-doped Lithium Niobate crystal as recording element for 
its highly valuable photorefractive property. A review of the theory concerning the optical 
wave transmission in Lithium Niobate crystal and the recording of multiplexed Fourier 
holograms will be presented. The set-up will be detailed and the results with the Zernike 
phase multiplexing presented. 

6.1 Volume holograms 

The idea and the theory of storing optical information in a three-dimensional media has 
been first proposed by P.J. van Herdeen [96]. The proposed solid are alkali halide crystal 
and the information was recorded by optical bleaching2. He demonstrated the capability 
of multiplexing holograms, calculated the maximum information storage capability of such 
system and found ^,which means using visible light between 1 to 10 terabits/cm3. In our 
context the holograms are recorded in Iron doped Lithium Niobate. First we will give the 
main characteristics of the Iron doped Lithium Niobate crystal, then we will explain the 
propagation of optical wave in this media. Next we will explain the transfer of electrons 
under illumination producing the photorefractive effect inside the crystal, and the creation 
of the grating in the crystal with the help of the two-wave mixing theory. 

6.1.1 Iron doped Lithium Niobate crystal 

The characteristics of the Iron-doped Lithium Niobate crystal used for this experiment are 
given in the Table 6.1. A more detailed description of LiNb03 crystals is given in [44]. This 
crystal is a ferroelectric material. It has the advantage that the recorded information 
(holograms) can be read without processing. The Fe creates photosensitive electron traps. 
The change of refractive index comes from the spatial redistribution of electrons in the 
traps: 

Fe2+ Z Fe3+ + e" (6.1) 

The occupied traps are Fe 2 + , and the Fe3+are the empty traps. The absorption band in 
the visible region of Fe2+corresponds to the excitation of the trapped electrons in the con­
duction band. Under non-uniform illumination, a corresponding pattern of free electrons 
is generated, which induces a pattern of modified refractive index. 

The theoretical limit of the storage capacity of LiNb03 is given in [109] and is 
2 The effect of optical bleaching is to bring sufficient energy in a crystal to free an electron from its trap 

produced by a missing ion. The release of the electron to the valence band produces a change of color in 
the crystal which is called bleaching. 
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Crystal structure 
Cell parameters 

Refractive index (at 633 nm) 

Melting point 
Curie point 

Mosh Hardness 
Density 

Solubility 
Composition 

Iron level 
Orientation 

Size 

Trigonal, space group R3C (uniaxial) 
a = 0.5148, c = 13.863, Z = 6 

n0 - 2.286 
ne = 2.200 
1526 Kelvin 
1411 Kelvin 

5 
4.64g/cm3 

insoluble in H2O 
Congruent or stoichiometric 

0.015 mol% 
C-cut 

10x10x7 mm3 

Table 6.1: Characteristics of the FeiLiNbOß 

C = ^ n 0 I S B S i 1 (6.2) 

where A is the wavelength, ne is the extraordinary refractive index ,no is the ordinary 
refractive index, and Krysioi is the volume. With ne = 2.29, n0 = 2.2, Va-ystat = 10 x 10 x 
7 mm3, and A = 488 nm we get C =1.16-1015 bit. 

6.1.2 Photorefractive effect 

The photorefractive effect is a change in the index of refraction of a medium proportional 
to the light intensity. The display of an intensity pattern in a photorefractive material 
will produce an equivalent refractive index pattern. The interference of two optical beams 
create an intensity pattern, which is a hologram if recorded in adequate materials and 
conditions. The evidence of the photorefractive effect in crystals has been discovered in 
1966 by Ashkin et al. [4] and presented as an optical damage to the crystal. In 1968 Chen et 
al. [11] demonstrated the first holographic recording in such a crystal. The photorefractive 
effect is a linear electro-optic effect, also called Pockels effect after its discoverer3. The 
Pockels coefficients form a tensor of third rank. This tensor has several symmetries, so that 
it can be reduce to a 6x3 matrix as explained in [106]. For LiNbOa, t n e representation is: 

3FViedrich Pockels (1865-1913) demonstrated this effect in 1893. 
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0 -r-n 
0 r22 

0 0 
Tij - 0 r H 

rsi 0 
- r 2 2 0 

We consider that the electric field created by the transfer of charge is quasi-static (for 
more precision see [105]). The values of the coefficients given in I0~l2m/V are n 3 = 9.6, 
r22 = 6.8, r33 = 30.9 and r51 = 32.6. 

