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Preface 

There are several types of optical materials that exhibit nonlinear properties. 

The research work reported in this thesis is focused on two of its kind, namely, 

the inorganic photorefractive systems such as LiNb03 and BaTi03 and the bacte- 

riorhodopsin; which is a biological molecule. The work presented in this thesis is 

broadly divided into two parts. The first part of the thesis (Chapter 1 to Chapter 4 )  
deals with the photorefractive effect in LiNb03 and BaTi03 cryst8als and their use 

in holographic data storage. The second part (Chapter 5) deals with the theoreti- 

cal and experimental studies of bacteriorhodopsin and its applications in all-optical 

photonic switching. In its entirety, the most appropriate title for this thesis would 

have been, "Data Storage and Optical Switching in Photoactive Media." 

However, in accordance with University's guidelines, we are compelled to retain the 

topic of research (approved by the University at  the time of registration) as our 

present thesis title even though the content of this thesis is more extensive. 

In Chapter 1 of the thesis, basics of nonlinear optics and related phenomenon 

are reviewed. Nonlinear optics is the branch of optics that describes the behaviour of 

light in nonlinear media -a media in which the polarization P responds nonlinearly 

to the electric field E of the light. Higher order polarization terms are responsi- 

ble for the different types of nonlinear effects. The light-induced refractive index 

change is a fundamental nonlinear process that occurs in several photorefractive 

materials. A qualitative discussion on the principle and the physical mechanism of 

the photorefractive effect is outlined. A concise review of holography based data 

storage in photorefractive crystals is also presented. The importance and require- 

ments of hight density memories is highlighted subsequently. In the later half of the 

Chapter 1, a brief introduction to all optical switching in nonlinear media is given. 

The bacteriorhodopsin molecule and its photophysical and absorption properties are 

briefly described. All the concepts and material discussed in this chapter provide a 

necessary background for the work presented in the later chapters. 

Chapter 2 deals with the characterization of BaTiOa and LiNb03 crystals. A 

short but necessary review of theoretical formulism based on the band transport 

model and electro-optic effect is presented to facilitate physical understanding of the 



phenomenon. The work includes detailed experimental studies of the light-induced 

absorption and two-wave mixing in undoped and Rh-doped BaTi03 crystals at  dif- 

ferent wavelengths and light intensities. Temporal and the steady-state behaviour 

of light-induced absorption is studied using a familiar pump-probe technique. A 

two-center charge transport model is proposed to explain the intensity dependence 

of the absorptiori coefficients in BaTiOs. Important parameters such as build-up 

and decay rates, thermal excitation rates, and two-wave mixing gain have been ob- 

tained. Diffraction efficiency measurements and grating erasure studies in triply 

doped Fe:Cc:Ti:LiNb03 crystals are presented in the end. 

Photorefractive crystals are widely used in the area of holographic data storage 

and related applications. Prior to recording, a data page is usually composed by a 

pixelated liquid crystal device such as spatial light modulator (SLM). For electrically 

addressed SLM, light transmittance of individual liquid crystal cell can be controlled 

separately by a voltage signal applied to individual pixel elements. However, the 

light transmission characteristics (transmittance versus voltage) of the liquid crystal 

SLM are highly nonlinear and exhibit a wide range of variations with different 

parameter settings. In Chapter 3: SLM characteristics and its calibration studies 

are presented. Basic principle and the theoretical background required to model the 

response of twisted nematic liquid crystal is explained next. A light propagation 

model for a twisted nematic liquid crystal cell is proposed based on Jones matric 

calculus. Intensity and phase modulation properties are studied to facilitate its 

(SLhl's) use in data storage applications. In order to minimize the effect- of nonlinear 

distortions, an appropriate preprocessing based on the power-law transformation 

of input gray scale images is also suggested. A simple and robust technique to 

determine pixel size and pitch of liquid crystal based SLM is proposed. The new 

method is based on optical diffraction from pixelated liquid crystal panel that has 

been modeled as a Zdimensional array of rectangular apertures. A novel yet simple, 

two plane measurement technique is implemented to circumvent the difficulty in 

absolute distance measurement. 

General layout of HDSS is presented in the beginning of Chapter 4. The page ori- 

ented architecture of HDSS allows recording of binary as well as pictorial (grey scale 



images) information. Several internal as well as external factors may contribute t,o 

the noise, which in turn leads to degradation in the storage performance. Implemen- 

tation of modulation and error correction codes, therefore, becomes indispensable to 

maintain the data integrity of the stored information against the system noise. This 

is also important to ensures a low bit-error-rate (BER) and a high signal-tenoise 

ratio (SNR) that is necessary to increase the overall storage capacity of the medium. 

However, the price for the immunity against the noise is paid by adding extra bits 

of information (overhead) to the source data. The overhead information makes the 

overall size of the data to be stored very large. One of the ways to circumvent this 

problem is to use some data or image compression techniques. One of the goals of 

this Chapter is to develop an image compression scheme for HDSS. The Chapter 4 
also describes the principle of data compression t h e  features in the image that make 

the compression possible. Implementation of Haar transform based image compres- 

sion, followed by the efficient binary conversion of numerical data using Huffman 

coding, is illustrated with some examples. Experimental details of the HDSS in the 

lab include a discussion on Fourier imageplane recording and spatial and rotation 

multiplexing scheme developed for storing multiple pages. A block-based mean and 

median processing of CCD image is proposed to extract the sequence of 1s and OS 

from binary page. Results of holographic recording and retrieval of astronomical 

images in Fe:Ce:Ti:LiNbOs are presented in the end. 

Chapter 5 discusses theoretical and experimental studies on bR and its applica- 

tions in all-optical photonic switching. A time-dependent theoretical model based 

on rate equations for all the photochemical states of bactcriorhodopsin (bR) is de- 

veloped. A recursive method is adopted to solve the rate equations with explicit 

temporal and intensity dependence. Simulated results for a thin wild type bR, film 

show that each intermediate state has an optimum population that depends uniquely 

on incident intensity and time. This model provides an analytical framework for 

optimization of bR for various electronics and photonic applications. The experi- 

mental work on nonlinear absorption based, high contrast, all-optical switching in 

photochromic bacteriorhodopsin films is presented at the end of Chapter 5. The 

switching action is accomplished by controllirig the transmission of a weak probe 



xii 

beam through bR sample with the help of a strong pump beam illumination at 

wavelength 532 nm. Switching properties of bR films depends on several experi- 

mentally controllable parameters such as probe wavelength, pump beam intensity 

and pump excitation rates. A comparative study of the switching behavior and 

other parameters of practical use is carried out at  different probe wavelengths (543 

nm, 594 nm and 633 nm), beam powers and pump excitation rates. Results are 

interpreted using a model based on simplified three---level scheme. 

Considering the great advancement in the present state-of-art technology, bhe 

research in optics and photonics in particular, is likely to play a leading role in future 

data storage and communication technology. In the context of the work presented 

in this thesis, the future directions and the possibilities to extend it further, are 

discussed in Chapter 6. 
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Chapter 1 

Introduction 

This chapter provides a concise review of the nonlinear optics (NLO), photorefractive 

(PR) effect and related phenomenon in inorganic crystals. It is also intended to 

give a general overview of bacteriorhodopsin -a biological molecules t,hat ha.s many 

useful optica,l properties. This cha,pt,er is not. a comprehensive review of t'he field 

but, rather a. specific account. of essential theories, concepts and literature surveys 

that forin the basis for the work present,ed in later chapters. The first section briefly 

introduces t,he field of NLO and the role of material polariza,tioll responsible for 

various nonlinear effects. A quantitative discussion oil the origin of PR effect, and 

it,s basic mechanism are explained in section 1.2. The principle of l~olographic data 

storage in phot)orefract8ive crystals is outlined in section 1.3. A brief int,roduct,ion 

to all optical switching in nonlinear media is presented in section 1.4. Finally, 

the bacteriorhodopsin nlolecule and its photophysical and absorption properbies a,re 

briefly described. 

1.1 Nonlinear Optics 

Light from an ordinary source does not alter the optical properties of the medium 

in which it travels. In such a case, the medium is termed as lznear, whose optical 

properties i.e., refractive index and absorption coefficient etc., do not depend on 

light intensity. A linear medium does not allow one light beam to effect the other 

light beam. Strictly speaking. any linear media may become nonlinear at sufficiently 

1 
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high light intensity. The reason is that the electric filed associa.ted with ordinary 

light sources is far too weak to modify any material properties. It is only after 

the advent of laser in 1960s, which marks the beginning of the field of the NLO, 

it, became possible to obt.aia highly coherent, rnonochrolnatic and intense bea.m of 

light [l]. The interaction of strong coherent ra,diatioris can greatly modify the opt'ical 

properties of the r~iat~erial and in addition can give rise to several new opt>ical  effect,^ 

and novel phenomenon. Study of these new effects and the related techniques a,re the 

major issues of NLO. These processes generally are called nonlinear effectss because 

their strength typically depends on t,he square (or some higher power) of intensity 

rat,her than simply on the amount, of light, present,. This means that, nonlinear 

effectss are weak at  low powers, but can become much stronger when light reaches 

high int,ensit,ies. 

Q2ien a light wave propaga,tes t,hrough an optical medium, t,he oscillating elect,ro- 

magnet,ic field exerts a polarizing force on all the electrons comprising the medium. 

This produces a pola.rization response P of the nledium which is linearly propor- 

tional to the electric field E of the light wave. At low illuminat,ion level t,he strength 

of radia.t,ion filed is much smaller thaa the field that binds electrons tJo the atom. 

Based on this assumption of linear it.^, Maxwell's equat,ions lead to set of linear clif- 

ferentia.1 equatioris in which only t>erms proportiorial to E are involved. As a result 

there is no coupling between different, light beams when they pass t,hrough medium. 

The optical nonlinearity results from a,n anharmonic response of the bound elec- 

trons driven by optical frequencies of the radiation fields. A significant perturbation 

of the charge distribution may occur if the radiation field is comparable to  the iiltra- 

atomic field (E 10'' V/rn) of the material. Therefore, the relationship between 

induced polarization and ra,dia.tion field no longer remalris linear. In general, the 

polarization response of diele~t~ric media to applied optical filed is expressed using 

a series expansion of t,he form 

P = r, (X(') E + X(2) EE + X(3) EEE + - .) 
where X ( n )  is nth order ma,t,erial susceptibility which is a tensor of rank n + 1. 

The first term in Eq. (1.1) is rela.ted t,o t,he dielectric consta.nt and the refract,ive 

index of t,he medium by nS2 = €/E, = 1 + X .  This term is sufficient tlo describe all 
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t,he observed linear optica,l properties of the medium, whereas higher order t,erms 

arc needed to explain most of the nonlinear effects noted below. 

The first experiment in NLO was performed by F'ranken et al. in 1962. They 

demonstrated second-harmonic generat'ion (SHG) in a quartz crystal using pulsed 

ruby laser [2]. Reports of new plienomena quickly followed once the coherent, opt,ical 

radiat,ion source became readily availa,ble. Some of these early observations were, 

two-phot'on a,bsorption by Kaiser and Garrett 131, stimulated Rainan ~cat~tering by 

Ng and Woodbury [4], third-harmonic generation by Maker and co-workers [5] , and 

ant.i-St,okes frequency mixing by Terhune and co-workers [6]. 

Nonlinear effectss can be broadly separated into t,wo ca,t,egories. In first, the non- 

linear interactions of light. field wit11 medium cause the optical frequency shift of the 

incident field. The frequency shift can also be rea.lized by external parameter such 

as electro-opt8ic effect or acousto-optic effect tlia,t mod~llate the optical cha.racteris- 

tics of t,he medium. Well known exa,mples of such type are: harnlonic generation, 

frequency up and down conversion. In t,he second ~at~egory, the frequency of the 

incident light wave is preserved but the nonlinear operat,ions are realized on the 

spatio-bemporal profile of the coherent light. In this case optical Kerr t,ype nonlin- 

earities are exploited for soliton generation, phase ~nodulat~ion, self-focusing, bist.able 

operation, phase conjugation etc. 

hlost of the ma.t.erials used in nonlinear optics are birefringent in nature. That' 

is, their refractive index depends on the pola.rizat,ion and direction of propagation 

of incident light. Therefore, certain phase matching conditions (commonly achieved 

using angle tuning or t,emperature tuning) may be required to sat.isfy for observing 

nonlinear effects. The following list briefly sumnia.rizes first, order (linear), second 

order and t,hird order susceptibilit,y terms and associated linear and nonlinear optical 

effects. 

First order effects 

The first order effects are described by the term: 

= ~oX( ' ) (w l )  : E(wl) 

Which means that,  to the first approximation. a monochromatic wave at wl 

can only induce polarization which produces a secondary wave radiation at  the 
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same frequency. Examples are: reflection, refraction, dispersion, a.bsorption, 

refractive index, scatt,ering and birefringence etc. 

Second order effects 

P(') (us) = (us; wl , w2)  : E(w1)E(w2) 

where E(w,) is the amplitude of the field at, frequency W,. The physical meaning 

of this quantity is that in the second order approximation, the radiation at 

new frequency w3 can be induced by two incident moriochroniatic waves with 

frequency of wl and w2. The second order susceptibility X ( 2 )  is a tensor of 

t,hird. rank having 3' =27 con~poncnt~s. 

- Second harmonic generation: X ( 2 )  (2w;  W ,  W )  

- Optical rectification: ,y(2)(0; W ,  -W) 

- Parametric mixing: X ( 2 ) ( ~ 1  + w2; W I ,  w2)  

- Pocl<ells effect,: X ( 2 ) ( ~ ;  W ,  0 )  

Because of t8he sy~nmet~ry restrictions, the even order susceptibilities are zero 

in materials with inversion symmetry. As a result, these  effect.^ are conlnlonly 

observed in crystals that lack inversion synln~etry. 

Third order effects 

P ( ~ ) ( w ~ )  = cox(" (w4; W I .  w2, w3) : E(wl)E(w2)E(wj). 

The physical meaning of the above expression is that in the third order ap- 

proximation, the radiation at the new frequency w4 = wl + w2 + w3 can be 

generated by an intense optical field containing frequency components wl ,  wz 

and w3. Third order susceptibility X ( 3 )  is a forth-rank tensor having 3" 81 

components. There are several possible c~mbinat~ions in which differcnt fields 

can be combined. Some of the examples include: 

- Third harmonic generation: X(3)(3w; U ,  w ,  W )  

- Non-degenerate four-wave mixing: X ( 3 ) ( ~ 1  + w2 + u s ;  w1, W Z ,  w3) 

- St,irnulat,ed Ralnan Scattering: X("(w + R;  W ,  -W,  W + R)  

- Stimulated Brillouin ScatDering: )c'(3) (W - R; W ,  -W, W - R)  
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- Degenerate four-wave mixing: R.e X(" (W; W ,  W ,  -W) 

- Two photon absorption: In1 x ( ~ ) ( w ;  W,  -W, W) 

- DC induced harmonic generation: X(3 (2w; W ,  W, 0) 

The X(" effects take place in all materials irrespective of them possessing 

inversion symmetry. Third-order processes can be observed with electric dipole 

intera~t~ioils in materials that have center of symmetry, such as gases, liquids 

and some solids, since in these materials they are the lowest order non-zero 

nonlinearities allowed by electric dipole transitions 

The wave equation for nonlinear medium can be derived using Maxwell's equa- 

tions for an arbitrary homogenous dielectric medium [7]: 

Using Eq. (1.1) it. is convenient to express P as a sum of linear and nonlinear parts, 

P = QXE+ PNL 

PxL = X(2) EE + X(3) EEE + 

Substituting Eqs. (1.3) and (1.4) in Eq. (1.2) we get, 

where, 27 = c / n  is the velocity of the light in the medium. The right hand side of the 

Eq. (1.5) can be identified with a source term which is responsible for generabing 

frequencies other than the frequency of incident light.. 

The research carried out in the first decade of E L 0  was basically focused on 

inorganic materials. This lead to the development and growth optinlization of ma- 

terial such as KH2P04, LiNb03 , BBO, NH4H2POI, LBO, BGO, II;TP, KTA, BSO, 

quart,z (Si02), cadmium selenide (CdSe) , cadmium germanium arsenide (CdGeAs2) 

et,c. These crystals continue to play an in~port~ant role in vast arcas of NLO and 

related applications. 

The enhancement of the efficiency of t,he nonlinea,r process by appropriate choice 

of nonlinear opt,ical material constitutes a central concern in all t,hese studies. Apart 
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from that,  the current trends in organic materials, especially the polymeric thin 

films have shown a greater promise in terms of high da,n~agc threshold, large optical 

nonlineari ties, wide transmission and high frequency conversion efficiency 181. The 

development in KLO is intimately related with the progress in NLO materials. 

Photorefractive Effect 

Photorefractive (PR.) effect refers to light-induced refractive index change in optical 

materials. Photorefractive materials are distinguished from other non1inea.r opt*ical 

rnat,erials by their abilit,y to generate large index of refraction changes in response 

to relat'ively low light, intmensit1y. The optical light intensity determines the speed but 

not the magnit'ude of the nonlinearities. 

The PR. effect was accidently discovered in Bell Laboratories by Ashkin e t  al. 

in 1966 [g]. They noticed a strange fanning of light beam as it passed t,hrough a 

LiNb03 crystal. In beginning, this strange behaviour was attributed to some sort of 

laser induced damaged of t.he crystal. However, very soon: a band t~a,nsport m o d e l  

based on the photoexcitat,ion and migration of free charges, was proposed to accourlt, 

for it. Later, many inorganic crystals were found to be exhibit PR effect na,mely, 

LiTa03, BaTiO3, KTN, BSO, BaNaNb5015, II;Nb03, BilzSiOzo etc. Since t,hen a 

l ob  of experimental and theoretical efforts have been devoted for ~nderst~anding the 

physical mechanism responsible for PR effect. A theoretical formulism based on a 

set of ratme equations for elect.ron and trap den~it~ies, was provided by Chen [10]. 

Next major t'heoretical contril~ut~ion by Amodei et al. in 1971, was the recognition 

of the fa.ct that thermal diffusion of the free carrier leads to space-charge field [l l] .  

The band transport m o d e l  of PR, effect was complete wit,h an important contribu- 

t,ion from Kukhtarev who in 1976 derived the expression for space-charge field and 

complex response time [12,13]. According tro this model, inter-va.lence impurities 

a.re responsible for the PR effect in inorganic: cryst,als. As shown in Figure 1.1, the 

energy levels of these impurities lie between the band gap of the material. The de- 

t,a,iled rnechanistn of PR effect is illustrated in Figure 1.2. The main steps involved 

in PR effects can be summa,rized as follows: 
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donors 

o o o o 0 acceptors 

Valence band 

Figure 1.1: Band transport model for PR effect in inorganic crystals. 

o A crystal is illuminated by a periodic int,eiisity pattern of dark and bright, 

fringes, usually obtained from two interfering coherent laser beams. 

o In the brighter region, the electrons are photoexcited from the impurity atoms 

into the conduction band; leaving behind the holes (positively charges impurit,y 

ion). 

o While in c~nduct~ioil band, t,he elect,rons can freely move under the influence 

of drift or diffusion, a.nd eventually recombine with impurity ions in t,he darker 

regions. Once back in the impurity level, the electrons are trapped a.nd can 

no longer move unless re-excited back inbo trhe conduct,ion band. 

o The segregation of elect'rons in t.he dark regions and holes in the bright regions 

of the crystal, creates an internal electric field, known as a space-charge field. 

Since the electrons and holes are trapped and become immobile, the space 

charge field persists even when the illuminating bea.ms a,re removed. 

o The periodic space-charge electric field, in turn, causes periodic in~dulat~ions 

of the refractive index of the material via electro-optic effect (the Pockell's 

effect,). The resulting refractive index grating follows the light interference 

patt,ern originally imposed on the crystal. 
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Figure 1.2: Mechanism of PR effect,, (a) crystal illumination with sinusoidal light intensity 

pattern, (b) charge carrier density distribution after photoexcitation and migration, (c) 

generation of space-charge field and (d) the resulting refractive index modulation. 

o The refractive index grating, like any other grating, can diffract the incident 

light to re-create the original beam. For example, in the case of a hologram, 

illuminating the grating with just the reference beam causes the recon~truct~ion 

of the original signal beam. 

One of the important features of the PR effect is the phase shift 4 that may 

exists between incident light intensity and the refractive index modulation. For the 

diffusion dominated charge transport', the space-charge field and thus An, is shifted 

by a quarter of a grating period (equivalent to a phase of ~ / 2 )  with respect to the 

intensity pattern. 

In 1980, Feinberg et al. proposed the hopping rrzodel as an alternate to the charge 

transport model [14]. According to this model, electrons or holes directly tunnel from 

one site to another when exposed t.o optical radiations. As opposed to the det,er- 

ministic nature of the charge transport model, the physical basis for the hopping 

model is statistical. However, in the limit of zero external field. both these models 

lead to identical expression for fundamental Fourier components of the steady-state 
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space-charge field and the complex response time. The potential applications of PR  

index include holographic data st,orage, optical information processing, image ampli- 

fication, distortion correction using phase conjugation, holographic interfero~net,ry 

and patt,ern recognition et,c. [15--191. 

Unt,il 1990 all photorefractive systems were inorganic crystals such as those list.ed 

above. The first observation of the photorefractive effect in a.n organic mat'erial 

was made in 1990 120,211. This was followed in short time by the discovery of 

photorefra.ctive polynlers by Ducharme et al. [22]. The early photorefractive systems, 

polymeric and crystalline, were inefficient to inorganic systems but in 

recent yea,rs the efficiency a,nd sensitivity of photorefractive polymers have become 

equal to inorganic crystals. There are many reasons for pursuing the development 

of photorefractive polymers. For example, polymers are easily cast, int,o high quality 

thin films, can be modified easily by chemical doping. Additionally, polymers are 

conlpabible with inoegrated circuit processing techniques, making them potentially 

useful in integrated optical device appli~at~ions. Semiconductor nmterials have also 

gained much interest due t,o their high carrier mobilities and sensitivity in infrared 

region. Some of the PR  seiniconduct,or include GaAs, CdS, InP, GaP and CdTe. 

1.2.1 Light-induced Absorption in PR Crystals 

Normally, the ab~orpt~iori coefficient of a linear medium is independent of the light 

intensity. However, absorption changes as a function of incident light int,ensit,y have 

been observed in many PR  nonlinear materials. The light-induced absorpt,ion was 

first observed in BaTi03 crystal by Motes and I<im in 1987 [23]. They report,ed 

an increase in absorption under continuous wave illumination a t  typical intensity 

of 100 kWm-? The experimental results were interpreted using two different kind 

of impurity centers involved in ab~orpt~ion process [24]. Later on, t,he two-center 

charge transport model was extended to explain the observed sub-linear int.ensit.y 

dependence of photocond~ctivit~y in BaTiOs [25]. 
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1.2.2 Wave Mixing in PR Media 

Many of the most int.erest,ing and practical applications of PR, effect arise due to 

optical wave-mixing in the PR crystals. In two-wave mixing (T\VM), a pair of 

coherent laser beams intersect inside a PR medium as shown in Figure 1.3(a). If 

two beams are of same frequency, a st,at,ionary interference patt,ern is formed. The 

periodic variations in int,ensit<y produces periodic modulat~ion in index of refraction. 

The grating t<hus formed is usually called as index grating, phase g~at ing or volume 

gra.ting. Different planes of the volume grating scatt'er optical light in a similar 

manner as X-rays are diffracted from a 3-dimensional periodic array of crystal lattice. 

If X is the wavelength of light (inside the medium), A is grating spacing, 6 is tohe 

half angle of intersection of two light beams, then the bearn diffra~t~ion occurs for 

angles t,hat sat,isfy Bragg's law: 

where N is an integer representing diffraction order, X: = 2nlX is the light propaga.- 

tion vector and h' = 2n/A is grating wave vector. 

Figure 1.3: Transmission geometry of wave mixing in PR crystal. (a) Two-wave mixing 

and (b) generation of phase conjugate beam in four-wave mixing. 

In Figure 1.3(a), t,he light wave vectors kl and k2 of two beams are related t,o 

grating wave vect,or by K = *(kl -kz). Since the Bragg's conditions are perfectly 

satisfied, the index grating causes a part of beam 1 to diffract in the direction of beam 
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2. Similarly, a pa.rt of beam 2 is diffracted in the direction of beam 1. Kogelnik first' 

developed the coupled-wave theory for volume holograms in 1969, and also predicted 

t.he diffra~t~ion efficiency and Bragg selectivity for thick gratings [26]. Staebler and 

Amodei, in 1972, worked out the coupled mode theory t,o show that diffusion process 

could lead t.o unidirectional energy transfer from one beam to  another [27]. 

As explained in t,he previous section, the index grating has a finite spatial phase 

shift @ relative t80 the interference pat,tern. In PR cryst,al such as BaTiOs, where 

t,he charge transport mechanism is driven by diffusion only process, has 4 = f ~ / 2 .  

In additsion, upon diffraction from the index grating, each beam is pllase shifted 

by ~ / 2 .  A constructive interference ( ~ / 2  - ~ / 2  = 0) between direct beam and 

diffract,ed beam results in increase in intensity in one direction. On the other hand, 

the overall intensity diminishes when t8he direct beam and the diffracted beams 

interfere (71-12 + ~ / 2  = T) destructively. The question as t,o which bear11 gains a.nd 

which beam looses energy depends on the direction of the c-axes of the crystal and 

whether the charge carriers are electrons or holes. 

Potential applications of TWM includes coherent image amplification, novelty 

filtering, self-phase conjugation, optical computing bea,m fanning limiters and neural 

networl<s [28-351. A4any relevant material parameters such as the charge mobility, 

dielectric constant, trap densities, electro-optic coefficients, photoinduction rate etc. 

can be determined using wave mixing techniques [36,37]. In coupled-wave theory 

the nonlinear Eq. (1.5) is often used to derive linearly coupled pa,rtia,l differential 

equations that govern the wave-mixing dynamics in the nonlinear medium [38]. 

Four-wave mixing (FWM) is a phenomena arising from the interaction of three 

coherent optical fields through t,he third order nonlinear s~scept~ibilit~y which gen- 

erat,es a fourth beam. In this method, a, nonlinear medium is pumped by two 

counter propagating laser beams. A new beam can be generated when a signal 

beam is incindent into the medium. Newly generated beam travels in direction op- 

posite to the signal beam. Figure 1.3(b) shows one of the possible ge~met~ries used 

in FWh4. Beam 1 and beam 3 are two c~unterpropagat~ing pump beams, beam 2 

is signal beam and beam 4 is the time-reversed replica of t,he signal beam. The 

beam wave vectors satisfy t,he following relations: k2 = -k3 and kl = -k4. For 
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t,he FWM in PR media, the refra~t~ive index grating, written by signal beam and 

pump beam 2, diffracts the bean1 3 to generate the phase conjugate replica of the 

signal bearn. Optical phase co~ljugat~ion t,echniques have been extensively used in 

distortion corrections, real-time holographic imaging, adaptive optics systems. laser 

amplifiers, novel interferometers and signal propagating in turbulent at,rnosphere. 

Many of these applications are extensively discussed in review articles by Pepper et 

al. [17,18,39]. 

1.3 Holographic Data Storage 

1.3.1 Holography 

Dennis Ga,bor was the first to invent the holography in 1948 while t'rying to improve 

the quality of electron microscope images [40]. In holography, two coherent beams: 

one is called reference beam and the other is called signal beam (scattered from the 

object), are required to form the inberference pattern. The resulting int,erference 

pattern contains both the amplitude and phase information of the object. The 

irit,ensit<y of the interference pattern can be recorded by placing an a,ppropriate light- 

sensitive medium (i.e., photographic film or photorefractive crysta.1) in the region of 

interference. This recorded fringe pattern or grating is referred to as a hologram. 

The recorded hologram when illuminated by the same reference beam can diffract 

the light in the direction of object beam. The diffracted beam cont,ains botch the 

phase and amplitude information of the original object beam. 

In the early st,ages of t,he holography, only one beam was used to il1uminat.e bot,h 

the object arid the film [41]. This type of hologram was generally called Ga.bor- 

type or in-line hologram. One disadvantage of Gabor-type hologram was that bot,h 

real and virt,ual ima.ge components were reconstructed simultaneously and along the 

same direction as the transmitted reference beam. Gabor's holography was 1irnit)ed 

to film transparencies using a mercury arc lamp as the light source and holograms 

contained di~t~ortions and an extraneous twin image. 

Just as in the case of NLO, it. was only after the invention of laser that t.he field of 

holography was revolutionized. Leith and Upat.nieks in 1962 proposed a scheme for 
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off-setting the direction of incidence of the reference beam in order to spatially sep- 

arate the locations of the reconstructed images [42,43]. Using the off-axzs technique 

the quality of the reconstructed images of a S-dimensional object was substantially 

improved. Their pioneering work led to standardization of the equipments used to 

make holograms. Another major advance in display holography occurred in 1968 

when Dr. Stephen A. Benton invented white-light transmission holography while 

researching holographic television at  Polaroid Research Laboratories. The white 

light hologram could be viewed using an ordinary incandescent light bulb. The 

particular significance of Benton's invention was the embossing technique which led 

to mass production of holograms. Embossed holograms are now being used by the 

advertising, publishiag, banking industries. security checks etc. 

1.3.2 Volume Holography 

The hologram stored in thin photographic films were essentially planar and had 

two distinct disadvantages [44,45]. First, the whole process of hologram formation 

and subsequent development was time consuming, so it could not be utilized in any 

real time application. Secondly, the planer nature of the hologram recorded on the 

thin film did not support the angular selectivity. The theory of optical information 

storage in solids, with density limit V/X3, was put forth by van Heerden in 1963 [46]. 

He postulated that the recording of the interferences pattern inside the 3-dimensional 

medium can be used as a ineans for information storage and retrieval. In the year 

1968, Chen et al. proposed the possibility of using LiNb03 as storage media 1471. 

In the following years, holographic recording and read out was also demonstrated 

in other photorefractive materials [11,48]. Unlike photographic films, the inherent 

Bragg selectivity in volume holography, allows the storage and retrieval of multiplc 

hologran~s. As a result, the information storage capacity can be greatly increased 

by volume holography. 

There is an ever increasing demand on faster and high density memories to 

process and archive massive amount of data that is generated in weather forecasting. 

parallel computation, internet and multimedia applications, various remote sensing 

and on-board missions, medical imaging, astronomical data gathered from ground 
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or space based observat~ions. Improvement in conventional storage technologies such 

as semiconductor based hard drives, nlagnetic tapes, coinpact disk (CD) and digi t,al 

versatile disk (DVD) have so far managed to cater the required demands satisfac- 

torily. However, an alternat,ive approach based on volume st,orage technology may 

serve betker for t,he future needs owing to its very large data storage densitmy ( > l  

Tbits/cm" and ext.remely fast dat,a transfer rates (> 1 Gbit,s/s) [49]. 

The research in holographic data storage began in late 1960s and early 1970s. 

From historical perspective, development of holographic data storage syst,enl has not 

been very bright,. Much of t,his can be attributed to the lack of enabling t,echnolo- 

gies (e.g., suitable recording material, inonochromatic laser source wit>h sufficient, 

power, and 2-dimensional page composer, detect,or arrays) in the initial phase. It is 

only after t.he emergence of electronics and entertainment industries for consunier 

market, t,hat the liquid crystal displays arid charged coupled devices became readily 

available. The last four decades of literature covers a wide areas of research carried 

out in holographic data storage. The important contributions comprise -excellent 

papers on theoretical analysis [SO-531, novel architectures [54-581, versatile syst,em 

designs [59-631, new mult,iplexing techniques [64-691, implernent,at,ion of channel and 

modulation codes [70-751 , development of new storage materials [76-781 and several 

milestones in different prototyping [79,80]. 

1.3.3 Principle of Holographic Data Storage 

Unlike bit -wise recording in conventional storage systems, the read and write opera- 

t,ions in these devices are carried out using page-oriented architecture where several 

pages of data can be nlultiplexed within the same volume. Prior to recording, a 

data page is usually coinposcd by a pixelated liquid crystal (LC) device such as 

spatial light modulator (SLM). The light transmission properties of each SLM pixel 

can be controlled independently by applying external voltage. A computer program 

converts an image or a data into 2-dimensional bit patterns of l ' s  and 0's. This pat- 

tern is transfered onto SLM by electronics circuitry which drive the LC pixels. An 

expanded laser beam passing through SLM panel would carry the binary patten of 

l 's and 0's. Holography based storage requires a coherent illumination of SLM by a 
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laser beam, whereas, incoherent light is sufficient for rec,ording based on two-phot,on 

absorption and spectral hole burning 181-831. 

The image carrying "object. beam" is made to  int'erfere with a plane reference 

beam. A photorefractive medium placed in the region of int,erference can store the 

image or data in the form of refractive index grating described in the previous sec- 

tion. The original page of data can be read at  later tirrle by illuminating the medium 

with the same reference beam that was used to record it,. The diffracted bea.m which 

is replica of the original object, beam can be imaged using a 2-dimensiona,l charged 

coupled device (CCD). Different multiplexing techniques such as angular multi- 

plexing, rotat,ional nlult,iplexing, shift multiplexing, wavelength multiplexing or a, 

suitable combina.tion of t'hese can be used to st,ore large number of data pages in 

the same medium [64-691. In multiplexing, the holographic structure of one page is 

intermixed wit,h t,he holographic structure of the other page, Retr'ieual of an indiuid- 

ual page with minimum cross talk is the consequence of volume nature of recording 

and its behauior as a highly tuned structure [84]. 

1.3.4 Advantages of Holographic memories 

Very high read-write speed: The page oriented nature of holographic memories 

allows the data to  be recorded or ret,rieved in parallel, i.e.. an entire data page 

cornprising over a million bits can be written or read simultaneously. This 

allows the p~ssibilit~y of obtaining a data transfer rates as high as 1 Gb/s 

[85]. In contrast, the sequential (bit-wise) data read and write operations in 

conventional memories are far slower. 

Rapid access time: Advanced llolographic inemories would rely on the movement 

of the light beam using ultra-fast devices such as acousto-optics deflectors or 

galvanometers. These devices have very short access timc in the range 10 ps 

to 1 ms. hlorcover, the angle of a reference bean1 can be directly adjusted to 

read a particular hologram from a stack of thousands of hologranls without 

having the need to go in a sequence. In conventional memories systems. the 

access time is relatively longer due to inertia induced by physical motion of 



1.3. Holographic Data Storage 16 

the read-write head. 

High density: Holographic storage can record up to 10 000 number of data pages 

in the same volume. Each two-dimensional data page can have a capacit,~ over 

a million bits per page . The projected data densit,y of volume storage is as 

high as 100 bits ~ m - ~ ,  which far exceeds the density in conventional (e.g., 2.5 

bits pm-2 in DVDs) storage media [73] .  

Immunity against noise: In ~onvent~iorial storage devices such as hard disk; floppy: 

CD or DVD, each data bit has a unique location on the surface of the medium. 

Such data bit may be represented by a local change of some physical property 

of the medium. A local damage in the medium may cause an irreversible data 

loss from these locations. In holographic memories, there is no one-to-one 

correspondence between data bit and the storage location in the medium. In- 

trinsic nature of hologram allows the information about each data bit to be 

distributed throughout the recording volume of the mediurn. The local defect 

in the rnedium may cause slight reduction in signal to  ratio but the information 

can still be recovered. 

Associative retrieval: It is possible to implernent some powerful and novel search 

capabilities based on optical correlation techniques in holographic memories. 

If A' holograms are multiplexed in a medium, then the diffraction efficiency of 

a reconstructed hologram depends on the similarity between reading bean1 and 

t,he original recording bea.nls. In associative retrieval: a stack of il: holograms 

is illuminated by a read out beam which carries t'he search t*emplate. A search 

pabtern or template comprises a small port,ion of t'he original image that is 

to  be searched anlong N holograms. Each ho1ogra.m diffracts some a,rnourit 

of light in the direct,ion of original reference beam. The st.rengtli of each 

re~onst~ructed beam is proportional to the degree of correlation bet,ween the 

search pattern and the content, of tohe page. The array of diffracted beams can 

be focused and imaged onto the CCD detector for further processing. The 

highest intensity beam correspo~lds to the search hit. Since the correlation is 

performed optically, t,he parallel search operation become extremely fast,. The 
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feature is unique to holographic inemories and has no analog in 0rdina.r~ dat.a 

storage system. 

1.4 Optical Switching 

The unprecedent speed and compact size of modern computers and comnlunicat~ioll 

systems heavily rely on t'he tremendous growth in semiconduct~or electronics and 

miniaturization technology. It is now possible to  fit over 300 million transist,ors 

on a single silicon chip. The present transistor channel length has already shrunlc 

below 100 nm. Furt'her, it is estimated t,liat by 2012 a CMOS or SiGe based chip will 

con~prise almost 10'' trailsist'ors and will operate a t  speeds in the order of 10--15 GHz 

[86]. However, the main bottleneck in semiconductor driven technology will arise 

from limitat,ions due to dielectric breakdown, hot carriers and short channel effects. 

Optical integrated circuits and opttical interconnections are lilrely t,o provide a viable 

alt,ernative to complexity inherent in conventional electronics. Optical systems have 

several advantages over their elect,ronic c~unt~erparts. For example, low transmission 

loss, very high bandwidth, t,ot,al irnmunity against e1ectromagnet.i~ noise and parallel 

processing capabilities make them ideal for fut,ure needs [87]. 

A switch is a means to  release or e~t~ablish a path for information flow in a com- 

munication channel. The main building block of any optical interconilections and 

integrat.ed circuit is an optical switch. High-speed phot,onic switching which forms 

an essential compollent of opt,ics based communication network and data process- 

ing systems can be realized using electro-optic, opto-mechanical, magneto-optic, 

and acousto-optic devices. An all---optical switching action car1 be a.ccomplished by 

utilizing one opt,ical pulse (pump beam) t'o control the transmissioll of a, second 

optical pulse (signal or probe beam) by virtue of their intera.ction in a ilonlinear me- 

dia [88,89]. All-optical switching eliminates the need to  convert the photonic signal 

to electrical signal and vice-versa. The current ra.pid development of high-dat,a-rate 

fiber-optic communication, and real-time information processing systems have cre- 

ated a need for an all-optical, ultra high-speed photonic switches [go]. Therefore, 

the requirement of appropriat,e ilonlinear optlical materials have gained a significa.nce 
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role in present research. 

Several nonlinear materials having fast response t,iine, high stability and sen- 

sitivity at  very low light intensity have been broadly investigated for their use in 

various molecular and photonic devices. These materials iilclude nonlinear inorganic 

crystals [91,92], polynlers [93,94], photorefractive organic compourids [95,96], dense 

media of two-level atoms [97], and photochromic biological inolecules [98]. However, 

o.wing to its outstanding optical properties and excellent stability against chemical, 

thermal and photochemical degradation, bR is one of the most promising and widely 

studied biomaterial for photonic applications. 

1.4.1 Bacteriorhodopsin 

Bioelectroriics is a subfield of rriolecular electronics that investigat'e the use of native 

as well ass rnodified biologicad molecules (chorornophores, protein etc.) in electron- 

ics and photonic devices. In recent years, several biological inolecules have been 

intensively investiga,t,ed for their use in elect'ronics and phot.onic a.pplicat,ions a.s an 

alterna.tive to the exist'ing silicon based devices [99]. The law of natural selection 

and evolution of biological inolecules have conditioned them to  perform certain tasks 

in most optimized and efficient ways. This is one of the main motivat,ioiis to explore 

the suitability of these molecules in various photonic device applica.t,ions. 

Bacteriorhodopsin is one such prot,ein molecule t1ia.t is found in the t.rans-1nembra.ne 

cell of micro-organism called Halobacterium hallobium. This bacterium is usually 

found in hot and sa,line environment like sea wat,er and marshland. The surface of 

Halobacterium hallobium contains membrane patches ca,lled the purple membrane. 

The purple inembra,ne is built by repli~at~ing in space a hexagonal unit, cell using 

periodic boundary conditions. The main funct,ion of bR is to convert light energy 

into metabolic energy by pumpirig a, proton across the cell rnen1bra.ne whenever the 

ambient. oxygen level goes low [loo]. A process t,hat is similar to photosyi~tllesis. 

Chemically ext,ract,ed purple lnenibrane can be easily cast int,o polymer films or 

3D cuvet,te. The phot,oChromic properties of bR provide the possibilit'y of many ap- 

plications in optical infornla.tion processing and storage [82,83]. The use of bR has 

been proposed and deni~nstra~ted for variety of technological applications in opt,ics 
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any light, bR molecule remains stable in its ground stat,e B: that has a broad ab- 

sorption band in t,he visible region. A photocycle is initiated when the bR molecule 

absorbs a visible light phot'on around X = 570 nm. During the photocycle, mole- 

cules passes through several structural transforinations stat,es. These intermediates 

st,ates were initially defined on the basis of time-resolved absorption spectroscopy 

and were labeled J ,  K, L, MI, MII, N: arid 0. 