Considering a sinusoidal grating, the index variation for the extraordinary wave is given 
by 137] 

&n = -^nlrMEsccos(Kz) (6.4) 

where Esc is the space charge field and /C/27T is the spatial frequency of the grating. It 
depends on the intensity of the two beams, of the density of the donor and acceptor 
impurities, and of the temperature of the crystal [107)(37]. Typically in Lithium Niobate 
crystal the space charge field has a value of around Eac = 1-105 V/m. With r33 = 
30.9 • 10~12m/V and ne = 2.2, we obtain a maximum refractive index variation of An = 
-1.65-10"5 . 

6.1.3 Recording and reading out volume holograms 

We have now to explain the grating formation in Lithium Niobate crystal due to the 
interference of two optical waves and the reading of this hologram due to the diffraction 
of the reference beam on the grating. The behavior of the optical wave propagation in 
the Iron doped Lithium Niobate crystal is described by the Maxwell's equations. They are 
given in |8]. The Iron doped Lithium Niobate crystal is a uniaxial crystal, therefore the 
wave propagation is given by two indices of refraction, related to the extraordinary and 
ordinary polarization of the wave. A good description of the transmission of an optical 
wave in such media is given in [106]. As we will only use the extraordinary polarization in 
our experiment, we will only consider the transmission of a plane wave with the refractive 
index of the extraordinary polarization. The hologram read out can been described by the 
coupled wave theories for volume holograms ([96], [42] ,[24], [46]). 

We will describe here the theory which corresponds best to the conditions of our experiment 
explained in Section 6.3. This theory is based on 2-wave mixing in anisotropic media and 
is explained in detail in [108]. but we take only account of the extraordinary polarization. 
With this simplification the electric filed can be written as 

E = Ap- exp (-îkQ • r) + Bp • exp {-ikb • r) (6.5) 

f*33 

0 
0 
0 

(6.3) 
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where A and B are the complex amplitudes of the two waves, p is the polarization, and ka 

and kft are the wave vector of the two beams, As shown in Fig. 6.1(a) two beams create 
by interference the index grating 

An = a- AB* exp (-¿K • r) /I0i (6.6) 

where a is a constant containing several factors, such as the refractive index and the electro-
optic coefficients implied in the grating. I0 is the total intensity and K = ka — k& is the 
grating vector. The period of the fringe pattern is 

A = 
|K|" 

(6.7) 

In our experiment the plane of incidence of the two beams is parallel to the c-axis of the 
crystal, therefore the extraordinary mode is parallel to the plane of incidence. 

K 

x=0 x=d 

(a) (b) 

Figure 6.1: (a) Volume grating produced by two plane wave A and B in Fe:LiNb03, (b) 
read-out of the hologram. 

To read-out the hologram, the beam A will be used and will diffract on the volume grating 
produced by the interference. To create a new beam as shown in the Fig. 6.1(b). A\ is the 
reference beam. Ai is the diffracted beam and is equivalent to B as long as we are in the 
Bragg conditions. The behavior of these two beams has been described precisely in 1969 
by Kogelnik [42]. 
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6.2 Phase multiplexing 

Up to now we have explained how to write one hologram in a photorefractive crystal, but 
we are interested in writing several independent holograms. To do so it is necessary to 
give a specific address to each recorded hologram. This can be done by several techniques 
known as angular, wavelength and phase multiplexing. A good overview of these techniques 
is given in [35| and [I]. 

The angular multiplexing technique was the first which had been explored to multiplex 
volume holograms. The principle is to write each hologram with a different angle by 
slightly rotating the recording media or changing the angle of the reference beam. The 
angles are the addresses of the recorded pictures and each picture can be read-out with its 
corresponding angle. In the mid seventies it was already possible to write more than an 
hundred holograms by reference beam deflection[15] or by recording media rotation[86]. 

Wavelength multiplexing uses slightly different wavelengths to record the hologram. This 
technique has been applied to a photorefractive crystal for the first time in 1991 by [112], 
Typically a tunable diode laser is used to get the different wavelengths [HO]. A hybrid 
system using both wavelength and angular multiplexing has also been proposed [10]. 