While in photocycle, bR, lnolecule in a given state can either thermally relax 

t,o its neighboring intermedia,te or can be reverted directly ba,ck to B state if pho- 

toact,ivat.ed by a light of suitable wavelength that falls within its absorpt,ion band. 

The phenomenon of ph~t~oinduced absorpt.ion changes and Kerr-type refractive in- 

dex changes are the most releva.nt nonlinear processes that form the basis for aln~ost~ 

all t,he envisaged applications of bR. The photochemical conversion of bR has been 

investigat,ed and underst.ood fairly well, but,, the detailed det,errnination of it's st'ruc- 

ture and n~olecular mecha.nism still remains an active area of experimental research. 
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Chapter 2 

Light-Induced Absorption and 

Wave-mixing in PR Crystals 

2.1 Introduction 

Photorefractive (PR.) effects have been studied in many electro-optic materials. Sev- 

eral research efforts have been devoted for understanding and optimizing the ma- 

terial properties. BaTiOs and LiNb03 are two of the most, important P R  cryst,als, 

vastly subjected to experimental and theoret,ical investigations in past. These crys- 

tals belong to  perovskibe family of AB03  type compounds. In the pure or undoped 

form, both these cryst,als a.re electrical insulators. However, when doped with small 

anlourits of impurities, they become serniconductirlg and their PR properties are 

significa.ntly enhanced. 

BaTi03 has very high value of electro-optic coefficients, fast response t,ime and 

excellent phase conjuga.te reflectivity. Therefore, it is most suitable in app1ic;ations 

like real-time holography or optical phase conjugation used in dist~rt~ion correction 

in a time varying dist,ortive media. The highest self-pumped phase conjugation 

reflectivity was reported in BaTiOs [119,120]. It can be operated a t  visible arid 

near-infared regions and is good for cw four-wave mixing with milliwatts optical 

power. Large electro-optic coefficient allows one t,o achieve very high gain in two- 

beam coupling and optical amplification [121]. 

LiNb03 is widely used PR  nlaterial in optoelectronics. Owing to unique electro- 

2 1 
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optical, photoelastic, piezo-electric and non-linear properties, a great variety of de- 

vices has been developed based upon this material. In addition, the crystal exhibits 

good mechanical and chemical st.ability and wide transparency range. The most, 

commonly used dopant in LiNbOs is Fe2+. It enters the lattice sit'e as Fe2+ or Fe". 

In PR process, the Fe2+ ions are occupied t'raps, and Fe3+ are erripty traps. Beside 

this a. number of other transition metal impurities have also been used for doping. 

The control both intrinsic defects and impurities offer a wide range of crystal re- 

sponses. A long st,orage time, bigger size, large photorefractive sensitivity, broad 

spectral range a.nd high diffraction efficiency -make LiNb03 as one of the most 

attract.ive material for data storage and photonic applications. 

Some of the important physical properties of the two crystals are listed in Table 

2.1. The exact values of these properties may vary depending on the concentrat,ions 

of impurities and ot,her defects [36]. 

Table 2.1 : Some of the important ph 

Cryst~al Symmetry 

I Lattice Parameters 

Curie Temp. 

Density 

Anmax 

Dielectric Constant 

sical properties of the BaTi03 and LiNb03 crystals. 

BaTi03 LiNb03 

Tetragonal, 4mm Trigonal, 3m 

The phenomenon of light-induced absorption (LIA) and optical wave-mixing in 

PR materials are well known. The PR effects have been successfully explained 

by the band-transport model. The relevant features of band-transport model are 

out,lined in section 2.2. The theory of LIA is given in section 2.3. The steady-st,at8e 

arid ternporal nieasurements of LIA and two-wave mixing (TWM) in a pure and 

rhodium (Rh) doped BaTi03 crystal have been carried out at different wavelengths 

and int,ensit,ies of laser light. Experimental results for LIA and TWM are presented 

'at X=633 nm 
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in section 2.5. The observed behavior is interpreted in terms of a two-center charge 

transport model for PR materials. Various model parameters like build-up and decay 

rates, thermal excitation rates, and two-wave coupling gain have been obtained. 

The diffraction efficiency measurements and grating erasure studies in triply-doped 

(Fe:Ti:Ce) LiNb03 cryst,als are presented in the last. 

Band-Transport Model 

The presence of impurity ions -also called primary or deep centers, is believed to be 

responsible for the PR effect in inorganic crystals. These impurities are generally 

tra,nsitiorl metal-ions which occur in different valence sta.tes. The energy level of such 

impurities is locatled in the gap of valence and conduction band. Typical excitation 

energy for deep centers is 2 leV. Therefore, tlhe thermal excitat,ion rate for primary 

centers is alrnost negligible. A si~nplified version of I<ukhtarev7s model [l21 based 

on single carrier primary cent'ers is shown in Figure 2.l(a).  The priinary centers are 

designated by X/Xf,  where X/X+ can be Fe, Cr, Mn, Cu, CO, Ce, Mg or any other 

ionized impurity in mixed-valence states. This model sat~isfactorily explains the PR 

effect in most of the cases. However, it fails to explain the sub-linear dependence 

of the two-beam coupling coefficients and typical nonlinear dependence of phot,o- 

conductivity and absorption coefficient-S at higher intensities in BaTi03 crystals. 

Increase in absorption due t,o illumination of BaTiOs was first discovered in 1987 

by Motes and Kin1 [23]. In 1988 Brost et al. explained this effect by a twucenter 

cha.rge transport model [24]. 

A two-center model postulates the exist,ence of secondary photorefractive centers 

(also called shallow traps) that can account for most of these intensity-dependent 

effects. Figure 2.l(b) shows 2-center model involving two species; X/X+ as primary 

centers and Y/Yf as secondary centers that are responsible for light-driven charge 

t,ransfer processes. The existence of shallow traps was confirmed by several experi- 

ments using two-wave mixing and light-induced absorption in BaTiOo [122-1251. 

To investigate and understand the cl~aracteristics of primary and secondary inl- 

purities is important both for theory and applications. However, to ident,ify the irn- 
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-1 C.B. 

(a) (b) 

Figure 2.1: Two basic models for charge transfer processes in p-type PR crystals. (a) 

l-center model with deeply imbedded impurities and (b) Zcenter model with deep and 

shallow impurities. 

purity defects that are responsible for PR, and light-induced effects is not straight- 

forward. Different met,hods like measurement of photo-conductivity, temperature 

and light-induced absorption studies, electron spin resonance (ESR) spectrum and 

linear ab~orpt~ion spectrum can reveal the information of shallow traps. 

2.3 Light-induced Absorption 

Light-ind uced absorption is characterized by the increase in absorption coefficient 

with laser intensity. It can be induced by uniformly illuminating the crystal with 

strong pump beam a t  one wavelength and observed by monitoring the transmissiori 

of a weak probe beam through the crystal at different wavelength. It has already 

been shown that int ensit y-dependent absorption is consistent with two-center charge 

transport model [24]. It is based on the assumption that two different impurity 

centers, each of them occurring in different valence states, are present. The first is 

deep and second is shallow with respect to the valence band edge. Figure 2.2 shows 

two-center energy level diagram for p-tpye crystal, where, holes are the dominant 

charge carriers. ATl (q) and AT2 ( N Z )  are the densities of the empty (filled) deep 
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and shallow impurities respectively. Whereas, ATlT = !\'l + 1YT and !XT = 1\T2 + !V$ 
are the t,ot.al deep and shallow center densities. The rate equations governing the 

Figure 2.2: Energy level diagram for two-center model in p-type BaTiOs cryst,al. 

charge transport for the deep and shallow levels are 1241: 

where S is phot,on-absorption cross section,y is recombination coefficient, P is ther- 

mal ionizat,ion rate, I is the laser int,ensit#y and n h  is free carrier (hole) densitmy. 

Subscript i = 1 ,2  refers to deep and shallow levels respectively. Ill~xminating t,he 

cryst,al with laser light causes photo-ioi~izat~ion and redistribution of t,he charges 

between deep and shallow traps. This results in light-induced absorption change: 

Ao = Si [N: - N: (0)] , 

where AT: (0) is dark c~ncentra~tion of filled tra.ps. The charge conservation requires: 

where lVc is the density of compensating cha.rge centers that do not ~art~icipate in 

PR effect, but required to mainta.in overall charge neutrality of the crystal. The 

hole concentration in Eq. (2.3) can be ignored as it remains small compared t,o the 

impurity concentration [122]. In the steady-state condition, dllifldt = 0, therefore 

solving Eqs. (2.1)-(2.3) we get,, 



2.4. Two-wave Mixing 26 

where 

Time evolut-ion of the light-induced absorption in the build up process can be de- 

scribed by [l231 : 

Aa(t) = [l - exp(t/r)],  (2.6) 

Because of the approximat,e proportionality between n h  and I, Eq. (2.7) can be 

rewritken as! 

r - I  = .I + ,B2, (2.8) 

where a is a factor that is independent of intensity. Eq. (2.8) can be used to deter- 

mine the thermal excitat-ion rate P2. 

2.4 Two-wave Mixing 

A nonuniform illuinination is one of the necessary conditions to  form space-charge 

field in a PR medium. Two coherent laser bea,ms as shown in Figure 2.3, are used 

for creating interference pattern inside the crystal. 

Figure 2.3: The formation of refractive index grating using two-bean1 interference in PR 

crystals. 

The electric field associated with two bea,ms can be written as, 
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where, Al and AZ are bean1 amplitudes and W is a.ngular frequency of the light,. The 

resulting interference pattern can be expressed as, 

I = ]El2= IE1+EzI2 

= I0  + II cos(Kg. r) (2.10) 

where I o  = 1 ~ 1 1 ~  + IA2I2 and Il = 2A2.4; (2.11) 

Here Kg = kl  -kz is t'he grating wave vect,or determined by kl  and k2  wave vectors of 

corresponding beams. Photo-excitation and migration of free charges from brighter 

region t.o darker region leads to  development of internal space-charge field E" which 

is given by [126]: 
~ B T  I< 

ESC = i 4 m cos(Kz) 
1 + K2/K& 

where Kg = lKgl = 27r/Ag is the magnitude of t,he grat,ing wave vector, 7n = 

Il/Io is the intbensit8y modulatJion index (also known as fringe contrast) and K& = 

q2hTc/~ kBT is the Debye wave number. The presence of i, in 13q. (2.12) indicates a 

7r/2 phase shift bet,ween the intensit'y patt,ern and t,he space-charge field. This phase 

shift is sesporisible for the energy coupling that is generally observed in two-wave 

mixing process in BaTi03 crystals. The a,mplitude of spa,ce-charge field which causes 

the PR  effect depends only on the int,ensity modulation index m and not on the totsal 

illumination intensity. Additionally, we also note that the space-charge field reaches 

maximunl when K = KD. This fact we can be used to make experimental estimation 

of acceptor density &. 

The refractive index grating formed by two-beam interference pattern can be 

expressed as [38]: 

where no is uniform refractive index in the absence of light, 111 is real constant 

related to  maximum index change, m = Il/Io is t,he fringe contrast, @ is the phase 

shift* between index grating arid light irit,erference pattern. The presence of non-zero 

phase shift 4 allows the nonreciprocal energy transfer between the beams. 
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2.4.1 Electro-Optic Effect in PR Crystals 

Two-beam interference patt,ern described by Eq. (2.10) results in charge segregation 

between darker and brighter fringes which lead to formation of periodic space-charge 

field in a PR mataerial. How the space-charge field, in turn, modulates the refractive 

index of t,he rnaterial via electro-optic effect is explained next. 

The propagation of electromagnetic waves in a homogenous medium is com- 

pletely described by Maxwell's equa,tions [127]: 

wliere E is the electric field vector, H is the magnetic field vector, B is t,he magnetic 

induction vector, and D is t,he electric displacerrierit vector, p is the charge density, 

arid J is t,he current density. For a norirnagnetic rnaterial medium, t,he field vect,ors 

are related by, 

where P is the electric polarization of the medium, €0 the dielectric permittivity, 

and h the permeability of the vacuum. 

As st,ated earlier in section 1.1, when electric filed is small compared to intra- 

atcomic field, the electric po1arizat)ion vector P is written as, 

S~bst~it~uting Eq. (2.20) int,o Eq. (2.18) gives 

where e  = eo(l  + X(1)) is the dielectric permittivity or the dielectric const,ant, of the 

medium. For anisotropic media, E is a tensor of rank two, whose coefficient, are the 



2.4. Two-wave Mixing 29 

elenlent,~ of a 3 X 3 matrix. In the principal co~rdinat~e, t,he dielectxic tensor has a 

simplified diagonalized form: 

where E,, c,, E, are the principal dielectric constants and rL,, n,. n, are prin- 

cipal indices of refraction. The ~errnit~tivity tensor contains information about how 

t,he phase ~elocit~y of light, waves in nonlinear material varies with the direction of 

propagation and the polarization of the wave. The energy density associated with 

an electronlagnetic wave is given by [128]: 

1 
U = - E S D  

2 

Therefore, in the principal axis system Eq. (2.23) becomes: 

so that, 

This equation has the form of an ellipsoid in (D,, D,, D,) coordinates. We can 

express Eq. (2.26) in the normalized coordinate form as, 

where X = D , / d m ,  y = D , / d W ,  and z = D,/ J K U .  Equation (2.27) 

is known as zndez ellzpso?d or optzcal zndzcatrzx. By solving Maxwell's ecluations 

for anisotropic media (V E # 0), it can be shown that for any direct,ion of 

propagation, the medium can support two inodes of linear polarizations of light 

which are orthogonal to  each other. The refractive index for the two polarization 

modes depends upon the direction of propagation. The index ellipsoid also tells 

us what magnitude and direction of the D vector must be in order for a wave 

propagating in a crystal characterized by n,, n,: n, t30 have an energy density U. 
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I11 general, any optical material may fall into one of the three categories, namely, 

1. optically isotropic: n,, = n Y = n., 

2. uniaxial: nz = ny = no ordinary index 

nz = n, extraordinary index 

3. biaxial: n~ # ny # 72, 

Uniaxial crystals a.re chara.cterized by an unique direction called optic axis or 

c-axis. A ray propagating along optic axis will have same refractive index (no) 

regardless of its p~larizat~ion. Propagation along any other direction results in *ray 

and e-ray having refractive indices no and n,, respectively. The polarization vector 

for o-ray is perpendicular to the plane containing ray propagation vector K and 

c-axis of the crystal. On t,he otjher hand, for e-ray, the polariza.tion vector lies in the 

plane defined by propagation vector and c-axis and the refractive index is function 

of angle 8 between K vecbor and c-axes: 

Biaxial crystals on the other hand have two optic axis. 

In anisotropic crystals, the appli~at~ion of applied electric field can cause a change 

in dialectic tensor E ,  and in turn change the refractive index of the medi~iin. This 

is generally known as the electro-optic effect or Pockel's effect. In PR crystals, 

the static electric field is produced interna>lly by photo-excitation as explained in 

previous sect,ion. The presence of electric field also modifies the index ellipsoid 

given by Eq. (1.27) and it no longer remains in principal coordinate system. A new 

set of principal axis can be found to  obtain the principal indices of refraction by 

appropriate coordinate transformations. In general, the electro-optic effect due to 

electric field can be expressed as 1381: 

where E r  is the component of space-charge field along kth direct,ion and ~ ~ ~ k  is 

electro-optic coefficients of third ra.nk tensor that has 27 components. Not. all t,he 

27  component,^ of the tensor are independent,. The permut.ation symmetry of the 

two indices i and j ,  i.e., r i j k  = r j i k ,  reduces the independent elements to  18. 
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Depending upon t,he point group symmet,ry of the crystal, the number of in- 

dependent components of electro-optic tensor are further reduced. LiNb03 and 

BaTiOs crystals used in this work, belong to trigonal and tetragonal class with 

point group symmetry of 3m and 4mm, re~pect~ively. The electro-optsic coefficients 

for LiNb03 (8 non-zero elements) and BaTi03 (5 non-zero elements) crystals are 

listed in Eq. (2.30). 

The refract,ive index change An can be written as, 

- 
7'13 

7'13 

7'33 

0 

0 

0 - 

where n is the uniform refractive index of the mediuin and p is the polariza- 

tion vector of incident light. The refractive index change depends on the crystals 

symmetry, the direction of space-charge field, p~larizat~ion state of light. and the ap- 

propria.toe combination of electro-optic coefficients. This can be illustrated by taking 

the example of LiNbOs crystal. The space-charge field for a grating wave vect,or 

parallel t,o z-axis can be written as, ESC = [0 0 1lTESc cos(Kz), where superscript 

T denotes transpose of the vector. Let the light he polarized along g-direction, i.e., 

p = [U 1 0IT. After substituting Eq. (2.29) in Eq. (2.31), the expression for refractive 

and 

index change becomes: 

- 
o 
0 

0 

0 

7'42 

0 

To optimize An for the index grating requires a proper combination of the ori- 

entation of the c-axis and the polarization of the light to yield largest electro-optic 

coefficient in Eq. (2.32). 

2.4.2 Energy Coupling in TWM 

A 7r/2 phase shift. between refractive index grat,ing and illuminating interference 

pattern leads to  energy t,ransfer from one beam to another. This happens because 
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the phase grating diffra.cts each beam in direction of other with additional phase 

shift of f n/2. In one case, diffra,cted beam interferes destrlictively (7r/2+7r/2=7r) 

with transmitted beam thereby diminishing the intensitmy, in other, a constructive 

interference (~12-7r/2=0) between diffracted and transmitted b e a ~ n  leads to increase 

in energy. For the appr~pr ia~te  orientation of the crystal, the signal beam Is expe- 

riences a gain a.t the cost of pump beain I,. TYansmission of the signa.1 beain after 

traversing t,he crystal length L is given by [36]: 

The beam coupling gain I' is defined as, 

where Ad, k ~ ,  T, g, X a.re grating period, Boltzmann constant,, temperature, elec- 

tronic charge and light wavelength respectively, and 

is Debye screening length, ATE = N N + / ( N  + N + )  is effective trap densit,y and E 

is dielectric constant. Experimentally the photorefractive gain y, as measured in 

laboratory is given by, 

I, ( L )  with pump bean1 on 
Yo = I,  (L) with pump beam off 

Therefore, the measurement of 7, along with Eq. (2.33) provides a direct means of 

determining r. The effective tramp density N E  can be estimated using Eq. (2.35), by 

noting that beam coupling gain l? in Eq. (2.34) is maximum when A, = Ad = X/  sin 8. 

The time constant~s involved in t,he grating build up and decay are also important 

parameters in evaluating the figure-of-merit of photorefractive crystals. Kukhtarev 

has given a conlplete analysis of tthe dynamics of grating formation and decay for 

continuous wave illun~ination [12]. Time required to write a refractive index grat.ing 

depends on t,he efficiency of charge generation a,nd transport mechanism. A simple 

expression for the time dependence of space-charge field during the the grating 

recording is given by, 
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Similarly a grating erasure can be accomplished by uniform illumination of the 

crystal. The decay of space-charge field during t,he erasure process can be written 

where E"" is the initial amplit,ude and E,YC is maximum amplitude of the space- 

charge field obtained in steady-state, I is the irradiance of erasing beam, m is fringe 

contrast factor and  re^ is the effective tirne constant for the cryst,al response. As 

in the case of LIA, the reff can have multiple con~ponent~s due to  t,he presence of 

different impurity traps in the crystal. In general the value of reff may be a function of 

different parameters like pump and signal beam intensity, light wavelength, intensity 

m~dulat~ion index m, and dark conduct,ivit.y etc. 

2.4.3 Light Diffraction by Volume Grating 

The modulated photorefractive space-charge electric field leads to a modulated re- 

fractive index grating by means of the electro-optic effect discussed in previous 

section. If the materia(1 is sufficiently thick and the gra.ting modulation is large 

enougln, then such a grating can efficiently diffract a light wave provided that its di- 

rection satisfies Bragg phase matching. Upon diffraction from the periodic grating, 

the Bragg's ~ondit~ion requires that the change of light wave vector be exactly equal 

to an integral number of grating wave vector i.e., 2k sin 8 = NK,. 