6.2.1 Phase-coded multiplexing 

Phase-coded multiplexing system is used since ten years to record holograms in photore­
fractive material. This technique is based on the fact that, when reading a hologram with 
a particular address, the reconstructions of the other holograms interfere destructively to 
produce zero intensity. The theory concerning the phase-encoding technique is well ex­
plained by Denz et al. in [17]. We will only give a summary of the theory to be able to 
understand the proposed Zernike mode encoding technique. In [17], we find the following 
description. 

"In this technique, each image is stored with N pure and deterministic binary reference 
beams. Each set of adjustable phases for these reference beams represents the address of 
one of the N stored images and is orthogonal with all other phase addresses. All reference 
beams overlap the image in the recording volume and interact independently with this im­
age. Noiseless reconstruction appears because the reconstructions of the undesired images 
interfere destructively to produce zero intensity." 

They consider that the references beams and the images are plane waves. The mth image 
beam is described by the complex amplitude 

Am = - [Am exp (ik x r) 4- c.c], (6.8) 

where k and r are the wave vector and the position vector respectively. For the recording 
each image beam interferes with a set of N phase-modulated reference beams described by 
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the complex amplitude 

1 N 

^ = Ö E [Po exp (¿*™) exp (¿k„ • r) + c.c], (6.9) 
¿ n = l 

where the set of the phases ($™> ̂ J1I i ^ÍT) represents the address of the mth image. The 
corresponding refractive index variation of the recorded hologram is given by 

NAP* { N 

2 {Im + 
3 L • { Ç Snn exp [-i (*™ + ¢)] • exp [-i (k - kn) • r] + c.c\ , (6.10) 

where 1P is the phase shift between the interference pattern and the refractive index grating, 

Im = Arn£m, IR = 2~ an<^ ^Un *s *^e m^ex modulation amplitude of the nth grating. 
Using the coupled-wave theory described by Kogelnik(42] we get for the amplitude R1n of 
the reconstruction from the multiplexed hologram with the reference Pm the differential 
equation 

fifí TT M A P* N 

^ = îexPm-ônP0j: ^ n - £ ^ ( ¾ - * ? ) ] . (6-11) 
dz A m=l Wm+ ^VJoJ n = i 

Therefore, to read-out a particular image m without cross-talk from the other images the 
the following condition have to be fulfilled: 

EiL1 exp[i(¾ - ¢-)] = 0 p¿m 
(6.12) 

EiL1 exp [i (¾ - ¢")] = JV p=m. 

These particular conditions can be obtained using the Walsh-Hadamard matrices as an 
orthonormal basis [38] [33]. The reference is a set of beams with mutual phase difference of 
7T corresponding to the Walsh-Hadamard matrices. A computer generated hologram is used 
to create the different reference beams and which encoded with the help of a transmissive 
liquid crystal display. 

6.2.2 Zernike mode encoding 

Our approach is to use a reference beam encoded with phase distributions corresponding to 
Zernike polynomials. As we have seen in Chapter 2, the Zernike polynomials are mutually 
orthogonal. We expect that the reconstructions of the holograms with different phase 
addresses will interfere destructively. In fact, for continuous phase distributions rather 
than discrete phase coding the conditions given by conditions (6.12) have to be rewritten 
as 

J¿ Jo2* exp [i ($p (p, 0) - * m (p, 0))} pdpdB = 0 p¿m 
(6.13) 

/J /o" exp [i (*p (/>, B) - $ m (p, 9))} pdpdO = 1 P = Tn, 
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where $ p and $ m are the wavefronts of the Zernike polynomials used to encode the different 
images. If we use single Zernike modes for the encoding , the integral in conditions (6.13) 
becomes 

1 Z"1 f2n 

Cpm= — f [\xpi [apZp (p, $) - amZm (p,9)] pdpd9. (6.14) 

where ap and am are the amplitudes of the corresponding Zernike modes. The value of 
|Cpm |2 can be considered as the coefficient of correlation , or cross-talk between different 
phase codings. We understand that there is no general solution to solve these integrals, 
but we will discuss some particular cases. 

6.2.2.1 Encoding with defocus of different amplitudes 

We first consider the case of encoding with defocus of different amplitudes, The corre­
sponding Zernike polynomial Z (p,0) is found from Table 2.3. From Eq. 6.14 we get 

f f* exp (i [ap%/3 (2p2 - l ) - am \ /3 (2p2 - l ) ] ) pdpdO. (6.15) 

The integral can be separated in p and 9, and the integration p can be solved using the 
substitution u = i f(ap - am) \/3(2p2 - 1)1. The final result is 

^pm — 
sin [ 4 \ / 3 ( a p - a m ) ] 

[4VZa(Up-O] 
(6.16) 

Which is known as the sine function. The value of the cross-talk coefficient ¡C^2 as a 
function of difference (ap — am) is shown in Fig. 6.2. 

Figure 6.2: Value of \Cpm\ for the defocus case. 
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6.2.2.2 Encoding with tilt 

We will check the case of a coupling with a difference of amplitude between a tilt and the 
reference phase. It is given by 

1 Z"1 r2* 
CPm - g" I I exp (i [app cos 6] ) pdpdQ (6.17) 

It is better to rewrite the Eq. (6.17) in Cartesian coordinate with the integration over a 
pupil where x = p cos 8 and y = psin0, we then obtain 

Cptn = dy exp (i [apx]) dx. 
J-I J-yJl-y2 

From Eq. (6.18) We can simplify to obtain 

(6.18) 

r\ sin 
C„m = / dy— 

ßp\/ l - y2 

'pm (6.19) 

The result of Eq. (6.19) can be obtained numerically and is given in Fig. 6.3 

Figure 6.3: Value of \Cpm\ for the tilt case 

6.2.2.3 Coupling between tip and tilt 

We will check now the case of a coupling between tip and tilt given in Eq. (6.20). 

Cpm = TT / exp (Î [app cos Ô ~ amp sin 6] ) pdpdO, 
¿"K JO Jo 

(6.20) 

where ap is the amplitude of the tip and am is the amplitude for the tilt. It is better to 
rewrite the Eq. (6.20) in Cartesian coordinate and to make an estimation over a quadratic 
aperture we then obtain 
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1 f f 
Cp1n = -J J exp (¾ [apx - amy\) dxdy. 

Once solved 

_ 1 sin (qp) sin (gm) 

4 an am 

We recognize that the value of |Cpm |2 goes toward zero as soon as ap and am increase. 

6.3 Breadboard demonstrator 
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Figure 6.4: Diagram of the phase multiplexing breadboard 

The diagram of the phase multiplexing breadboard is shown in Fig. 6.4. The principle of 
the set up is as follows: an argon ion laser produces a linear polarized beam at 488nm, 
which is expanded by the microscope objective Ll of magnitude 15 and filtered with a 
pinhole of 15 //m diameter and collimated by the achromat lens L2 of 300 mm focal length. 
The beam is split in two identical parts by the beam splitter B.S.I to obtain the signal arm 
and the reference arm of the hologram recording set-up. The polarization in the signal arm 
is rotated by 90° with a A/2 plate and encoded with a liquid crystal display. The signal 
is filtered with a polarizer to transmit only the extraordinary polarization. The lens L3 of 
200 mm focal length is used to obtain the Fourier transform of the signal. A spatial filter 
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is set just in front of the Lithium Niobate crystal to keep only the zero order of the signal. 
The reference arm is first reflected on the membrane mirror, then it is focused by the lens 
L4 of 300 mm focal length in the direction of the photorefractive crystal. The beam splitter 
B.S.2 sends 4% of the reference beam to the Shack-Hartmann sensor. The lenses L4 and 
L5 of 100 mm focal length form a Keplerian telescope [101] to reduce the diameter of the 
reference beam to the size of the CCD of the Shack-Hartmann sensor (see Ch. 4). The 
Lithium Niobate crystal is installed at the intersection of the signal and reference beam to 
record the holograms. The lens L6 of 200 mm focal length produces the inverse Fourier 
transform of the hologram read-out and finally the lens L7 of 120 mm focal length images 
the read-out hologram on the high resolution CCD camera. A neutral density filter is 
placed in front of the camera to adjust the power below saturations. 

6.3.1 The optical components of the breadboard 

The Argon Ion laser is a Spectra-Physics model 165-08 Argon ion laser. The wavelength 
is 488 nm and the characteristics at this wavelength are given in Table 6.2. 

wavelength 
mode 
Au 

max output 
polarization 

488 nm 
TEM00 

143 MHz 
1.3 Watt 

linear 

Table 6.2: Argon ion laser data 

Although the maximum output power is 1.3 W, we have chosen to work at a power of 
around 150 mW, which is sufficient for the experiment. Assuming a Gaussian lineshape, 
the coherence length of the laser is given by 

Ic = C^ \ } , (6.21) 
Au 

where Au is the spectral width of the laser and c is the speed of the light. For Av = 143 
MHz we obtain a coherence length of 1.4 m. Therefore a few centimeters of path difference 
between the two arms does not cause a problem. 