For perfect phase matching, i.e., O1 = -g2 = 0, the fraction of power that is 

transferred into the diffracted beam is given by [12]: 

where d is the thickness of the grating and 8 is half-angle between the two beams 

inside the crystal. 
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2.5 Experiments and Results 

2.5.1 LIA in Undoped and Rh-doped BaTiOs Crystal 

Light-induced absorption was st,udied in 0"-cut undoped and R.h-doped Ba.Ti03 

crystals. The respective dimensions of crystals (c X a X a) were, 6.72 X 6.28 X 5.5 mm 

and 6.6 X 5.8 X 4.2 mm. Change in absorption can be induced at  one wavelength 

M Pump Laser 

Figure 2.4: Schematic of the experimental setup: M's, mirrors; NDF, neutral density filter; 

ES, electro-mechanical shutter; GP, Glan laser polarizer; D, detector; BE, beam expander; 

CGF, colour glass filter; I p ,  pump beam; I,, probe beam. 

and observed a,t different wavelengths. This helps t,o eliminate the po~sibilit~y of 

beam coupling effects that can rise if both bea,ms are coherent. Figure 2.4 shows the 

schematic for the experimental set,-up. An expanded pump beam I, a t  wavelength 

X, i l l~minat~es the crystal, whereas, a weak signal beam Is a,t different wavelengt,h 

X, acts as a probe to  study the change in absorption. Pump and probe beam light 

that used in LIA  measurement,^ are listed in Table 2. The small beam-crossing angle 

Table 2.2: Light wavelengths and sources used in LIA measurements. 

I I Wavelength I Source I Model 1 
He-We I 05-1,HR-151; Melles Griot 

Probe(X,) 

633 nm 

543 nrn 

750 nrn 

800 nm 

He-We 

Ti: sapphire 

(E 10" ensures a complete and uniform overlap of the beams inside the crystal. The 

1208-2; JDS Uniptiase 

3900s; Spectra-Physics 

Ti: sapphire 

Argon-ion 

Argon-ion 

3900s; Spectra-Physics 

B e a r n ~ o k ~ ~  2085; Spectra-Physics 

Bearnl,okTM 2085; Spectra-Physics 
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diameter of t,he probe beam inside the crystal was z 2 mm. The intensity of the 

pump beam was varied from - 3pWcin-2 to 16 W c n ~ - ~  using compensated neutral 

derlsit,y filter (Model: 925B Newport,). Pump bea,m ill~mina~t~ion was controlled 

using elect~remechanical shutter. The t,ransmission of the probe was monitored 

using computer controlled optical power meter (Model: 4832-C Multichannel Opt,ical 

Power Meter; Newport). 

Both t,he beams were made o-polarized to minimize the beam fanning and scat- 

tering effects which otherwise could be mistaken for absorption. Appropriate colour 

glass filters a,long with a small pin hole was used to prevent the scatt,ered light froin 

pump beam entering the detector. Transmission of probe bea,m was monitored af- 

ter switching on the pump beam at  to. Figure 2.5(a) shows the t,ransinission of the 

probe through undoped BaTi03 crystal as a function of t,ime. Photeinduced change 

(a) time (S) 

- 
(b) time (S) 

Figure 2.5: (a) Probe beam transmission (X, = 633 nm ) through undoped BaTiOs crystal 

when illuminated by pump at 514 nm at different intensities and, (b) corresponding LIA 

change. 

in absorption coefficient Act is determined using the relation: 

I,  (with I, on) 
= exp(-AaL), 

I,  (with I, off) 

where L is the effective 1engt)h of the crystal, I,  and I, are probe and pump beain 

int,ensit,ies, respectively. The typical dynamics of LIA is characterized by absorption 

rise, st,eady-state and dark-decay. The temporal evolution of LIA change calculated 

using Eq. (2.40) is shown in Figure 2.5(b). 
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Absorption build-up curves for both the cryst,als (e.g. region bet,ween to and tl  

in Figure 2.5(b)) follow mono-exponential rise as described by Eq. (2.6).  Rise time 

constant T was calculated by fitting the experimental dat,a with Eq. (2.6).  Figure 2.6 

shows the plot of absorption rise time versus int,eiisit,y of the pump beam. Measure- 

.', . . .  . . . . . l  . . . . . . . .  I . . .  . . . . . l  . 
Rh: BaTiO, 

hp= 488 nrn l . 
'. . 

.. 543 nm 
. . 
, . . . .. *.. 633 nm 

W .  
'..b.. . .  4 . .  750 nrn - 

.. *... '..'-.., 
W . . .  : ' .  . . .  ........ . . _ _ : I  

. . - . .800nrn . 
$ : I : *  + . . . . . . . . . . a  . . .  ::::;:: *- . 

Figure 2.6: Absorption rise time constant T versus pump beam intensity for R.h:BaTiOs. 

Table 2.3: Crystal parameters that best fit the experimental results 

ments of the steady-state LIA changes at  different pump and probe wavelengths for 

both the crystals have also been carried out. The steady-state absorption change 

Act for the two crystals at different probe wavelengths as a fi~nction of I, is shown 

in Figure 2.7. Experimental dat,a is represented by the symbols, whereas, the solid 

lines are theoretical curves calculated using Eq. (2.4). Crystal parameters that best 

fit our data are given in Table 2.3. Main results are surnrna'rized: 

IJndoped BaTi03 

N 1 ~  = 7 . 0 ~  1016 cm-3;  N;(O) ' 6 . 9 ~  1016 cm-3; 

h T 2 ~  = 4.0 X 1016 N$(o) = 8 X 1011 cm-3; 

750 

Rh: BaTi03 

N,T = 2 . 6 ~  l ~ ' % m - ~ ;  N?(O) =2  5 7 ~  l ~ ~ ~ c r n - ~ ;  

N 2 ~  = 8 . 0 ~  10'~cm-? N ~ ( o )  = 3.8 X 1 0 ' * c m - ~ ;  

Note: X, = 488 n m  (514 n m )  

1.7 (2.8) 1.0 (2.8) l 0  ( 5 )  8.5 (3.0) 3.3 (6.5) 0.1 (0.1) 
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Figure 2.7: Steady-state light-induced absorption change Acr versus pump beam intensity 

at different probe wavelengths. (a)-(h) for Rh-doped and (c)-(d) for undoped BaTiO:j 

crystal. 

o For bot,h crystals, t,he absorption cross-section S(488 nin) > S(514 nm). There- 

fore, t,he magnitude of t,he absorption change caused by 488 nm pump is more 

than the 514 nnl pump. 

o Unlike in undoped BaTiOs; Aa for Rh:BaTiOs was found to increases with 

increases in probe wavelengths, indicating t,he different origin of secondary 

centers in both the crystals. 

o The thermal excitation rates p2 calculated using Eq. (2.8), were found t.o 

be 0.1 - 0.3 and 0.5 - 0.6 sec-' for Rh-doped and undoped BaTi03 crystals 

respectively. These values are considerably smaller than the results report,ed 

by Brost et al. [24] and Buse and Bierwirth [122]. 

o As per the t,heory of LIA described in Ref. [l221 and the fact that thermal 

io~lizat~ion rate ,G for undoped crystal is relatively higher than Rh:BaTi03, 

the pump beam intensity at  which the abs~rpt~ion saturates is higher (see 

Figure 2.7) for undoped BaTi03 than the R.h-doped crystal. 
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Anomalous Absorption in Rh:BaTiOs 

A wavelength specific anomalous absorption as shown in Figure 2.8(a), was observed 

in Rh-doped BaTiO:3 crystal [129]. After the pump bean1 was tlurned on at  t = to ,  an 

unexpected fall in absorption could be noticed in beginning, which is then followed 

by usual absorption rise. Contrary to the behaviour shown in Figure 2.5(b), a further 

increase in absorption was observed even after the pump beam was blocked a t  t = t l .  

For clarity, the nlagnitude of this addit,ional absorption change is denoted by S 

and S' in the Figure 2.8(a). Dependence of S and S' on pump intensity is plotted in 

Figure 2.8(b). A linear change in S is observed up to  -0.23 V \ i ~ m - ~ ,  beyond which 

it remains almost constant and again falls a t  higher intensities. The anomalous 

absorption in Rh:BaTiO3 seen only at  the 633 nm probe and 514 nrri pump, has not 

been report'ed earlier 

Pump Intensity - 
0.028 ' 

- - - - 0.28 ~ c m . '  - 

0 10 20 30 40 50 60 70 80 
time (S) 

- -A 
0.08- / 'r - 

, 
I 

I 

0.04- 
A, 

P" -..--after t, - 
after to . 

C. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (b) 1 
0.01 0.1 l 10 

log lp (w/cm2) 

Figure 2.8: (a) Temporal evolution of anomalous absorption change in Rh:BaTiOs and 

(b) plot of anomalous absorption variations versus Ip . 

The physical incchanism responsible for this particular behavior is not very clear. 

But, it is speculated that immediately after the pump beam is turned on, a grad- 

ual rise in temperature causes an increase in the thermal excitation rate of the 

secondary traps. Therefore, the number density of available filled traps that can 

absorb probe photons is also reduced. This results in decreases in absorption as 

shown in the Figure 2.8. The decline in absorption continues for sometime until 

a thermal equilibrium is attained within the crystal. Similarly, an increase in ab- 



2.5. Experiments and Results 39 

sorption after blocking the pump beaim is a consequence of the drop in the thermal 

excitation rate of the secondary traps. Ten~perature-dependent absorption studies 

in past have shown that rise in temperature may cause decrease in absorption arid 

vice-versa [125,130]. However, there is 110 strong evidence against the possibility of 

wavelength-specific cryst,al defects which could possibly lead to similar results. 

Absorption Decay 

The dark-decay of LIA is associated with the loss of shallow and deep trap population 

by thermal ionization. In general, the dark decay process of LIA can be described 

by a double exponential function as, 

where and r.2 are the fast and slow decay time c~nst~ants,  respectively. A typical 

time (S) time (S) 

Figure 2.9: Typical dark-decay process of light-induced absorption change observed at 

488 nm pump and different probe wavelengths (a) for Rh:BaTi03 and (b) for undoped 

BaTiOs. The symbol refers to measured results and solid curves are exponential fit to t.he 

experimental data. 

dark-decay of Acr (nornlalized to it's maximllm value) after blocking the punlp 

beam at t = 0 is shown in Figure 2.9. From the dark decay measurements of LIA 

in Rh-doped BaTi03. it can be noticed that the dark decay process, a t  543 rim 

probe and 488 nm pump, occurred in two separate steps. It showed an initial fast 

relaxation having two time constants 71 -- 50 rns and 72  0.7 S, followed by a slow 
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relaxation with longer time constant W 60 S. At 633 nm probe wavelength, a slow 

mono-exponential decay with 72 W 62 s alone was observed. Decay a t  wavelengths 

750 nm and 800 nm was again found to be inono-exponential with 7 2  7.25(6.25) 

s and 7 2  5.82(5.42) S respectively at  488 nm (514 nm) pump. This indicates that 

at  longer wavelength(> 633 nm) only one shallow level contributes to the LIA. The 

values reported by Brost and Motes [131], and Kaczrnarek et al. [l321 for 6--10 S, 

and Corner et al. [l331 for 7 s are in close agreement with these measurements. 

This origin of decay is attributed to ~ h " + / ~ +  levels [134]. 

Table 2.4: Decay time constants for undoped BaTi03 at 488 nm (514 nm) pump. 

For undoped BaTiOs crystal we observed double exponential decay a t  543 nin 

and 633 nm probe wavelengths. Whereas, the decay a t  750 nm and 800 nm was 

mono-exponential. The reported values of two decay constants by Song et al. [l351 

closely match with our results recorded in Table 2.4. It should be pointed out 

that the observations of different time constants need not necessarily be identified 

with different shallow traps as the local heating of the crystal at different pump 

wavelengths can give rise to different thermal excitation rate for the same shallow 

level. 

k'  Loser X M 

Figure 2.10: Experimental layout for two-wave mixing in PR crystals. 
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2.5.2 Two-wave Mixing Studies in BaTi03 

A standard set up for two-wave coupling is shown in Figurc 2.10. The direction of 

the c-axis of the crystal is chosen so that the energy is transferred from the pump 

beam to the signal bearn. To write a refractive index grating, the path difference 

between the two interacting beams is kept well within the coherence length of the 

laser. The external beam-crossing angle 28 was fixed at 35' and photorefractive gain 

y, was measured at different intensity ratios m = I,/I, by varying I, at fixed pump 

power. 

time (S) 

Figure 2.11: Two-wave energy coupling in Rh-doped BaTiOs crystal a,t 488 nm. 

The energy exchange in two beam coupling in Rh:BaTi03 crystal can be seen 

in Figure 2.11. Figure 2.12 shows the plot of y, as a function of m.. The gain 

was also measured at  different beam-crossing angles at fixed m. The optiinun~ 

beam-crossing angles that corresponds to lnaxiinum gain for Rh-doped and undoped 

BaTi03 crystals were found to be ~ 3 0 "  and =40°, respectively. The grating decay 

was rn~nit~ored by put,ting the signal beam off a.t tl as shown in Figure 2.11. Furt.ller 

analysis of the data revealed that rise and decay of grating have bi-exponential 

form with two time constants. Again, the origin of different time constants call be 

attributed to t,he presence of deep and shallow impurity centers. Grat,iilg buildup 

and decay time scales observed in TWM are riot very different from that found in 

absorpt,ion buildup and decay processes. Therefore, it will not be inappropriate to 

assert that absorption dynamics governs the TWM dynamics of the cryst'al to a. 
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great extent [136]. 
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Figure 2.12: (a) Plot of gain vs intensity rat.io m (b) gain vs beam-crossing angle measured 

at 488 nm. 

2.5.3 Diffraction Efficiency Measurements in Fe:Ce:Ti-doped 

LiNb03 

The unidirect~ional energy transfer by two-wave rnixing does not occur in PR materi- 

als in which the phase shift is either zero or T .  In Lin'b03 crystals, the charge trans- 

port mechanism is driven by diffusion as well as strong photsovolt,a,ic effect [137]. As 

a result,, t,he phase-shift between interference patt,ern and the refmctive index grab 

ing is approxiinately T [138]. Therefore, ordinarily, t,he grating written in LiNb03, 

diffracts both the writing beams equally without preferential exchange of energy. 

Diffraction efficiency measurements were rnade using conventional T\VM exper- 

imental set-up shown in Figure 2.10. The cryst,al used was a 0"-cut, txiplly-doped 

(Fe=0.05%; Ce=0.02% and Ti=0.02%) LiNbOs. It was grown by Czochralski tech- 

nique. All sides of this crystal (size=lcm" were polished to optical qualiby. Same 

crystal was later used for holographic data storage (Chapter 4). 

In all the experiments, the laser power for both t,he beams at  the input face 

of the crystal was fixed, i.e., 11(0) = Iz(0) = 5mW. Parametric studies of grating 

build-up, erasure and diffract,ion efficiency (vdiR) were carried out at. 488, 514 and 
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532 nin. The details of respective laser sources are given in the a.ppendix. Two 

experinlentally investigated cases are: 

Case l :- qd,fi as a function of grating spacing A,. The grating spacing A, 

was varied by changing the beam-crossing angle over a range of 10"-90". 

In this case. the crystallographic c-axis of the crystal was normal to the 

bisector of the two beams, i.e., E-axis I I K,. 

Case 2:- q d i ~  as a function of 9, where 9 is angle between c-axis and 

grat.ing wave vect,or I<,. In this case! the beam-crossing angle was fixed 

at  30" and was varied from -30" to 30" by rot,at,ing t,he crystal about, 

the vertical &xis. 

I11 both cases, qdiff was measured by inonlentarily blocking (= 100 ms) one of 

the writ,ing beams wit,h an electronic shutter in regular intervals (c 3 min) of t,ime. 

Diffraction efficiency of dynamic grating was calculated using Eq. (2.39). 

Figure 2.13(a) shows a. t'ypical evolution of q d i ~  in TWhl rneas~ired a t  t,hree 

different wa~elengt~hs. 

I - , . , . , . ,  

Fe:Ce:Ti: LiNbO, 

0 50 100 150 200 
Time (S) 

I . , . , . , .  

*A 

0. 
*W.. 

'0.. 

*- ...." . 
0.3 - 
0 . 2 8 , .  , . , . , . , . -  (b) 

0 500 1000 1500 2000 

Time (S) 

Figure 2.13: (a) Evolution of diffraction efficiency and (b) grating erasure curves in the 

presence of uniform beam illumination. 

The oscillatory behaviour of diffraction efficiency is worth consideration. In re- 

cent studies, Re11 et al. has observed a similar diffra.ction oscillatio~is in Ce:Cu:LiNbOJ 
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cryst,al [139]. The physical origin of oscillations has been attributed to strong beain- 

coupling effects in weakly oxidized crystals, where more electrons participate in PR 

grating formation. This leads to index grating of strong modulations wit,h large 

beam coupling and if tohe medium is considerably t,hick, t,he diffraction may oscil- 

late. On the other hand, the doping centers in strongly oxidized crystals contain 

fewer electrons, which produces a grating of low index modulation and hence negli- 

gible beam coupling. In such case, t,he diffraction efficiency increases monotonically 

during the grating recording. 

Table 2.5: Diffraction efficiency ~neasurements in Fe:Ce:Ti-doped LiNbOs crystals. 

Table 2.6: Diffraction efficiency and sensitivity in several LiNbO3 crystals doped with 

S. No. 

X ("m) 

488 

different impurities. 
Crystals 

In:LiNb03 

Ce:Cu:LiNbOs 

Fe:Mn:LiNbOs 

Ce:Mn:LiNb03 

Tb:Fe:LiNbO:{ 

Pr:LiNb03 

Y:Fe:LiNb03 

Fe:LiNbOs 

Fe:Ce:Ti:LiNbOs 

References 

11401 

[l411 

1761 

[761 

[l421 

[l431 

11441 

[l451 

present studies 

t Two-color holography; $ One-color holography 

case l 

One of the main drawbacks of lithium niobate is its low recording speed compared 

t,o other PR crystals. The measure of recording speed is usually given by sensitivity 

S which is defined as [146], 

case 2 

~diff (max)  

60% 

where IR is the recording intensity, d the crystal length. Eq. (2.42) basically repre- 

sents the recording slope of the square root of the diffraction efficiency q d i ~  a t  t = 0. 

~ldiff (max) 

67% 

 SS (S) 

35160 

tss  (S) 

35-1 70 



2.5. Ex~eriments and Results 45 

For the three curves shown in Figure 2.13(a), the respective S values measured at, 

488 nm, 514 nm and 532 nm are,: 0.24, 0.18 and 0.14. Typical q d i ~  and S report,ed in 

lit,erat,ure for normal and two-color holographic recording in LiNb03 crystals with 

different dopants are listed in Table 2.6. Regardless of the nature of the impurities, 

recording at  the shorter wavelengths clearly seems to increase the sensitivity. 

The grat,ing erasure was studied by switching. one of the writing bean1 off after 

the gra.t,ing was written. The diffracted bea,m was continuously m~nit~ored with 

optical power meter. Figure 2.13(b) shows a typical grating erasure with one of 

the writing beam on. The variation of qdiff with beam-crossing angle is shown in 

i . , . r . I . , . , . , . I , I . , . I  
0 10 20 30 40 50 60 70 80 90 100 

Beam-crossing angle (29") 

Figure 2.14: Variation of diffraction efficiency with beam-crossing angle. Experimental 

data is represented by different symbols, whereas broken curves are just visual guide 

through experimental data points. 

Figure 2.14. hiaximum diffraction efficiency %iff (max) and typical time scales t,, 

to reach the steady-state value are recorded in Table 2.5. The main points to note, 

are: 

b Diffraction efficiency is the direct measure of the grating strength. While 

the maximum diffraction efficiency, qdiff (max) FZ 83%, was observed at longer 

wavelength, i.e., 532 nm, the recording speed was faster at  shorter wavelength 

488 nm. This is because the grating period is larger at  longer wavelength 

(2A, sin 0 = NX) and therefore, the free charges need more time to migrate. 

From the oscillatory behaviour of diffractlion, it may be concluded that t'he 
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optilnum time for recording a hologram is the time it takes to reach the first, 

maxima. 

b From the diffraction efficiency measurements, the estimated values of refractive 

index change for the present crystal is, An z 10-'. Therefore, Eq. (2.32) 

implies a space-charge field of the order of 102 kVin-l. 