All lenses are doublet achromats of 50 mm diameter. The deformable mirror used as a phase 
addressor for multiplexing the holograms is an aluminum coated membrane mirror with 
37 electrodes produced by T.U. Delft, as described in Chapter 3. The Shack-Hartmann 
sensor described in Chapter 4 measures the wavefront of the reference beam produced by 
the membrane mirror. 
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Resolution 
Display size 
Pixel pitch 
Pixel size 
Thickness 

Twist angle 
Mode 

An 
Response time 

640 x 480 pixel 
26.88 x 20.16 mm 

42 x 42 pm 
21.5 x 31.5/zm 

4.3 ¿¿m 
G: -90°, R: 90°, B: 90° 

Normally White 
0.117 
40 ms 

Table 6.3: LCTV Data 

The liquid crystal display and the driving electronics are from CRL OPTO4. The charac­
teristics are given in the Table 6.3. A photograph of the liquid crvstal displav is shown in 
Fig. (6.5). 

(a) LCTV (b) Photorefractive crystal 

Figure 6.5: Photographs of the LCTV (a) and the photorefractive crystal (b). 

The recording material is a crystal of Iron doped Lithium Niobate, described in Section 
6.1.1. A photograph of the crystal illuminated by the reference beam is shown in Fig. 
6.5(b). The zero order spatial optical filter is a mask with a 2 mm hole centered on the 
zero order of the Fourier transform. It is used to eliminate the higher order diffraction from 
the LCTV pixel array. The CCD camera is a Hamamatsu C4742-95-12NRB. The Table 
6.4 gives its main characteristics. The choice of a camera with a high spatial resolution 
has been made to simplify the detection of each pixel of the liquid crystal display. Each 
pixel of the liquid crystal display is imaged on 4 pixels of the CCD camera. 

4 www.crlopto.com 

http://www.crlopto.com
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A/D converter 
FVame rate 

Effective area 
Effective number of pixels 

pixel size 
pixel clock rate 

full well capacity 
readout noise (r.m.s) 

Dark current 

12 bit 
8.3 Hz 

8.58 x 6.46 mm 
1280 x 1024 

6.45 x 6.45 //m 
14.75 MHz/pixel 
18,000 electrons 

8 electrons 
0.1 electron /pixel/second 

Table 6.4: Data of the Hamamatsu camera 

6.3.2 Acquisition procedure 

The computer is used to control the membrane mirror and the liquid crystal display, to 
record and treat the information from the Shack-Hartmann sensor, and to record the images 
captured by the CCD camera. 

6.3.2.1 Recording Procedure 

To record a hologram, we first start by closing both shutters, then a picture or an array 
of data is sent to the LCD and a specific deformation is applied to the membrane mirror. 
We open both shutters during a specific time, which allows the two beams to interfere in 
the photorefractive crystal. During that period we can also capture the signal picture with 
the CCD camera and analyse the deformation of the membrane mirror with the help of 
the Shack-Hartmann sensor. To end the recording we close both shutters. 

To avoid a loss of diffraction efficiency of the recorded holograms and to obtain the same 
grating amplitude for multiplexed holograms, two techniques have been proposed: the 
sequential recording [87] and the incremental recording [88]. The incremental recording 
repeats several times the recording of all holograms with an exposure time which is much 
smaller than the time for maximum amplitude. In the sequential recording, each hologram 
is written once. In this case a specific recording time has to be used for each hologram. 
We have chosen the sequential recording for ease of use. 

The recording time Tn for the hologram number n is given by 

7. = -1-(1 "¿i)' (622) 

where T is the time for writing a hologram with maximum amplitude. The times calculated 
for the 15 first holograms for r=120 s are given in Tab. 6.5. 
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Hologram 
number 
Writing 
time (s) 

1 

83 

2 

49 

3 

36 

4 

27 

5 

22 

6 

19 

7 

16 

8 

14 

9 

13 

10 

11 

11 

10 

12 

9 

13 

9 

14 

8 

15 

8 

Table 6.5: Exposure time for recording 15 holograms 

6.3.2.2 Read-out procedure 

To read out a specific hologram we close the signal shutter and apply the corresponding 
deformation to the membrane mirror; the CCD camera captures the picture. To limit the 
erasure of the hologram during read-out, it is necessary to limit read-out time to less than 
one minute . With a frame rate of 8.3 Hz for the camera the read-out time for one image 
is 0.125 s. 

6.4 Results 

Or goal was to multiplex several holograms using the deformation capability of the mem­
brane mirror to create different phase addresses for each hologram. Each phase address 
is determined by a specific Zernike mode as we believe that the orthogonality of these 
deformations will allow to make recording without cross-talk. We will first measure the 
quality of these Zernike mode deformations and select the ones which can be best used for 
multiplexing holograms. 

6.4.1 Zernike mode deformations 

In Chapter 3 we have determined by simulation the set of electrode voltages necessary 
to obtain the low order Zernike modes. The different deformations obtained with this 
simulations are shown in Appendix B. We produced each deformation up to the 15th mode 
at maximum amplitude and then measured the corresponding deformations with the Shack-
Hartmann sensor. The complete set of results is shown in Appendix C. As examples are 
shown here in Figs. (6.6) to (6.8), defocus, tilt, coma first and second order astigmatism. 
As seen from Fig. 6.6, the defocus mode is nearly perfect, whereas tilt and coma (Fig. 
6.7), and also first and second order astigmatism, have strong mutual interactions. 

As a consequence, we have selected for the recording of the holograms, only modes which 
have a minimum of interactions namely; tip, tilt, defocus, l s í order astigmatism, and trefoil. 

6.4.2 Necessary minimum amplitudes 

To determine the minimum necessary amplitudes for each Zernike mode to write holograms 
without crosstalk, we used two binary pictures shown in Fig. (6.9), the first contains a 
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Figure 6.6: Measured defocus deformation and its restored shape 

(a) (b) 

Figure 6.7: Measured tilt (a) and coma (b). 

MH)-W inaia 

• >• n 

(a) (b) 

Figure 6.8: Measured astigmatism lsi order (a) and astigmatism 2nd order (b) 
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square on the left side and the second on the right side. 

Figure 6.9: Original binary picture to measure cross-talk 

To measure the cross-talk quantitatively, a first hologram is recorded with the first picture 
(left square) and the undiformed (biased) membrane mirror for the reference phase. Then, 
a second hologram is recorded with the second picture (right square) and a Zernike mode 
with a certain amplitude. Examples for read-out with and without cross-talk are shown in 
Fig. 6.10. 

(a) (b) (c) 

Figure 6.10: Read-out of the binary pictures: (a) and (b) without cross-talk, (c) with 
cross-talk. 

The cross-talk is measured by taking the ratio of the intensity of the two squares in the 
reconstruction. The results of theses measurements for the low order modes, tilt, defocus, 
astigmatism, coma, trefoil, spherical aberration and quadrifoil are presented in Fig. (6.11). 
As we can see in Fig. (6.11), for all the modes, a cross-talk of less than 0.2 can be obtained, 
except for the quadrifoil. We see that each mode needs a different minimum amplitude to 
get a cross-talk below 0.2. 

The phase distributions (wavefronts) corresponding to this minimal amplitudes have been 
investigated with the Michelson interferometer described in Chapter 3 (reference mirror of 
2 m of focal length and He-Ne laser at 633 nm). The interferograms of the six good Zernike 
modes are shown in Fig. 6.12. The quadrifoil with full amplitude is shown in Appendix D 
(Fig. 1, picture 14 and 15). We observe on the interferograms that each mode has phase 
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Figure 6.11: Cross-talk for different Zernike modes vs amplitude of the deformation (see 
Ch. 3) 

variation between 2 and 3 wavelengths (A = 633 nm). We see also that the undiformed 
(biased) mirror used for the reference recording has still some aberrations. This has not 
been corrected, because it is the same reference for all the encoding holograms. 