Grating decay is relatively slower even in the presence of unifornl beam illumi- 

nation. It can be seen from the erasure curves (Figure 2.13) that the grating 

has not decayed even to 10% of its initial value within the observation time 

of 20-30 minutes. Especially, the grating recorded at  532 nm has very slow 

erasure rates. For example, a single hologram recorded a t  532 nm can be read 

out nearly 200,000 times using a 5 mW beam with 10 ms duration -before the 

grating decays to 50% of its original value. This is extrcmely useful feature 

for realizing non-volatile holographic memories. 

2.6 Conclusion 

Steady-state and temporal measurements of LIA and TWM have been carried out in 

undoped and Rh-doped BaTi03 crystals. Various parameters pertaining to  the tem- 

poral and steady-state behavior of LIA have been obtained a t  different wavelengths 

and intensities of laser light. The observed behavior is interpreted in terms of two- 

center charge-transport model for PR  materials. The rate equations were solved to 

derive an analytical expression for steady-state absorption changes. Various model 

parameters like build-up and decay rates, thermal excitation rates, and two-wave 

coupling gain have been obtained and compared with the earlier studies. Theo- 

retical calculations based on a two-center charge transport model agree well with 

the experimental results which supplement the earlier studies carried out using PR 

BaTi03 crystals. The LIA can greatly influence the dynamics of two-wave mixing 

and holographic grating recording in photorefractive crystals. Therefore, the effect 

of LIA needs to be properly understood and incorporate in any device application 

based on photorefractive crystals. 



2.6. Conclusion 47 

A11 unusual absorption in R.h:BaTi03 is report,ed at 514 nm pump and 633 

nm probe wavelength. In light of two-cent,er charge t,ransport model it can be 

argued that light-induced thermal effects creatfe (new) or activat,e (already existing) 

impurity traps that are highly wavelength specific in terms of their energy levels and 

absorption cross-section. However, This needs t,o be probed separately by performing 

temperature dependent. absorption st.udies. 

Fina.lly, the results of diffraction efficiency, sensitivity and grating erasure studies 

in triplly-doped Fe:Ce:Ti:LiKb03 crystal are presented. From the observed diffrac- 

tion efficiency (60-80%) and slow erasure rates of PR grating, the crystal seems to 

be well suited for non-volatile optical memories. 
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Chapter 3 

Modulation Properties of the 

Spatial Light Modulator 

3.1 Introduction 

Liquid crystal (LC) based spatial light modulators (SLM) are devices that function 

as a reusable transparencies capable of modulating the light according to a fixed 

spatial pattern. As the name suggests, liquid crystals are materials which exhibit 

properties intermediate to the solid and the liquid state of matter. The initial 

research in LC technology was: mainly driven by the electronic consumer industry 

meant for the developing various projection displays, c~mput~er  screens, liquid crystal 

television [147-1511. The increasing versatility and low cost of LC spatial light 

modulators (LC-SLA1) have lead to research in scientific areas ranging from optical 

correlation, beam steering, matched filtering, polarization control to optical data 

processing, wavefront correction using adaptive optics etc [152-1601. 

SLM is one of the most important system components in holographic data storage 

systeni (HDSS). It is used for cornposing a data page prior to the storage [161]. While 

LC-SLM present a straight forward and practical solution for spatial modulation 

(amplitude or phase) of light for HDSS system, these are limited both in terrns 

of spatial resolution and also bit depth that determines the available grey scale 

range [162]. Moreover, the light transmission characteristics (intensity versus voltage 

response) of LC-SLM are highly nonlinear and exhibit a wide range of variations with 

48 
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different, parameter settings. Most often there is no a priori information about the 

dependence of intensity and phase modulations on various parameters like briglltness 

and contrast cont.ro1, threshold voltage, polarization orient,at,iori of incident light 

et.c. In this chapter, the nlodulation properties of a commercially available LC-SLM 

are presented. The SLM response a t  various ~aramet~ers  would help to locate an 

optimum range of opera.tion that is required t,o suit it,s usage in HDSS. Therefore, if 

the SLM is 'biased' to a optimum operating point (governed by rela>tive orientation of 

the polarizer and the analyzer and appropriate brightness and contrast settings) that, 

lies within the maximum linearity of the response curve, the11 over a certain grey level 

range the SLM will provide a square law mapping of incremental change in incident' 

light amplitude into increnleiltal change of amplitude t,ransmittance. Experiinentally 

obt'ained various intensity modulation curves are best described either by power-law 

or siginoidal functions. Based on the power-la,w txansformation, an appropria.te pre- 

processing of input grey scale images for page oriented holographic dat,a st,orage 

applications is also suggested. 

In section 3.2, the basic principle and theoretical background required to inodel 

twisted neinatic liquid crystal (TNLC) cell is explained. Experimental det>ails, re- 

sults and the discussioil are given in section 3.3. In the last section 3.4, a simple 

technique for the deter~iinat~ion of pixel size arid pitch of LC based SLM is pre- 

sent.ed. The proposed method is based on optical diffra.ction from pixelated LC 

panel that has been modeled as a 2-dimensional array of rectangular apertures. A 

novel yet simple, two plane measurement technique is implemented to circumvent 

the difficulty in absolute distance measurement. 

Theory and Background 

SLM usually consists of 2-dimensional array of densely packed pixel elements called 

LC cells. A coating of transparent electrode allows voltage to 11e applied across any 

individual cell. The nematic LC material that fills the gap between t~vo parallel glass 

plates has layers of elongated inolecules. These molecules exhibit orientational order 

u~it~hin the cell and have anisotropic optical properties similar to uniaxial crystals 
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[163]. The optical axes of such a system is parallel to the molecular orientation, 

which is also known as molecular direct,or. The inner surface of the glass plates have 

groove pattern etched with certain orientations so t,hat the LC n~olecules are also 

aligned along the direction of groove pattern. 

In parallel aligned LC cell, the two glass plates have groove pattern along same 

direction. Therefore, all the molecules in different layers maintain same orientation 

throughout cell. 

Light - 

Figure 3.1: A geometrical construction of a twisted nematic liquid crystal cell showing 

three layers of molecules progressively rotated in z-y plane along the cell thickness. 

In twisted nematic liquid crystal, the groove pattern on two glass plates is ori- 

ented in different directions. Therefore, the orientation of the molecules in TNLC 

between two glass plates rotates gradually from one plate to another in a helical 

fashion through an angle a. This angle is called the twist angle. A typical geometry 

of a 90" TNLC cell is shown in Figure 3.1. The light transmission properties of each 

cell can be c~nt~rolled using externally applied voltage signal. 

In the 08-state (zero voltage applied to LC cell), an incident light beam linearly 

polarized along lnolecular director (or perpendicular to molecular director) at the 

input face will undergo a polarization rotation exactly equal to the twist angle. If the 

polarization vector of the input light is oriented along any other direction, then due 

to birefringence, the optical wave propagating in z direction will have two normal 
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polarization modes in (X, y) plane. These are known as e~t~raordinary (e-ray) and 

ordinary (o-ray) ray having the index of refraction as n, and n.,, respectively. The 

resulting output light,, therefore, will have an elliptical polarization. In short, the 

optical act)ivity and birefringence properties of TNLC are used for controlling the 

polarization as well as phase of t,he light beam. 

For all practical purposes, t8he propagation of light through a TNLC cell is de- 

scribed by Jones calculus. In this a:pproach the entire LC cell of length d is divided 

into several wave plat,es of elementary thickness dz whose optical axes is rotat,ed pro- 

gressively along the length. The overall Jones matrix of linearly twisted anisotropic 

LC cell is given by [164,165] : 

cos - i E si"X sin X 

MLC = R(-a) 2 7  

H 
X 2  X 

where 

p, the phase retardation. The rotation matrix R(.) for t'he coordinate t~ransformation 

is given by, 

If an electric field is applied between t,he two plates, all the molecules experience 

a tilt. along the field direction. Therefore, the plane of molecular orientation no 

longer remains confined to x-y plane and the effective rotation angle seen by input 

light also decreases. The tilt angle of the n~olecules depends on the strength of 

applied voltage. The relationship bet,ween tilt angle 0 and applied r.m.s voltage If 

is given by [l661 : 

where L$h is the threshold voltage below which no t,ilt occurs and V, is the access 

voltage a t  which tJhe tilt angle is 49.6". For a tilt angle 0, the extraordinary index 

of refraction now becomes: 
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The phase retardation B between t,wo pr~pagat~ing modes can be expressed as, 

27l 
B = - - no] d ,  X 

Applied Voltage ( V) 

Figure 3.2: Plot of calculated phase retardation versus applied volta,ge. 

The retardation is maximum in off state (6, = 0 and n ( 0 )  = n,,) and decreases 

monotonically towards 0 when the tilt angle approaches 90". Figure 3.2 shows the 

plot of phase retardation B calculated using Equations (3 .4 ) - (3 .6 ) .  The typical 

parameters used in calculations are: no = 1.55, n ,  = 1.6, d = 10 pm, X = 633. nm. 

If the applied field is sufficiently large then all the molecules will be tilted by 90" 

along the field direction. In this case, the polarization of the input, light will not 

change as the LC molecllles now would behave like isotropic materials. 

3.2.1 Modelling 

The Jones matrix analysis can be used to predict the intensity and phase ~nodulat~ion 

of properties of the twisted LC cell. A common scheme used for studying the 

modulation properties of the LC-SLM is to sandwich it between a polarizer and 

an analyzer as shown in Figure 3.3. Here, 01, O2 and are the arbitrary angles that, 

the axes of polarizer, analyzer and molecular director a t  the input, face make with 

t,he lab vertical. The direct use of Jones calculus results in: 
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Figure 3.3: Basic configuration showing the orientation of the polarizer P, the twisted 

nematic LC-SLM and the analyzer A. 

where E,,, = [E, EylT; Ein = [cos e1 sin ellT are t.he Jones vect,or for input and 

output ra,diation fields, respectively, and MeR is the effective Jones matrix of the 

entire system given by, 

The rotation mat,rix R(.) is already defined in Eq. (3.3). In the laboratory coordi- 

nate system the Jones matrix for t,he polarizer and the analyzer is: 

The expression for tran~mit~ted intensity can be written as, 

Two special cases of interest for intensity transmitt,ance can be obtained by 

setting e2 = e1 for the parallel ~rient~ation ql and O2 = e1 + 90" for a crossed 

orientation TL of the polarizer and the analyzer. After t,he algebraic simplification 

of Eq. (3.8), the corresponding intensity transmittance for the t,wo configuratiorls 

can be written as, 

and 
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Voltage (v) Voltage (v) 

Figure 3.4: Calculated tran~mitt~ance (a) for parallel and (b) for crossed configuration. 

Curve 1-5 correspond to 191 = 0, 5 ,  g, $, and 2 ,  respectively. 

As shown in section 3.3.1, the Eqs. (3.11) and (3.12) can be used to determine 

the physical parameters like twist angle a ,  the orielitation of molecular director @ 

at  the input face and maximum pha.se retardation 

The transmittance as a, function of applied voltage for different settings of O1 

is calculated using Eqs. (3.11) a.nd (3.12). Figure 3.4(a) and Figure 3.4(b) show 

the simulated results for transmittance in parallel and crossed configuration of the 

polarizer and the analyzer. The experiment-a1 results obtained in section 3.3 are in 

good conformity with the model. 

It is clear from the section 3.2 that the application of voltage not only effect 

the polarization rot,at,ion property of the LC cell (there by resulting in intensity 

modula,tion) but also significantly modulates the pha.se of optical field a,s the tilt 

angle varies from 0" to 90". Therefore, in a TNLC, a certtain amount of cross- 

coupling between intensit'y a,nd phase nlodulations in inevitable. 

Figure 3.5 shows the dependence of int,ensity transmittance on phase reta.rdation 

p. A phase-only modulation can be realized over a region where the transmittance 

does not. vary appreciably. For example in Figure 3.5, when O1 = 45" in crossed 

configuration, the transmittaace of the device is >, 90%, for P 2 5.4 rad. Which 

in turn, from Eq. (3.6), requires P,, 2 5.4 or ?An d >, 5.4. Due to  small cell 

thickness d and low value of birefringence An. = 0.1, most of t'he SLMs are not, 

designed t40 meet these condition. In practice, a pure phase modulation is achieved 

easily using para.lle1 aligned nenlatic LC-SLM. 
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Figure 3.5: Dependence of transmittance on (3. 

3.2.2 Nonlinearities and Corrections 

The nonlinear response of variety of devices used in imaging systenl can severely 

degrade the image quality. In t,hat context, SLM used ill various optical information 

processing is also not an exception. However, it is possible to rnit>igate the effect, of 

nonlinearities by certain transforn~atioll techniques applied to the input signal. 

Input gray level, r 

Figure 3.6: Sketch of basic grey-level transformation in the range 10, R-l]. 

Here the discussion is confined only t o  pre--processing of grey scale digital images 

that is required to compensate for SLM n~nline~rities. Mat,hemat,ically, the spatial 

domain transformat~ion for an input, image f (2, j )  can be expressed as, 
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where Y (i, j )  is the processed image and 7 is an operator on f defined over some 

neighbourhood of (i, j). For any point (i? j) when the neighbourhood is of t,he size 

l X l (single pixel), 7 becomes a grey-level transformation that maps tthe pixel value 

r at  X(i ,  j) int,o pixel value S, at  Y (i., j). In otJher words, 

In general, any imaging device can be modeled based on it,s input/ouput, map- 

ping response curves. For example, the input/output relationship bet,ween grey 

levels under t,hree different transformations (linear, logarithmic and power-law) is 

shown in Figure 3.6. For the spatial light m~dulat~or  the response curves can be cal- 

culated using the model presented in previous section or determined experimentally 

as shown in the next section. The required preprocessing and corrections can be 

accomplished by applying a suitable inverse transformation. 

3.3 Experimental Details 

The SLM in lab is an electrically addressed LC2002 model from HoloEye Photonics. 

The device consists of a twisted nematic LC panel (Sony LCXOIGAL-G; active area: 

26.6 X 20.0 mm" number of pixels: 832 X 624; pixel pitch: 32 pin) and driver electron- 

ics that can be plugged directly to output of the graphics card of a PC. Therefore, 

the direct access to input signal and bias volt,age applied to  the individual cells of 

tlhe LC panel is not available. Image parameters like brightness and contrast set- 

tings can be controlled using the driver software over a range from 0-255. However, 

there is no a priori informatioil about the dependence of modulation properties on 

the brightness and the contrast control. 

3.3.1 Determination of the Physical Parameters 

It is necessary to first, a.ccurately determine the various unknowns like the twist angle 

a ,  the orientation of the n~olecular director ,$ w.r.t. laboratory coordina.te system 

and the maximum phase retarda,tion pm,. AS shown in Figure 3.3, LC-SLM was 

inserted bet>ween the Glan laser pola,rizer and the analyzer that were mounted on a 
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Rotation angle(rad) 

Figure 3.7: Transmitted intensity in crossed (TL) a,nd parallel (TI) orientations of the 

polarizer and the analyzer. The dots represent the experimental data and the solid curves 

are the best fit of the model. 

360" rotational stage and had extinction ratio < 10-5. An expanded and collimated 

He-Ne laser beam at 632.8 nm was used to back illulniriate the SLhl in off-state. 

For a fixed polarizer orientation B1, the analyzer was rotated through 0 to  360" 

and the transmit-ted light intensity was monitored using computcr controlled optical 

power meter (RlIodel: 4832-C Multichannel Optical Power Meter; Newport). Same 

procedure was repeated for every orientation of the polarizer in step of 1" from 

0 to 360". According to the theory of TNLC giver1 in previous section, a null in 

transmit-ted int,ensit,y occurs when the polarizer is oriented along t'he director axes 

of t>he molecules at  the input face, Ohat is, B1 = and B2 = B1 + a. The measured 

values of twist angle a and director orientation $1 were found to  be 90" f 0.5" and 

45" f 0.5"; respectively. The experimental procedure given in reference [l671 is 

followed to determine fir,,. That is, the polarizer and the analyzer were rotated 

sirnultaneously while aligned in parallel or in crossed configuration. Therefore, the 

transnlitted intensity as a function of rotation angle can be predicted by Eqs. (3.11) 

and (3.12). A comparison between the model arid the experimental data that was 

taken a t  every 5" rotation interval, is s2iown in Figure 3.4. Having found a and 

@ already, a non1inea.r best parameter fit of the Eqs. (3.11) and (3.12) is used to 

determine average p,, = 4.45 rad. 
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I I 
' ' 0  ' 

Input gray level (r) 

Figure 3.14: Sigmoidal function response of the LC-SLM when contrast = 255 a.nd bright.- 

ness B > 50. 

The response of LC2002 around r, is almost linear, however, the width w is 

rather small. The best parameter fits of sigmoidal function are recorded in Table 

3.3.3 Phase Modulation 

Table 3.2: Best parameter fit of sigmoidal function for crossed (parallel) configuration. 

For a TNLC shown in Figure 3.1, when t.he polarization vector of the incident field 

is parallel t-o the molecular director, the applied voltage not' only effect the optical 

act,ivit,y of the medium but also changes the refractive index from n, to no as can be 

envisaged from Eq. (3.5). Therefore, the phase of the e-wave propagating through 
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the cell is modulated significantly as the tilt angle varies from 0" to 90". The 

refractive index of the incident o-ray, however, remains unchanged regardless of the 

tilt angle. 

Digital interferometry based fringe-shift nlethod was used to measure the phase 

modulation properties of the LC-SLM. Experiinerltal setup to  measure the phase 

changes 6 wliile driving the LC-SLM at different grey level is shown in Figure 3.15. 

The t,ransrnission axes of the polarizer was aligned parallel to the nlolecular director 

at the input face of LC-SLM t80 ensure the propagation of light as e-ray alone. 

. 
/ . , 

CCD 

Figure 3.15: The Mach-Zehnder interferometric setup used in phase retardation measure- 

ment of LC-SLhf. SF: Spatial Filter; M: mirrors; BS: bea.11 splitters; P: polarizer; A: 

analyzer; CCD: charge coupled detector. 

The interferometer was adjustment to obtain a straight line fringe pattern that 

remains stable during the measurements. As in the case of intensity modulation, 

several 8-bit grey scale images were addressed onto the LC-SLM and the correspond- 

ing fringe pattern was captured by a CCD camera (Pulnix TM-1320-15CL; number 

of pixels: 1300 X 1030; pixel size: 6.7 X 6.7pin). The procedure was repeated at  

different brzghtness and control settings. The high-frequency fringing effect due to 

coherent illumination of CCD is removed by low-pass Fourier filtering of the irn- 

age data. Fringe sliift can be seen clearly in Figure 3.16 that shows three sets of 

interference pattern recorded on the CCD at  different grey scale images. 

The phase retardation 6 between two arms of Mach-Zehnder interferometer can 
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Figure 3.16: R-inge pattern recorded at: (a), O (b) 100, and (c) 250 grey levels, respectively. 

be cal~ulat~ed using relation [168]: 

n 
S = - (rad) 

A 

where A is the fringe shift obtained by cornparing the line profiles of the interfero- 

grams and A is fringe period. 
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Figure 3.17: Plot of phase retardation S versus grey level for LC2002 model. 

The plot of phase retardatlion versus input grey level is shourri in Figure 3.17. 

The maximum phase retardat,ion obtained in on-state is S 1.8 rad. This value is 

considerably sinaller than tjhe p,,, obtained in off-state. This inadequacy is partly 

due to the complex electronics involved in driving t,lle LC-SLh,f and also the fact, 

that the tilt angle 6, is not linear (due to the boundary  effect,^) throughout the cell 

t,hickness. The relatively low values of 6 also suggests that the device is bett'er suit,ed 

for applications that required intensity modulations, although, the accoinpallying 

phase changes, however small, ca.nnot be decoupled. 
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Figure 3.18: A typical geometry of twedimensional LC panel. 

3.4 Measurement of Pixel Size and Pitch 

Another important figure of merit of SLM is spatial resolution that is determined 

by the size and total number of cells in the panel [169]. Present developnlents of 

LC technology have focused on increasing their pixel resolution through reduction 

in panels' thickness and t,heir pixel pitch. In majority of the applications, ideally 

one would like to  have an array of square pixels having equal pitch in horizontal 

and vertical directions. However, some departure from square pixel shape and pitch 

inay result, due to t,he inan~fact~uring const,raints and environmental changes like 

bemperature or mechanical stresses. As shown in next section, a simple diffraction 

based measurements can be used effectively to discern any meaningful variations 

from square pixel shape and also horizontal and vertical pitch. 