Figure 6.12: Interferograms of the Zernike modes with their minimal amplitude to record 
holograms without cross-talk: bias(A), defocus(B), tilt(C), coma(D), trefoil(E), astigma­
tism (F), spherical aberration(G). 
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6.4.3 Interactions of the modes 

We have defined the necessary minimal amplitudes for the Zernike modes to obtain no 
cross-talk with respect to holograms recorded with the reference phase (bias). We now 
consider the cross-talk between holograms recorded with different Zernike modes at these 
minimal amplitudes. To measure the cross-talk we followed the same procedure as for 
the previous measurements (Sec. 6.4.2). We always measured the interaction between 
2 holograms and we did it with the modes measured in Sec. 6.4.2, except the quadrifoil 
because we always obtained cross-talk with it. The employed modes are defocus, tilt, coma, 
spherical aberrations, trifoil, and astigmatism. On these 15 interactions, we noticed only 
one with cross-talk. This is the interaction between the tilt and the coma. The coupling 
expected from the measurements with the Shack-Hartmann sensor (Fig. 6.7) is confirmed 
here. We measured a cross-talk with an intensity ratio of around 0.5. The corresponding 
cross-talk observed in the reconstruction is shown in Fig. 6.13. 

Figure 6.13: Cross-talk between tilt and coma 

6.4.4 Zernike mode hologram multiplexing 

Figure 6.14: Typical binary matrix used for recording data 
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We attempted to multiplex several holograms with different Zernike modes. For this pur­
pose we produced random binary matrices of 20x20 data, as shown in Fig. 6.14. We have 
been able to write up to 10 holograms without cross-talk by using for each hologram a 
different low order Zernike mode of the membrane mirror. The selected modes are: neg­
ative and positive tip, negative and positive tilt, negative and positive defocus, positive 
astigmatism at 0°, positive astigmatism at 45°, positive trefoil at 0°, positive trefoil at 30°. 
We have not used the coma, because of the observed cross-talk between coma and tilt. 
The Fig. (6.15) and (6.16) show the input patterns compared with the read-out of the 
corresponding holograms recorded with different modes as detected by the CCD camera. 
The reconstructed images have not been treated to improve the contrast. 

(a) (bj 

Figure 6.15: Recording and reading-out of the data: (a) positive tilt, (b) negative defocus. 

(a) (b) 

Figure 6.16: Recording and reading-out of the data: (a) positive astigmatism 0°, (b) 
positive trefoil 30°. 
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6.4.5 Writing holograms with the same Zernike mode at different 
amplitudes 

As we have seen that with the defocus only a small amplitude was needed to write holo­
grams without cross-talk, we have decided to attempt to write several holograms with a 
different defocus amplitude. The membrane mirror has a maximum deflection capability 
of ±3.8 • 10"6 m with this mode as explained in Section 3.4.1. We have been able to write 
efficiently 8 holograms without cross-talk by changing the amplitude of the defocus from 
-2.85 /xm to 3.8 /im by steps of 0.95 /im with the bias set at 0 //m. 

6.5 Conclusion 

A full phase multiplexing system has been set. The signal beam is encoded with the help of 
a liquid crystal display. The phase change of the reference beam to address each recorded 
hologram is made with the help of a deformable membrane mirror (see Chapter 3). A 
Shack-Hartmann sensor described in Chapter 4 has been added to the system to analyse 
the deformation of the membrane mirror. We have measured that only the defocus has a 
near perfect shape, when the other modes have strong interactions with at least on other 
mode. 

We demonstrated the use of the membrane mirror to phase multiplex holograms in pho­
torefractive crystal. We measured the minimum necessary amplitude for each low order 
mode to record holograms without crosstalk. We showed that it is possible to record sev­
eral holograms with different Zernike modes produced by the membrane mirror and we 
have been able to record up to 10 holograms using low order Zernike modes. We have seen 
that the number of hologram to be recorded is limited by the deformation quality of the 
membrane mirror. 
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Conclusion 

"In the new setting of ideas the distinction [between particle and waves] has 
vanished, because it was discovered that all particles have also wave properties, 
and vice versa. Neither of the two concepts must be discarded, they must be 
amalgamated. Which aspect obstrudes itself depends not on the physical objects, 
but on the experimental device set up to examine it" Erwin C. Schrödinger 
(1887-1961) 

The objective of this work was to find and demonstrate new applications of optical wave-
front modulation with micromachined deformable membrane mirrors. The membrane mir­
rors used for this purpose are fabricated at the Technical University of Delft. They are 
electrostatically activated by 37 electrodes and have an active diameter of less than 12 
mm. We proposed 3 different applications, the two first are closed-loop systems and the 
last one is a novel holograms recording technique. 