3.4.1 Theoretical Description 

The two-dimensional pixelat,ed array of LC panel can be formed by repeat)ing an 

elementary rectangular aperture of size ( a  X b) spaced p and q apart in (c, q)  plane, 

respectively, as shown in Figure 3.18. Mathematically it is obtained by the convo- 

lut,ion operation between re~t~arigle and comb functions as [170]: 

, q )  = [rect (i) * comb (:)l rect (9 
P9 

X [rect (E) * comb (a)] rect (g) 
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where, * designates the convolution operation, rect(.) and comb(.) funct.ions 

have their usual definitions given in Ref [170]. The terms within square brackets in 

Eq. (3.18) represent step and repeat function which is truncated by finite sized win- 

dow rect (</ L) and rect (v/ H) .  The complex amplitude t,ransmittance of the aperture 

in Eq. (3.18), when illuminated by a plane monochromatic light of wavelength X and 

unit-amplitude, is given by, 

The field distribution a.t any point P(x,  y) on the screen placed a t  a distance z 

away from the aperture plane is given by Fresnel-Kirchhoff diffraction formula [127]: 

In the far field (Fraunhofer) approximation, Eq. 3.20 becomes: 

ikz ih(z2+y2 e e 22 

where 

is the fourier transform of the t,ransmitted field im~riedia,t,ely behind the aperture and 

f, = x/Xz, f, = y/Xz are the spatial frequencies in X and y directions, respectively. 

S~bsti tut~ing Eq. (3.19) into Eq. (3.22) and using convolution theorem and simila.rit,y 

property of thc fourier transforms, tthe following expression is obtained: 

3 {Ea4(<: v)) = nbLH [sinc(a f,)comb(p f,)1 * sinc(L f,) 

X [sinc (b f y  )coinb(q f y  )] * sinc (H f,) (3.23) 

Finally, the intensity distribution of t,he diffraction pattern a t  the screen is given 

by, 

A typical simulation of the intensity diffraction pa.t,t,ern of LC panel is shown in 

Figure 3.19, where, t.he pixel size and the pitch are related to modulating sinc and 
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Figure 3.19: Diffraction pattern simulation of LC panel in X-direction. 

comb funct,ions, respectively. The influence of different components of LC panel is 

clearly seen in the diffraction pattern. Kow the pixel size can be determined from 

the condition for n~inima, i.e., a f, = 1 and b f ,  = 1. Similarly, the expressions for 

the pitch can be written as, 

As expected, the scale inversion from diffracting elements in aperture plane (L > p  > n 

in Figure 3.18) and t,he width of corresponding intensity peaks in diffraction plane 

(l/a> l/p> l/L in Figure 3.19) is t'he direct consequence of t,he Fourier theory. 

Figure 3.20: Basic layout of experimental setup. 

SLM P1 screen P2 

He-Ne laser 
\ 
/ ----- 

---- , d 
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3.4.2 Experimental Technique and Results 

The basic experimental schematic to perform the optical diffraction based nleasure- 

ments is shown in Figure 3.20. The SLM is placed a t  aperture plane ( J ,  y,0) and 

illuminated by normally incident He-Ne laser beam a t  543 nm. The diffraction 

pattern is captured by a computer controlled CCD camera (Pulnix ThiI-1320-15CL; 

number of pixels: 1300 X 1030; pixel size: 6.7 X 6.7pm) placed at a distance z in 

(X, y) plane. A precise alignment and positioning of all the elements was ensured 

before making the measurements. 

The data was digitally processed and analyzcd using National Instruments IMAQ 

Vision and LabVIEW softwares. I11 each measurement, 20 frames were captured and 

averaged to minimize the randorn noise in detection process. The fringing effect due 

to coherent illunlination of CCD is removed by low pass fourier filtering of the 

image data. Figure 3.21 shows one of the CCD images of the diffraction pattern 

obtained after averaging and filtering operation. Discrete artifacts present in the 

Figure 3.21 are due to  downsizing of the image for display purpose. The desired 

accuracy in distance measurement from aperture planc to the screen may not be 

possible because of the non availability of an instrument to  measure the distance 

accurately over a longer distance. Further, the hiriderance caused by SLM and CCD 

housing assembly results in an additional uncertainty in determining the exact object 

and image planes. This limitation is overcome by recording the diffraction pattern 

at  two different planes denoted by P1 and P2 in Figure 3.20. The CCD camera 

(without imaging lens) is lnolinted on a micron accuracy translation stagc which 

has a maximum range of 10 mm. If the planc P1 and P2 are at  distance z - d  

and z + cl, respectively. from the aperture, then the modified expression for pitch 

(Ey. 3.25) at  plane P2 and P1 can be written as, 

X(z + cl) 
P = and 

X2 

respectively. By eliminating the z dependence from Eqs. (3.27) and (3.28), the 

expression for pit,ch becomes: 
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Figure 3.21: CCD image of the LC diffraction pattern after averaging and low pass filtering. 

A similar expression obtained for the pitch in y-direction is q = 2Xd/(y2 - yl). 

Figure 3.22 shows the intensity line profile along y-direction for a diffraction pattern 

that is recorded at two different planes at  a distance z + d  and z - d. A centroid 

detection algorithm was used to locate the intensity peaks and pixel distances in 

secondary maxima. The pitch values p and q measured in two directions are 31.8 f 

1.3 pm, and 36.8f 1.7 pm, respectively. The direct measurement of pixel dimensions 

a and b from the CCD image was not possible. That is because, the threshold for 

l , . , . , . , . , . , ,  
0 200 400 600 800 1000 

Pixel 

Figure 3.22: Intensity line profile of a diffraction pattern along y-direction, recorded at 

t,wo different planes that are 10 mm apart. 

intensity minima of the modulating sinc2(.) f~mction cannot be det,ernlined uniquely 

due to unavoidable background noise. Therefore, a nonlinear best parameter fit 
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bogether wit'h measured values of p and q is used to obta.in a FZ 28.6 pm, and 

b = 31.6 ,urn. 

The apparent discrepancy between the square pixel pitch (= 32 p,m) speci- 

fied by the manufacturer and the experirnent,ally measured values is partly due to  

anisotropic stress caused by the ambient. t,emperature variations and the pr~t~ective 

housing assembly around LC panel. It is also to  be noted that the refractive index 

of LC material a,nd the finite thickness of LC cell have not been taken into account'. 

This, however, will not a.lter the diffraction pattern in any significant way. 

3.5 Conclusions 

Spatial light modulator is an important component of the holographic data storage 

system. The commercially available LC-SLM are usually meant for display applica- 

t.ions. The use of SLM in holographic data storage is constrained by several factors 

such as limited bit depth, finite contrast, pixel size and cross-coupling of phase 

and amplitude modulations. Therefore, it is imperative to quantify some of these 

properties in order to optiniized tlie storage performance. In tlliis chapter we have 

presented the experimental studies pertaining to the operational characteristics of 

LC-SLM as a function of several parameters. The light transmission propert'ies of 

TNLC cell were medelled according to the theory presented in the section 3.2. The 

main conclusions are as follow: 

The polarization rot,ation and birefringence properties of TNLC make it suit,- 

able for the int,ensit,y and/or phase modulation of the light. However, due to 

small cell thickness and birefringence, a pure phase-only modula.tion cannot, 

be realized in TNLC. 

The experimentally ascertained values of twist angle for LC2002 model was 

a = 90" f 0.5". The angle of molecular director with respect to lab vertical 

was found t,o be 11! = 45" If 0.5". 

Theoretical and experimental results indicate a highly nonlinear (input/output) 

response t,he SLM. This inference can be drawn from the light transmission 
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properties of the SLM presented in section 3.3.2. In addition, the bright- 

ness and contrast settings strongly influence the niodulations characteristics of 

LC2002 model. Intensity m~dulat~ion curves corresponding to different bright- 

ness and contrast control are best described either by the power-law or Sig- 

moidal functions. The power-law index (y) can be used to correct the effect 

of SLM nonlinearities. This call be achieved by applying the inverse-gamma 

correction to the input grey scale images before addressing to the SLM. 

Finally, a simple optical diffra~t~ion based technique was implen~ent~ed to  mea- 

sure the pixel size and pitch of a LC based SLM. Further, the difficulty to 

measure the distancc ,- in conventional diffraction based experiment is cir- 

cumvcnted by two-plane measurements of diffraction pattern which is more 

accurate and easier to implement. The variatioils in pixel size and/or pitch 

can seriously degrade the performance in certain applications where one to one 

imaging of SLM and CCD pixel is most desired [84,171]. Any significant de- 

parture from a square shaped pixel car1 be helpful in evaluating the suitability 

of the LC based SLR4 for holographic data storage system and adaptive optics 

based wavefront corrections. 
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Chapter 4 

Holographic Data Storage and 

Image Compression 

Introduction . 
At basic level, a hologram is a record of t,he spa,tial interference pattern formed 

by mixing of two coherent laser beains. One of t,he recording beains which carries 

spatial information is labeled as object beam. The other is a. plane beam ilornlally 

distinguished by its particular direction of travel and labeled as reference beam. 

The object beam is re~onst~ructed by illuminat,ing the recorded hologram with the 

reference beam and vice-versa. In a thick storage medium, t,he reconstruction be- 

comes very sensitive t,o the particular angle of incidence of the reference bea.m, 

which allows multiple pages to  be recorded in the same volume. The dat>a pa.ges can 

be recorded sequentially, by simult~aneously illuminating the phot~oseasitive mater- 

ial with the object beam and its unique reference beam. Each hologram can be a 

read-out. independently by associated reference beam. 

A pixel is a smallest unit in a digital image. Associated with each pixel is a 

number, in the interval [O, L], representing grey level ranging from black (0) to 

white (L). In a binary image, the pixel value is eit)her 0 or 1. For a n-bit grey scale 

image, a pixel can have value a,nywhere between 0 (black) and 2" - 1 (tvhit'e). For 

example, in a 8-bit grey scale image, a pixel may have any integer value bet'mreen 0 

and 255. 

73 
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A holographic data storage system (HDSS) works fundamentally on a page- 

oriented architecture that has a tremendous potential to store pictorial (gray scale 

images) as well as binary data. A11 optical replica of binary or a grey scale data 

page is created by liquid crystal based spatial light ~nodulat~or (SLhI). 

A general layout of HDSS in shown in Figure 4.1. Two possible schemas exist 

to store data holographically. An input grey scale images that has more than two 

brightness levels per pixel can be directly loaded (route I) onto the SLlI to com- 

pose the object beam. Such a scheme is useful for storing visual images where the 

quantitative information in the image are not very critical. The direct storage of 

grey images also improves the over all capacity and the read-out rate of the HDSS 

without additional complexity [172]. 

In the second scheme (route 11), the integer array of pixel values constituting 

the source data is extracted from the input image. The source data is then encoded 

into binary form i.e., a sequence of 1s and OS to form a binary data page. Several 

I I . . . . . .  I]! . . . .  .< .. , source data binary data 

Figure 4.1: A general layout of holographic dat,a storage systern. 

advanced and powerful error correction codes (ECC) and modulation codes can be 

implemented to mitigate the effect of noise in the binary data. In fact these coding 

techniques have become indispensable part of all dat,a storage and comnlunication 

systems. The ECC and modulation codes are briefly described in section 4.1. 

One of the goals of this chaptJer is tto illustrate the image compression scheme 

for HDSS. In section 4.2, the basic data redundancies that make image compression 
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possible, are described. The Haar transformation based image con~pression and its 

inlplemcntation using matrix algebra is explained subsequently. Huffman encoding 

of binary data is explained next. Iniage compression algorithm was developed and 

quantitative results obtained for some of the test images are presented. A block- 

based rneanlmedian approach is suggested to distinguish between logical 1s arid 

OS in a CCD captured image. The experimental scheme developed for HDSS is 

presented in section 4.3.1. The storage of binary and grey scale astronomical images 

in Fe:Ce:Ti doped LiNb03 crystal is demonstrated, respectively, in sections 4.3.2 

and 4.3.3. 

Error Correction and Modulation Codes 

Noise and error sources are mechanisms through which information is eit,her cor- 

rupted or lost while recording aad/or retrieving the data. For example, packing 

data bits more densely bring them t,oo closer to each other's proximity such t,hat 

t,heir boundaries begin to merge. This leads t,o destructive influence of inter-symbol 

interference (ISI). In addition, by increasing rea.ding> recording and transfer rate 

results in distorted data readout. The error is usually quantified by a term known 

a.s bit-error rate (BER), defined a.s the ratio of number of error bits in the output, 

stream to the total number of data bits in the input stream. In a typical st,orage 

media, the raw BER is around 10-3 - 10-% However, the acceptable standard for 

BER in the present storage devices is of t,he order of FZ 10-l' or bet,ter. 

The error detection and correct,ioil codes a,re designed to impa.rt. certain degree 

of imlnunit,y t'o t'he da,t,a. bits against the noise. It is a,ccomplished by selectively 

introducing redundant bits into the source data prior to storage. These additional 

bit,s (also called overheads) a.llow detection and correctlion of bit, errors in the re- 

trieved data from the noisy environment. The overhead cost associa,ted with ECC is 

characterized by the code rate: k ln ,  where k is source data bits and n is code word 

length. The coding redundancy is measured by the number of extra. bit i.e., n - k .  

Main examples of ECC codes are: parity checl<s code, Hamnling code, Reed-Muller 

code, Reed-Solomon code and Turbo code [173]. 
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In page oriented data storage system, the occurrence of some of the bit patterns 

contribute more noise than others. In addition, certain bit pattern nlay be more 

suitable for a given detection scheme. Therefore, the purpose of modulation codes 

is to permit the appearance of selective patterns in the binary data page and inhibit 

the pattern that are more prone to noise. In a p : q modulation code; p is the length 

of source bits and g-p is the number of ext,ra or overhead bits required to achieve 

the desired modulation. The overhead is usually described in terms of code ratio, 

p19 < 1. 

The error correction and nlodulation codes, though extremely useful in preserving 

the data fidelity, have undesirable effects on the storage capacity of the medium due 

to  increased overhead rates. The effective storage capacity of the syst,em drastically 

reduces due t,o inclusion of overhead data. One of the ways to overcome this lirnita- 

tion is to compress the source data before applying the ECC arid modulation codes. 

Efficient data compression algorithms can effe~t~ively compensate for the overhead 

pellalty paid in ECC and nlodulation coding. The objective of data compression is 

to reduce the number of bits required to convey the useful information in a source 

data. The data coinpression is possible because most real-world data is statistically 

redundant. The implementation of Several ECC and modulation codes for holo- 

graphic inemories have already been demonstrated in the past [63,70-72,74,174]. 

Without taking further recourse to ECC and modulation codes, the next section 

explains the principle of image compression. 

4.2 Image compression 

An image is a two-dimensional repre~ent~ation of some physical data or signal which 

conveys some meaningful information. The image coinpression addresses the issue 

of reducing the amount of data required to represent a digital image. Most of 

the natural images have certain statistical properties which can be exploit.ed to 

achieve the compression. Different amount of data may be used to convey the same 

information. In that sense, the extraneous data that does not provide any new or 

extra information leads to data redundancy. The underlyirlg basis of the reduction 
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process is to remove the da,ta redundancy. In most of the digita,l images, t,hree types 

of data redundancies can be identified. These are: interpixel redundancy, coding 

redundancy and psychovisual redundancies. 

Interpixel redundancy arises froin t,he correlation among the pixels due to struc- 

tural or geometrical siinilarities between the objects in the image. In such a case, it 

is possible to approxiinate a pixel va.lue from t,he neighbouring pixels. The iriterpixel 

redundancy in an image can be reduced by tra,nsforming the two-dimensional pixel 

a.rray into a. more efficient and often nonvisual format. This is discussed in section 

on Haar transform. 

Usually in a digital in~a~ge, the number of bits used for t,he representation of each 

pixel is constant for all the pixels, regardless t,he value of the pixel and the frequency 

of occurrence of t8hat value in the image. In most of t,he na,tural images, cert'ain grey 

levels are more likely to occur t8han others. Wliicli means the histograms of most, of 

the images are non-uniform. This is illustrated in Figure 4.2, where four different 

images are shown along with their respect,ive hi~t~ograms. An image will contain a 

coding redundancy if the grey levels are encoded in such a way t,hat uses more code 

symbol or bits than absolutely necessary to represent a grey level. For exa.mple, a. 

natura,l binary coding assigns fixed number of binasy bits to encode both the most 

and the least probable grey levels. The coding redundancy can be overconle by 

variable-length encoding, where, fewer number of bit,s are assigned to more probable 

grey level values t>han the less probable ones. Huffman coding discussed in later 

section, is an example of variable-length coding. 

The human visual syst,em does not havc equal sensitivity for all the visual infor- 

rnation in an image. Therefore, information t,hat are redundant for visual perception, 

give rise to p.sychovisua1 redundancy. For example, human eye cannot, distinguish 

between a 16-bit and a 24bit  grey scale or colour irnage. The reduction of psycho- 

visua.1 redundancy may result's in quantit,ative loss of information. 

An image is represented as a 2-dimensional array of int,egers, each integer rep- 

resenting the brightness level a t  a given point. blathematical t8ransformat8ions ca.n 

be applied to an image so as to obtain information that are not readily available 

in the original image. There are several types of transfornlations. Most conlmollly 
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Table 4.2: Description of images shown in 

S. No I Image description 

Gravitational lensing in galaxy cluster Abell 2218 

Artist's impression of planets' motion 

Eagle nebula 

Star formation regions in Tarantula nebula 

The Sombrero galaxy M104 NGC 4594 

Spiral galaxy NGC 4414 

Spiral galaxy pair NGC 331? 

Buzz Aldrin on the Moon 

Galaxy NGC 6781 

Saturn image 

Distance galaxy lensed by Abell 2218 

Earth-Mars photograph taken from space 

Horse head nebula 

Hubble deep field 

Globular cluster NGC 3697 

Earth from the outer space 

Globular cluster in galaxy M31 

Backwards spiral Galaxy NCG 4622 

Spiral galaxy NGC 7331 

Galaxy M106 

Kashima radio antenna 

High energy gamma ray telescope at IAO* 

Galaxy M71 

Galaxy M81 

Artist's conception of black hole & a companion star 

Jupiter comet impact 

Galaxy NGC 1637 

Galaxy NGC 6946 

Himalayan Chandra telescope at IAO 

Galaxy M86 

Saturn image 

Planetary nebula M2-9 

Galaxy M101 

( G )  ht tp :  / /hubblesite . org/ 

34 

35 

36 

( b )  http://vvv. astroimages .net /  

Jupit,er from Cassini orbiter 

Whirlpool galaxy M51 

Keck telescope located in Mauna Kea in Hawaii 

( C )  ht tp :  //ww.gral&. com/Astro/Astro .html/ 

Figure 4.11. 

Original size & Source 

* IAO is Indian Astronomical Observatory located at Hanle (J&K). 
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4.4 Conclusion 

In this chapter, a page oriented architecture of HDSS is outlined. The importance of 

ECC and modulation codes in data storage application is briefly emphasized. In order to 

counter the increased overhead rate due to ECC and modulation codes and to improve the 

effective storage capacity, the need for image or data compression is highlighted. Three 

types of redundancies used in data compression are discussed. Image compression using 

the Haar wavelet transform is explained and the its implcrnentation using matrix algebra 

is proposed. To remove the coding redundancy from t,he data, the variable length loss- 

less encoding was described. Huffman's encoding technique was outlined with an example. 

Sorne of the important parameters such as the degree of compression, the root-mean-square 

error and the average code length were computed for the four test images. 

Experimental aspect of holographic data storage and retrieval system in the lab, were 

explained in detail. A spatial arid rotation rnultiplexing scheme was developed to store 

multiple image holograms in the photorefractive crystal. The storage and retrieval of 

compressed binary data page was successfully implemented. A block-based mean arid 

rnedian processing of CCD image was proposed to distinguish logical 1s and OS. The 

compressed binary data pages corresponding to four test images were holographically 

written in Fe:Ce:Ti LiNbOs. The stored data was retrieve and decoded to reconstruct the 

original images. At the preliminary stage, holographic recording and retrieval of as many 

as 108 grey scale astronomical images was successfully demonstrated. Finally, based on 

the qualitative observations of the retrieved images few suggestions were made to improve 

the image quality. 
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Chapter 5 

Bacteriorhodopsin: Theoretical 

Modelling and Experiment S 

5.1 Introduction 

Bacteriorhodopsin (bR) is a photochemically active protein found in the purple membrane 

of the bacteria Halobacterium salinarium, which is also known as Halobacterium halobium. 

The photo-response and structure of bR has already been discussed in Chapter 1. The 

work presented in this chapter comprises theoretical modelling and experimental studies 

of commercially available bR films. In first section, a time-dependent theoretical model 

based on rate equations for all the photochemical states of bacteriortlodopsin (bR) is dewl- 

oped. The rate equations for proposed model are formnlated and outline of the solution 

is provided. Subsequently, results obtained from theoretical calculations and computer 

sinlulations are discussed. In section 5.2, the experimental work on nonlinear absorption 

based, high contrast, all-optical switching in photochromic bR films is presented. A sim- 

plified three-state model for bR photocycle is formulated and the expression for nonlinear 

absorption coefficient under two-beam illumination is derived. The switching action is 

accomplished by controlling the transmission of a weak probe beam through bR sample 

with the help of a strong pump bearn illumination at 532 nm. The results are presented 

for the wild-type as well as genetically modified D96N variant of the bR. 
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Figure 5.1: Absorption spectra of a typical wild-type bR molecules. 

5.2 Theoretical Model and Sirnulations 

Absorption of a photon at 568 nm by bR molecule initiates a photocycle that leads 

to transport of a proton out of the cell. The photocycle is characterized by a series of 

distinct spectral intermediates as explained in Chapter 1. It is customary to represent the 

photocycle as: B570 + J625 = K610 = L550 = M410 .+ N560 = 0640 + BS70. Here, the letters 

denote the ground and intermediate states and the subscripts correspond to the peak 

wavelength (nm) of their respective absorption bands. A considerable overlap, as shown 

in Figure 5.1, exists between the absorption bands of different intermediates [83]. Almost 

all the applications involving bR require to alter the population density of its molecules 

in one state or other via photoexcitation. On account of population redistribution of 

molecules on excitation, bR exhibits strong optical nonlinearities at very low laser powers. 

A photocycle for commonly used wild-type bR is shown in Figure 5.2. Typical thermal 

relaxation times and absorption maxima are also indicated. Also shown in Figure 5.2 are 

branched states P and Q usually not considered as a part of photocycle, but they are 

crucial for volunle-holographic and page-oriented optical memory applications 182, 831. 

Some intermediate state like M has two substates MI and MII, which are spectroscopically 

indistinguishable. Subst,ates of 0 has also been identified in some of the recent studies on 

bR mutants [191,192]. 
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Figure 5.2: Schematic representation of the photocycle of wildtype bR molecule. Arrows 

with dashes and solid lines indicate thermal and photoinduced transitions, respectively. 

5.2.1 A Time-dependent Multi-state Model 

Overall dynamics of the each state is usually quite complex and it is governed by incident, 

light intensity and various photophysical properties of other intermediates. The intricate 

nature of the photocycle makes the mathematical modelling and analysis rather compli- 

cated. In the past, researchers have used much simplified scheme of two-level model to 

describe the kinetics of bR photocycle [115,193,194]. The two-level model usually consid- 

ers B and M states and neglects the time scales and contribution of other intermediates. 

In general, a significant variation from this model may result at very high or low light ir- 

radiance. Another model proposed by Reddy [l951 and Roy et al. [l961 takes into account 

all the bR states. But, their model is applicable only for steady-state condition, and does 

not include the time-dependence of the population densities of the intermediate states. 

It is not possible to exactly solve the rate equations by simultaneously retaining the 

temporal and intensity dependence. Therefore, an indirect approach was adapted by con- 

jecturing an effective rate constant that represents average thermal decay and reverse 

phototransitions rate from various intermediates to B state when illuminated with green- 

yellow light. A semiquantitative study of temporal and intensity dependence of the popu- 

lation densities can easily be made from the solution obtained under such approximation. 

The well known wild-type bR molecular photocycle, shown already in Figure 5.2, can 

be adopted without any loss in generality. The B state is thermally stable for all form of 

molecules and requires photoexcitation by suitable wavelength to initiate the photocycle. 

However, any other intermediate can have bidirectional thermal transitions only with its 
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adjacent states or it can absorb a photon and revert back to B. The rate of forward 

reaction is usually dominant at  the initial stages before reaching a steady-state, therefore, 

it is suffice to consider the forward thermal transitions alone to keep the analysis simple. 

The rate equations for each state can be written as 11971: 

3 = K o N o -  
dt 

dN0 - - --  
dt  NN rN (Ko+$)  No, 

dNN - NM - - -- (KN+;) N., 
dt 7x4 

dNM - 3 - (K. + $) N., 
dt rr , 

~ N L  - - - 5 -  ( K ~ + $ )  IVL, 
dt rrc 

dh'K = K B N B -  
dt 

where, A$ is the population density of the molecules and is the thermal time const,ant. 

The photochemical rate Ki = aiFi, where ai is absorption cross-section and Fi is photon 

flux. Index i, designates B, K, L, M, N, 0, and P state. The J state has been neglected since 

it is extremely short lived (< ps) and remains untrapped even down to 4' K [83]. Further, P 

and Q states are considered a s  equivalent and designated as P. Thermal decay rates depend 

on parameters such ns the ambient temperature, hydration, and pH level of the film and 

otherwise remain constant [198,199]. The closed form solution for the coupled differential 

Eqs. (5.1)-(5.7) is not possible unless time dependence is neglected. To circumvent this 

difficulty, we closely examine the two counteracting mechanisms that affect the B state 

population in Eq. (5.7). (a )  The photoexcitation of B state diminishes its pop~lat~ion when 

illuminated with green-yellow light beam, and (b) the photoinduced transitions from all 

other intermediates along with thermal relaxation at the end of the photocycle tends to 

replenish it. In second process (b), the thermal decay and photoinduced transition rates 

of all the intermediates that populate B state can be approximated by an effective rate 

constant 6. Therefore, Eq. (5.7) can be rewritten as, 
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where NI is population of all the intermediate states. If NT is total number density of the 

bR molecules, then the relation NT = NB(t) + NI(t) is valid at  any given t,ime. Considering 

the initial condition, i.e. NB = NT at t = 0, Eq. (5.8) can be solved to give: 

We note that the rate equation for each intermediate is only coupled to its previous state 

population. Therefore, solution for K state can easily be found by substituting Eq. (5.9) 

into Eq. (5.6) with initial condition NK = 0 and t = 0 as, 

Following the recursive substitution into subsequent ra,te equations, the solution for all 

ot,her intermediate states can be found. Here, writing the lengthy expressions for other 

intermediates is avoided for convenience. 

The expressions for steady-state population densities for any of the intermediate state 

in phot,ocycle i can be obtained from the corresponding general solution in t,he limit t -+ m. 

After the substitution and algebraic simplification, we get, 

where j = 1, 2, 3, ..., represent K, L, M, ..., respectively, and superscript 'S' stands for the 

steady-sbate. Other symbols have their usual meaning as already defined. It is customary 

to express the photoinduced transition rates in terms of the molar extinction coefficients 

2303 Bi (X) ei (X) I 
K* = 

N A h v  

where 4i, I, NA, h, and v are, quantum efficiency, light intensity in mW, Avogadro's 

number, Planck's constant, and central frequency of illuminating light, respectively. Due to 

the presence of thermal decay term in Eq. (5.7), the effective rate constant K defined earlier 

should exhibit a sublinear intensity dependence of the form KCX I T .  The value of y W 0.7 

is consistent with our simulations for the material parameters listed in Table 5.1 [82,196]. 
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Table 5.1: Typical material parameter values for wild-type bR. 
t, ( I  mol-lcm-l) 

States 

5.2.2 Simulations and Discussion 

31000 0 0 

The dynamics of various states based on the solution of the proposed inodel is shown in 

Figure 5.3. Ground state excitation of a thin bR film at 570 nm is assumed for simulation 

purpose. For clarity, the P state population is not shown since it is very small ( m  0.003 5%) 

due to extremely low quantum yield (+,,p 2 X 1 0 - ~ )  for branched cycle in comparison 

to primary photoreaction of bR 2 0.64) [82]. Table 1 lists the values of other 

material parameters used in our simulations 1831. Theoretical calculatiorls indicate that 

at low intensity (I < 1 Wcm-') the population of each state depends critically on its 

thermal relaxation time, whereas at  higher intensity it is determined by the photoinduced 

transitions of the intermediate in question. This can be seen in Figure 5.3(a)-(d), where, 

for example, the relative population of O state is higher at low intensity (due to relatively 

longer thermal decay time) compared to other states but does not increase in same pro- 

portion at higher intensity. In fact there is a decline at higher intensity due to increase in 

absorption that causes significant photoinduced transitions from O to B. On the contrary, 

M state has no absorption at 570 nm, and therefore its population continues to rise with 

intensity. As expected, the maxima of each intermediate state, in order of their occurrence 

in photocycle is also shown suitably shifted to right on the time axes, widely spaced from 

each other at low intensity, and considerably shifted to left at  higher intensity. 

The knowledge of optimum light exposure is of paramount importa~lce in any appli- 

catiou. This can be elucidated by considering page oriented volumetric memories that 

rely on branched photocycle of bR involving P and Q states. The process is based on the 

following consecutive sequence: 

> 5 yrs 
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Figure 5.3: Temporal evolution of population densities of various intermediates at different 

intensities of illumination at wavelength 570 nm. 

photon 1 
B ( s t a t e O ) = = d  K + L - + M - + N + O - t B  (pagin.9 

photon 2 
0 ==& P/Q(s t a t e  1) (writin.9) 

where P and Q are intermediates in the branching cycle and K, L, M, N and 0 are 

all intermediates within the main photocycle. In the paging process, a green-yellow laser 

beam (X = 570nm) activates a thin region inside the bR cuvette by init,iating the photo- 

cycle. After few milliseconds the population of 0 intermediate reaches near maximum. In 

the present case it takes - 15 ms at 1 W C ~ - ~  paging beam intensity. At this point, spa- 

tially m~dulat~ed data beam (X = 640nm) irradiates the volume to complete the writing 

process by photo-activating 0 state to P state that eventually decays to form a long lived 

Q state. Usually, a binary state 0 is assigned to B and 1 is assigned to P /Q state. A sim- 

ilar procedure is followed to read the stored data page using the technique of differential 

absorption measurements. To keep the bit error rate witthin acceptable limit (W 10-l'), 

a high signal to noise ratio (SNR) is most desirable while reading the data. Therefore, 

the first important thing is to develop an accurate paging scheme in terms of optimum 

exposure time and intensity to maximize the photo conversion from B to P /Q  state. As 
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Figure 5.4: Plot of minimum time required vs illumination intensity t,o achieve maximum 

population densities (a) for 0 state (b) for M state. 

noted already in Figure 5.3, the time taken to reach the maximum population for any 

intermediate decreases with intensity. The minimum exposure time tTnin required to max- 

imize 0 state population was found to vary from 35 Ins at 0.001 W C ~ - ~  to 15 ms at 

1 Wcnl-"intensity. Numerically computed tmin for 0 state is shown in Figure 5.4(a). A 

similar variation in tmin from 7 ms to 3.5 1-11s over the same intensity range can be noticed 

in Figure 5.4(b) for the M state. Plots for the steady-state population densities based 

on equation Eq. 5.11 are presented in Figure 5.5. Even in the steady-state, the overall 

behaviour is governed by the photoinduced tran~it~ions and the thermal decay rates. The 

steady-state photoconversion efficiency of bR to various intermediate states is different 

in different intensity regions. The 0, N and M state populations in Figlre 5.5 dominate 

region I, I1 and 111, respectively. This fact can be used as an effective guideline for esti- 

mating photon budget while devising specific application based on any of the intermediates 

of the bR. For example, increasing the illumination intensity beyond 4.8 Wcm-"ill only 

reduce the 0 state yield. Therefore, it is advantageous to confine the illumiriation inten- 

sity within optimum limit of 4.8 Wcm-"0 maximally exploit 0 state in the intended 

application. On the other hand, high intensity that can be obtained from pulsed lasers or 
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Figure 5.5: Steady-state population density versus intensity of illumination at wavelength 

570 nm. 

tightly focused cw beam is favourable for applications involving M state population. The 

noted aspect was not obvious in the earlier models [195,196] as they were confined only 

to low intensity regime. Finally, it must be emphasized that most of the photophysical 

properties (such as absorption, life time and quantum efficiency etc.) of the bR can he 

tailor made by chemical or genetic modifications to suit a particular application [201]. 

5.3 All-Optical Switching in bR Films 

On account of population redistribution of molecules on excitation, bR sample exhibits 

strong optical nonlinearities at very low laser powers. The phenomenon of photoinduced 

absorption changes and Kerr type refractive index changes are the most relevant nonlinear 

processes that form the basis for almost all the envisaged applications of bR. 

The photoinduced anisotropy and birefringence in bR has been explored for its appli- 

cations in all-optical switching [202,203]. The bR film that is normally opaque to the weak 

probe beam (in green-yellow region) becomes transpxent due to significant reduction in 

absorption when illuminated with an intense pump beam. The pump assisted fine con- 

trollability of the probe beam trarismissiorl makes it ideal for operating as an all-optical 

switch. 

Nonlinear absorption based all-optical switching and logic gates in bR have been ex- 

perimentally demonstrated by researchers recently [106,204-2061. All these studies were 

carried out using probe beam wavelength that corresponds to peak absorption of the 0 

and M intermediates in the bR photocycle. As compared to the ground state, the fraction 

of molecules present i11 these states under steady-state pump illumination remains consid- 
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erably smaller. Therefore, even though the 0-state has maximum absorption at 640 nm, 

t,he achievable contrast at this wavelength is rather low. To evaluate and optimize the 

performance of bR for switching purpose, nonlinear absorption dynamics and its spectral 

and intensity dependence merit a detailed investigation, as a considerable departure may 

exist between theoretically predicted model and experimentally measured values. 

5.3.1 Photoinduced Nonlinear Absorption 

Nonlinear absorption refers to the change in transmittance of the material as a function 

of incident light intensity. When a bR sample is illuminated with green-yellow laser (570 

nm), increasing number of molecules are transferred into other intermediate states. The 

net result is that the sample cannot absorb as many photons of incident light as it does 

at low intensity levels. The reduced difference in population of molecules in ground state 

and other intermediates causes the reduction in ground-state absorption. 

When the absorption cross-section of the excited or intermediate state is less than that 

of the ground state, the transmittance of the system will increased at high intensity. This 

process leads to saturable absorption. On the other hand, a reverse saturable absorption 

results when the absorption cross-section of tlie intermediate state is more than the ground 

state and as a consecluence the material becomes less transmissive at high intensities. 

Interestingly, by selecting appropriate probe wavelength, the bR offer the possibility to 

realize both the phenomenon when photoexcited from the ground state by green-yellow 

light beam. As compared to other intermediates, the M and 0 states have relatively longer 

thermal relaxation times and also larger absorption cross-section. More importantly the 

non-overlapping absorption bands of M and 0 states are blue and red shifted with respect, 

to ground state absorption. Therefore, it is suffice for all practical purposes to replace the 

complex photocycle by a simplified three-level scheme shown in Figure 5.6. The level 1, 2 

and 3 can be identified, respectively, with B, M and 0 states in bR photocycle. 

Here, we derive an expression for the intensity dependent nonlinear absorption closely 

based on the a simplified photoexcitation process. Therefore, from Figure 5.6, the admis- 

sible routes in photocycle are [207]: 

l + l t + 2 = + 3 + 1 ,  

1 4  l '+ 2  + 1, and 

l + l t + 2 * 3 + l  
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Figure 5.6: A modified three-level scheme for bR photocycle. The photoexcitation is des- 

ignated by solid arrows (-+), whereas, double arrows (+) indicate the process of thermal 

relaxation of intermediate states. 

We consider the simultaneous illumination of the bR sample with a pump and a probe 

light beams which are not necessarily at same wavelength. The rate equations for the 

three states car1 be written as, 

where Ni is molecule density, Fj is incident photon flux, aij absorption cross-section for 

the state i (i = 1,2,3) and bea,m j ( j  = s , p  signifies probe and pump, respectively). ~2 

and ~3 are thermal decay rates for 2+ 3 and 3+ 1 transition, respectively. The existence 

of 1' state is considered to be extremely short with insignificant population as compared 

to other sta,tes. 

In the steady-state, dNi/dt = 0 and Eqs. (5.13)-(5.15) can be solved to obtain the 

population density of the molecules in different levels. The change in probe beam intensity 

with propagation distance inside a bR film can be written as, 
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Figure 5.7: Calculated nonlinear absorption curves for 570 nm, 410 nm and 640 nm signal 

beams corresponding to absorption maxima of B, M and P states for a wild-type bR, film. 

where a ( I ,  X )  is intensity-dependent absorption coefficient and it is given by, 

where NT = N I  + N Z  + N3 is total density of the bR molecules, and a = 1 + (Fpag+ 

~ ~ a 3 , ) n ; ~ .  For a single beam illumination, i.e., FP = 0, Eq. (1.17) reduces to the expression 

derived by Rao et a1 1208). Considering the ground state excitation of bR at 570 nm, we 

car1 calculate the variations in rionlinear absorption coefficient using Eq. (1.17). The 

characteristic absorption saturation for B and 0 state and reverse absorption saturation 

for hi1 state can be ascertained clearly from Figure 5.7. Simulated curves in Figure 5.7 are 

obtained using material parameters of a typical bR sample given in Table 5.1. It is to be 

noted that the intensity-dependent absorption change is maximum for a probe wavelength 

that is closer to ground state absorption. The experimental results presented in the next 

subsection indeed validate this assertion. 

Switching time and contrast ratio 

Two important parameters used for evaluating the performance of a simple on-off optical 

switch are: switching contrast also known as contrast ratio (C.R..) and switching time 

(S.T.) Switching contrast is the ratio of the maximum transmitted intensity I,,, to the 
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wavelength (nm) 

Figure 5.8: Spectral curves for ground state absorption in wild-type and D96N film. 

minimum transmitted intensity Imin, and often expressed in decibels as [209]: 

C. R. = 10 log(IInm/Imin) 

A high contrast is necessary to distinguish two logic states unambiguously. 

Switching time is the measure of finite elapse that occurs during the transition from one 

state of the switch to other. It is customary to define switching time as the time required to 

change the signal beam intensity from 10% to 90% of I,,, i.e., S. T .  = t (o  I ,,,,, -t(O,l I ,,,,). 

Experimental Results and Discussion 

The conventional pump-probe method is used to investigate the optical switching proper- 

ties of commercially available wild-type (WTN3) and genetically modified D96N variant 

of the bR. Bacteriorhodopsin films were purchased from Munich Innovative Biomaterials 

GmbH (MIB) Germany. These films were sealed between two windows of high-quality 

optical glass which was held permanently in a rugged metal holder. The filins had clear 

circular aperture of 19 mm. The spectral curves for ground state absorption of these films 

are shown in Figure 5.8. 

A vertically polarized light from diode-pumped Nd: YAG laser at 532 nm was used as 

pump beam. The output of green, orange arid red He-Ne lasers, respectively, at  543 nin, 

594 nm and 633 nm were used as probe wavelengths. Both the films had optical density 2.5 

(Figure 5.8) at  532 nm. The basic experimental set-up is outlined in Figure 5.9. The beam- 

crossing angle was made small to ensure a. complete and uniform overlap of the beams in 
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Figure 5.9: Experimental layout for optical switching using pump-probe method. SF, 

spatial filter with beam expander; P, polarizer; PM, power meter; M, mirror; ES, electronic 

shutter; NDF, neutral densit,y filter. 

the bR sample. Transmitted power of the probe was monitored using computer controlled 

optical power meter (Model: 4832-c Multichannel Optical Power Meter; Newport). In the 

region of interaction, the diameters of pump and probe beam was W 3.2 mm and N 2 mm, 

respectively. 

5.4.1 Transmittance Measurements 

The bR film that is considerably opaque at a weak probe beam becomes transparent when 

illuminated with bright,er pump beam. The probe beam transmission in the presence of 

5 mW pump beam is illustrated in Figure 5.10 for different probe wavelengths. There is 

no change in probe beam power for t < 0. Once the pump beam is turned on at t = 0, 

immediately the probe power starts rising and eventually reaches a steady- state value. 

The transmission again falls duc to increased absorption after switching the pump beam 

off. The dynamics of transmission rise and decay processes can be described by a double 

exponential function of the form: 

where, yo is a positive constant, and A1: Ap < 0 for the transmission rise and AI;  A2 > 0 

for the transmission decay. 71 and 72 are two distinct time constants representing slower 

and faster components of rise and decay curves. These time constants are independent of 

pump intensity but found to vary with probe wavelengths. Botli the films, WTN3 and 

D96N, had almost identical values of 71 and 72. For the rise and decay processes, the 
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Figure 5.10: Pump-induced transparency of probe beam in (a) WTN3 and (b) in D96N 

film. The pump and probe powers are 5 mW and 5 /ITV, respectively. 
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Figure 5.11: Measurement of probe beam transmittance through (a) wild-type arid (b) 

D96N film at different pump powers. Different symbols represent the experimental data 

points, whereas solid lines are theoretically calculated values using three-state model. 
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approximate values of 7 1  and 72 obtained using Eq. (5.18), are listed in Table 5.2. 