For both closed-loop systems we developed two optimization algorithms, The first algorithm 
is a classical maximization algorithm, the second is an evolutionary algorithm. They have 
been tested by trying to increase the coupling efficiency of a plane optical wavefront in a 
monomode fiber. 

The first closed-loop system on which we applied these algorithms is a massive IxN telecom 
fiber switch. This switch is composed of an array of fiber disposed in front of a lens and 
a deformable membrane mirror. The output signal of a fiber is collimated by the lens 
reflected by the membrane mirror and focalized by the same lens into an other fiber. 
This is the slight off-axis position of the lens which allows to couple into an other fiber. 
By changing the position of the lens, we couple the signal into the wanted fiber. The 
aberrations produced by the off-axis lens are corrected by the membrane mirror. 

The second closed-loop system is dedicated to the optimization of laser pump coupling 
into double clad doped fibers. These types of fibers are used as laser amplifier. We 
developed two breadboards, the first one with an Ytterbium doped fiber and the second 
with a Neodymium doped fiber. With the first breadboard we demonstrated a strong 
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increase of the pump coupling efficiency. We also demonstrated that the optimization of 
the fluorescence output and the pump coupling was different. With the second breadboard, 
where the Neodymium doped fiber is used in a MOPA system, the results have been limited 
by the deformation capability of the membrane mirror. 

The third application is a novel phase multiplexing technique. Up to now to multiplex 
several holograms by phase change, the principal solution is by phase encoding technique. 
Each hologram is record with a specific superposed set of orthogonal reference phases 
produced by a liquid crystal display. Instead of the set of reference phases, we propose the 
use of a single reference beam, on which we apply a different phase for each hologram to be 
recorded. Each phase is a specific Zernike mode. The membrane mirror is used to produce 
these Zernike modes. With the help of a Shack-Hartmann sensor specifically designed for 
this purpose, we measured the quality of the Zernike modes which can be produced by the 
membrane mirror. After the selection of the best modes for the multiplexing, we measured 
the minimum necessary amplitude to do not obtain some cross-talk. We have been able to 
multiplex up to ten holograms with different modes, but we also multiplexed 8 holograms 
with the defocus mode and by changing its amplitude. The number of holograms to be 
multiplexed is limited by the deformation capability of the membrane mirror. 

As we have seen the two last applications are limited by the capability of the deformable 
membrane mirror. T.U. Delft developed recently micromachined membrane deformable 
mirror with a diameter up to 50 mm and activated by 119 electrodes. A membrane mirror 
of 50 mm and activated by 39 electrodes has been recently tested to be used as a wavefront 
corrector for a large space telescope[58]. It would be interesting to test this type of mirror 
on the two last applications to observe the improvements. 

About the Zernike mode multiplexing, we have seen that the number of holograms which 
can be recorded is highly dependent of the deformation quality of the mirror. A mirror 
with natural mode very close to the Zernike modes would be very useful. Also, it would be 
interesting to mix it with an other technique as the wavelength multiplexing or the angle 
multiplexing. 



Chapter 8 

Appendix 

In the appendix are presented respectively the deformations for the twenty first Zernike 
modes, then in appendix B are shown the simulated deformations of the membrane mirror 
to reproduce the Zernike modes up to the fifteenth mode, and finally in appendix C is 
shown the measurement made with the Shack-Hartmann sensor of these deformations. 

All the classifications are given following the Noll's classification. 
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8.1 Appendix A 

The aberrations shape of the Zernike mode. 

(a) mode 1 (b) mode 2 (c) mode 3 

t^P^M 

(el mode 5 (f) mode 6 
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(g) mode 7 (h) mode 9 (i) mode 9 

Figure 8.1: Zernike mode 1 to 9 
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Figure 8.2: Zernike mode 10 to 21 



92 CHAPTER 8. APPENDIX 

8.2 Appendix B 

We present in this appendix the simulated deformation to obtain the Zernike modes. 
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Figure 8.3: Zernike mode 1 to 4 
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Figure 8.4: simulated Zernike mode 5 to IO 
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Figure 8.5: Zernike mode 11 to 15 
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8.3 Appendix C 

We present in this appendix the measured deformations to obtain the Zernike modes up 
to the Ath order. 

« <l K 

Figure 8.6: Zernike mode 2 to 4 
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