Table 5.2: The rise and decay time constants at different probe wavelengt,hs for WTN3 

and D96N bR samples. 

The photo-induced change in optical transmittance of the probe beam was measured 

&be 

(nm) 

633 

594 

543 

at different ill~minat~ion levels of the pump beam by varying t'he power frorn 0.01 mW to 

12 mW. The sample transmittance T is define as, 

Where, Iy(pump on) and I,(pump off) is the steady- state transmitted probe intensity in 

the presence and absence of the pump beam, respectively. The results for transmittance 

measurements for WTN3 and D96N film are shown in Figure 5.11. 

The observed behaviour of sublinear dependence and subsequent saturation of probe 

beam transmittance at high pump intensities follows from the nonlinear absorption model 

presented in previous section. Unlike 633 nm, the probe wavelength 543 nm and 594 nm 

have relatively higher absorption primarily because they lie close to the ground state ab- 

sorption peak (570 nm) of bR. Additionally, the molecules in other intermediates like I<, 

L, N and 0, due to their finite overlap of absorption bands, may contribute to increased 

probe absorption at these wavelengths [83]. The photeconversion rate from other inter- 

mediate states to the B state increases with increase in pump irradiance. As a result the 

saturation of the 543 nm and 594 nm probe occurs relatively at higher pump intensity as 

compared to the early saturation of probe at 633 nm. 

5.4.2 All-Optical Switching 

rise 

The photonic switching operation was realized by controlling the transmission of probe 

beam through bR sample by periodically illuminating it by a purnp beam at 532 nm [207]. 

The illumination period of the pump was controlled by an electronic shutter set to 50% 

duty cycle. The pump illumination period was varied over a range from 10 S to 100 ms. 
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Figure 5.12: Probe beam switching at (a) 543 nm and (b) 633 nm in WTN3 film in 

response to periodic, square-wave illumination with 10 mW pump. Pump excitation rate 

for the curve I, I1 and I11 are 0.05 Hz, 0.5 Hz and 15 Hz, respectively. 

The probe beam power through bR sample was fixed at 5 p1V prior to pump excitation 

that begins at  t = 0. In response to periodic square-wave pump excitation, the switching 

characteristics of the probe transmission resembles more like a charging and discharging 

of a capacitor. 

Shown in Figure 5.12 are some of the experimental results of the optical switching 

observed at 543 nm and 633 nm probe wavelengths. At higher illumination rate the 

switching process approaches a steady response with a time constant 7,~. This is indicated 

by a segmented line that overrides the probe modulated curve in Figure 5.12(a)-111. The 

overall slow therrnal relaxation of bR rriolecules is responsible for this behaviour. The 

direct consequence of slow thermal relaxation of bR is the fall in contrast ratio with 

increase in pump illumination rate. 

The variation of contrast ratio, and switching time with pump illumination ratme mea- 

sured at three different pump power levels are shown in Figure 5.13(a) and 5.13(b), re- 

spectively. Again, the contrast ratio has nonlinear dependence on the pump intensity in 

the sense that incremental change in pump does not result in same incremental change 

in contrast at hight pump intensities as it does at low intensities. If the width of the 

pump pulse is D ,  then for D >> r , ~ ,  the population distribution of bR molecules reaches 

a steady-state before the pulse ends. As D is shorten, i.e., D << T e ~ ,  the pump pulse 

ends much before the time required to reach the steady-state. Likewise, when the pump 

is off, due to slow thermal decay rate not all the molecules in the photocycle are able 
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Figure 5.13: Variation of (a) contrast ratio and (b) swit,ching time with pump illumination 

rate in wild-type BR sample measured at 5 mW, 10 mW and 20 mW pump powers and 

543 nm probe. The probe beam power was = 5 pW. 
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Figure 5.14: Contrast ratio as a function of probe beam intensity at 10 mW pump and 

1 S illumination rate. (a) for wild-type and (h) for D96N. The solid curve is power law fit 

to the experimental data points represented by different symbols. 
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; to relax to the ground state B before the arrival of the next pump pulse. Consequently, 

the power level designating 'on-state' is lowered while the 'off-state' is raised. Therefore, 

large thermal relaxation time leads to low contrast arid slow switching rates. The detailed 

experimental results concerning switchir~g time and contrast ratio are summarized in Ta- 

ble 5.3. For comparison, some of the recent studies in all-optical switching in bR, are 

recorded in Table 5.4. 

The high switching contrast reported in Ref. [202,203] is obtain using photoinduced 

anisotropy. That is, when a film is illuminated by a linearly polarized light, only those 

bR molecules whose transition dipole-moment vector is oriented along the polarization 

vector of the incident light, are saturated, while those with perpendicular direction are 

spared. This anisotropic distribution of bR molecules results in photoinduced dichroism 

and photoinduced birefringence. The photoinduced birefringence can appreciably rotate 

the polarization vector of incident probe beam, which can be completely blocked by an 

analyzer oriented appropriately and placed the in beam's path to yield high contrast. The 

photoinduced anisotropy based studies in our bR films will be taken up in near future. 

The measurements of contrast ratio were also made by varying the probe beam power 

Table 5.3: The measured range of contrast ratio and switching t,ime when the pump 

illumination rate was varied from 0.1 Hz to 10 Hz. The probe beam pourer was fixed at 

from 5 nW to 15 1.~14' while keeping the pump power fixed at 10 mW with 1s illumination. 

Contrast ratio is high at weak probe and appcars to drop as the probe intensity is increased. 

Figure 5.14 depicts the results of contrast change for wild-type and D96N films at different 

probe intensities. The contrast ratio shows a power law dependence on the probe intensity 

that has the form R = a 0  + a 1  IT, where a 0  and a 1  are constants and y is intensity power 

Aprobe 

(-1 
switching time ( S )  PllmP Pom7er 

(mw)  
5 

W T N 3  

1.90-0.02 

D96N 

1.82-0.02 

contrast ratio 

W T N 3  

1.35-0.01 

D96N 

1.6&0.01 
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W T  film ; P Z ;  1 532 nm [ 660 nm 1 0.6/1.5 1 1000:l ( [203] 1 

Table 5.4: All-opticd switching studies in bR from literature. 

I OD=5 Q 570 nm; 1 300 mWcm-' 1 250 mWcm-' ( 1 I 1 

References 

OD=3 Q 570 nm; 

W T  film; PIA; 

Contrast 

t PIA: Photoinduced anisotropy; ~ L I A :  Light-induced absorption 

Rise/Decay 

(S) 

bR sample & method 

500 mWcm-2 

568 nm 

W T  film; L I A ~ ;  

OD=3 Q 570 nm; 

Table 5.5: The best fit parameter values for the power law dependence of contrast ratio 

\Vavelength/Intensity 

5 mWcm-2 

633 & 442 nm 

532 nm 

470 m W ~ m - ~  

index. The best fit values of these parameters for both the films are listed in Table 5.5. 

However no significant variation of switching time was observed wit#h probe intensity. A 

brief comparison between two bR samples shows that D96N film has slightly better contrast 

than wild-t.ype film. In addition, D96N has somewhat slow response time as compared to 

the wild-type film. Otherwise, there no marked difference between their absorption and 

switching properties. 

Xournu 

635 nm 1 0.016/- 1 0.2-0.85 / 12061 1 
10.8 mW 

on probe beam intensities in WTN3 (D96N) bR films. 

Conclusion 

Xornhr 

- 

A time-dependent multistate model for bR photocycle is presented. The model incor- 

porates both temporal and intensity dependence of population densities for different bR 

states. Simulation results obtained for a typical wild type sample provide a better under- 

standing of bR dynamics and its steady-state behaviour that can be used to optimize its 

performance in device applications. 

A nonlinear-absorption based experimental studies of all-optical switching ill bR films 

is presented. The switching response of the films was characterized using several exper- 

Aprobe 

633 nm 

80: 1 

a1 

-0.07 f 0.01 

(-0.11 * 0.0'2) 

ao 

1.00 f 0.01 

(1.28 f 0.02) 

[202] 

Y 

0.40 f 0.02 

(0.38 f 0.02) 
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imentally controllable parameters like, pump and probe beam intensities, probe wave- 

lengths, and pump illun~ination rate. Experimental results were interpreted using a model 

based on simplified three-level scheme. Though, far from being exact, the model is useful 

for semi-quantitative analysis of nonlinear absorption in bR sample. 

For an error-free transmission and processing, a high contrast is necessary to ensure a 

better discrimination of signal in a noisy environment. The contrast in absorption based 

switching can be maximized by suitable selection of probe wavelength that has a absorption 

overlap with most of the intermediate states as well as ground state. To that effect, we 

find 594 nm and 543 nm wavelengths are better suited both in terms of improved contrast 

and faster switching response times as compared to 633 nm. 
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Chapter 6 

Future Goals 

The broad fields of holographic data storage and optical switching have manifold possi- 

bilities for research and technological development for future applications. The discussion 

in this chapter will be confined to the specific areas of research that can be taken-up as 

a natural extension of the work presented in this thesis. Some of the research problems, 

projected as future goals, are described in the following: 

Two-center Hologram Recording in ~e:ce:~i:LiNbO~ 

One of the main issues of concern in holographic memories is volatility of the stored 

data. That is, the repeated read-out cycles, gradually erase the recorded information and 

increases the scattering noise. It is the same mechanism that is responsible for hologram 

formation, (i.e., charge excitation, transport and trapping at impurity centers) which 

eventually weaken the index grating upon continuous readout. Therefore, hologram fixing 

is absolutely necessary for no~idestructive readout of the data. 

To overcome this problem, Buse et al., proposed a two-center holographic recording 

in doubly doped Fe:Mn:LiNbOs crystal [210]. This crystal has iron (shallower trap) and 

manganese (deeper traps) as two different deep traps. Initially, the deep centers are filled 

with electrons and crystal remains transparent in the visible region. Though, illuminating 

the crystal with ultraviolet radiations can effectively ionize the Mn traps. The liberated 

electrons in turn populate the iron traps. Now the visible radiations can be used to 

photoexcite the electrons from iron centers and send them back to M11 traps. Therefore, 

ultraviolet pre-exposure sensitizes the material before a hologram is written with visible 

light. The subsequent hologram read-outs with light of visible wavelength does not alter 
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the space-charge pattern that is embedded in deeper traps. The hologram can only be 

erased with shorter wavelength UV light. 

In triply doped Fe:Ce:Ti:LiNbOs crystal that we used, Ti impurities are deeper trap, 

whereas Ce and Fe are shallower traps. Cerium is known to be an effective trap center 

just as iron. Additionally, the presence of cerium (Ce) in LiNbOs crystal, leads to sub- 

stantial increases in sensitivity towards red spectral region [76]. In the present work on 

Fe:Ce:Ti:LiNbOs (Chapter 2), we have observed diffraction efficiency as high as 80% in 

visible wavelengths. The holographic data storage demonstrated in Chapter 4, was also 

based on one-colour or single wavelength recording. Therefore, two-center recording in 

Fe:Ce:Ti:LiNb03 merits a detailed investigation so as to explore and understand the role 

of Ti in realizing non-volatile holographic memories. 

Phase & Polarization Encoded Data Page for HDSS 

Two-dimensional optical information processing systems, in general, require some means 

tJo spatially modulate the wavefront of the light beam. A light beam can be represented 

by a 2-dimensions complex-valued function in phaser notation as [127]: 

where, A(x> y) is a real and rionnega,tive .amplitude, 6 is polarization vector and Q(x, y)  

is a real phase distribution. The phase front of a laser beam has certain values of amplitude, 

phase and polarization at every point. If g(x, y) is the input image, then the opt,ical replica 

f (X,  y), of the input image is obtained by wavefront modulation of the light beam at every 

point (X, y). The image pixel value at (X, y) can be mapped to corresponding (X, y) spatial 

location on the light wavefront by spatially encoding t,he intensity or the phase or the 

polarization state at that point. This is how the information is imprinted onto the object 

beam. Using Eq. (6.1), the intensity modulated image can be obtained using, 

IA(x,y)I2 = kl g(x,y) 

d(x> y) = constant 

where Icl is a scaling function. The polarization rotation property of the SLM was 

used for composing a intensity-modulated data page for hologram recording. The theory 

of SLM that describes the intensity modillation properties of the twisted liquid crystal 

cell is presented in Chapter 3. As pointed out elsewhere (Chapter 4, section 4.3), the 
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Figure 6.3: Schematic for phase and polarization encoding of Zdimensional binary data. 

The grey squares (0 bit) have a phase of 0 rad, whereas the white squares (1 bit) has a 

phase of .rr rad. The corresponding direction of polarization is indicated by the arrows. 

fixed polarization and a fixed phase. Such a scheme may have all the advantages that 

phase-modulation seems to offer. Without having the need for separate interferonietry 

based detections, a simple linear polarizer may be used for converting phase information 

into intensity. The only requirement is that a storage media should be able to record and 

discriminate both the orthogonal polarizations st,at,es. Future studies in these direction 

would constitute an important contribution towards phase-based holographic data storage. 

Improving the Switching Response of bR Films 

In Chapter 5, the diminishing contrast ratio at high pump excitation rates can be at- 

tributed to slow response time due to the accumulation of bR molecules in hl state. The 

thermal relaxation time of M state is of order of few secorids and nearly zero absorption 

cross-section at pump wavelength 532 nm. To a certain extent we can overcome this diffi- 

culty by continuous irradiation of the bR sample with a violet light source around 410 nm. 

The presence of violet light acting as a catalyst can greatly enhance the M + B photo- 

conversion, thereby resulting in a faster response time. In our preliminary experiments we 

could reduce switching response time by almost one order of magnitude with simultaneous 

illumination of the films with light a 488 nm from Argon ion laser. Though a small loss 

in contrast ratio was inevitable. The current performance of these films can be further 

optimized using a catalytic light source with a wavelength closer to M state absorption. In 

addition, as mentioned in section 5.3.2, the switching contrast itself can be substantially 

enhanced using photoinduced anisotropy. It  would be worthwhile to undertake these com- 

plimentay studies in order to evaluate the performance and suitability of bR in all-optical 

switching. 
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Appendix A 

Equipments and Accessories 

The appendix covers the details of main instruments and accessories used in t,he experimen- 

tal work presented in this thesis. Important specificatioiis and operational characteristics 

of laser sources, detectors, data acquisition and interfacing systems are highlighted as a 

guiding tools. 

A . l  Laser Sources 

A . l . l  ~ e a r n L o k ~ ~  2085: Argon-ion Laser (Spectra Physics) 

The complete ~ e a m ~ o k ~ ~  2085 Argon-ion laser system consists of a BeamLok laser head, 

a high current power supply (Model 2580), a remote control module (Model 2474), a water 

cooler, a Z-Lock and a J-Lok accessories. 

BeamLok laser head comprises a temperature compensated mechanical resonator, a 

plasma tube with increased mode volume, high-field magnet and an active BeamLok 

beam-positioning system. The three bar resonator and an advanced plasma tube design 

is combined to provide a stable and excellent beam quality. The automatic gas fill keeps 

the plasma hibe filled to an optimum gas pressure. An intxacavity passive catalyst min- 

imizes the build-up of contaminating O3 gas by convertillg it to less harrliful 0 2  thereby 

eliminating the need of interacavity N2 purging. 

BeamLok is an advanced positioning system that dynamically locks the laser beam to 

a fixed reference point beyond cavity. The beam movement is co~itiriuously monitored with 

the help of position detectors and electronics system. The laser beam pointing stability is 

ensured by a feedback signal that drives the mirror actuators to compensate for any drift. 
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111 power mode operation, the BeamLoK mechanism actively controls both the output 

power and the beam position. 

A convenient remote control BeamLok modulc allows: current or power mode oper- 

ation, sensitivity range selection, digital display of laser power output, tube voltage and 

current readings, interlock water flow and temperature status. There is also an analog 

meter that comes handy while tuning the laser for maximum output. 

A resonant optical cavity is defined by two mirrors -the output coupler and the high 

reflector. The laser output is only a fraction of cavity energy transmitted by the output 

coupler. Both these mirrors are coated to reflect a specific wavelength. The selection of 

an appropriate cavity mirrors allows the laser output at desired wavelength. At maximum 

current, a single frequency output up to 8 W and multiline output up to 25 W are achiev- 

able. A prism inserted in the cavity limits the oscillation of the laser to a single line. The 

dispersion of the prim allows only one line to be perfectly aligned with high reflector. The 

range of available wavelength and some of the operational characteristics+ of ~ e a r n ~ o k ~ ~  

2085 laser model are listed below [212]: 

Prominent wavelengths: 

- Visible range (X): 476 nm, 488 nm, 496 nm, 514.5 nm, and 528.7 nm 

- Mid-UV range (X): 351.1 nm, 351.4 nm, and 363.8 nm 

Beam diameter at l/e2 point: 1.9 mm 

Beam divergence, full angle: 0.45 mrad 

Polarization state: vertical, > l00 : 1 

Cavity length with (without) prism: 1.78 m (1.71 m) 

Mode spacing with (without) prism: 84 MHz (87 MHz) 

Power mode stability: f 0.5 % 

Current mode stability: f 1.0 % 

Frequency jitter: 5 3 MHz 

Power consumption: 57 kW 

+These specification are valid oiily when both Z-Lok and J-Lok are enabled. 
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Water flow rate: 18.9 l/min 

Inlet temperature: 10 -35' 

Z-Lok and J-Lok Accessories 

A free-running laser cavit-y of length 2 to 3 m can support typically up to 30 to 60 

longitudinal modes. A single mode operation is realized by adding a thin ebalon to the 

cavity. The large fi-ee-spectral range (greater than the width of laser gain profile) of the 

etalon allows only one of the cavity modes to oscillate. The cavity length as well as the 

etalon thickness might vary due to change in ambient tem~erat~ure. Even a very sinall de- 

tui~ing between the cavity length and the etalon thickness leads to mode hopping which 

in turn results in a substantial power loss. 

Z-Lok system (Model 587) is an interacavity based etaloii and electronic controller 

accessory meant to provide automated single-mode frequency operation with constant 

output power. When combined with BeamLok, it controls the laser cavity length to 

stabilize both frequency and beam motion. The intra~avit~y etalon is thermally isolated 

arid stabilized at optimum laser output at the selected frequency. T l ~ e  electronic module 

also controls and monitors the laser cavity length by monitoring output power or current. 

It modifies the BeainLok signal to three-element piezoelectric (PZT) transducer system 

to provide a single frequency mode-hops free operation. 

While laser is on, the excessive amount of heat generated in the plasma tube is removed 

by water convection. High pressure water flow around plasma tube creates acoustic vibra- 

tions which produce jitter in the laser output. Here, jitter refers to the rapid fluctuations 

in laser frequency (W 15 MHz) due to mechanical vibrations. 

J-Lok rnodules (model 588) coiisists of a scanning Fabry-Perot interferometer and inter- 

ferometer driver. It scans a part of the incoming laser beam to detect different frequencies 

and their respective intensities. The different frequency components can be displayed on 

the oscilloscope. When used in conjunction with Z-Lok, J-Lok selects the single frequency 

component. Once locked to single frequency, J-Lok controller sends a correction signal 

to Z-Lok electronic module to stabilize the system at the desired frequency. Two error 

signals modify the cavity length via PZT driven output coupler. The Z-Lok uses laser 

output power as a reference source for long term stability, whereas J-Lok monitors and 

corrects the short term frequency shifts in a single mode laser operation. In the present 

case,the J-Lok can mitigate the jitter effects almost by a factor of ten. 
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A. 1.2 ~ i l l e n n i a ~ "  V: (Spectra Physics) 

MillenniaT" V is a diode pumped, hight power (5 W), solid-state, cw laser that prodlices 

532 nm output. The complete system includes Millennia V laser head, a power supply, a 

chiller and a control module. 

The Millennia V laser head encloses the optical resonator, the neodymium yttrium 

vanadate (Nd:YV04) gain medium, focusing optics, lithium triborate (LBO) as a doubling 

crystal and diode laser fiber delivery bundle. The output from two high-power, fiber 

coupled laser diode bars is used to end-pump the laser gain medium Nd:YV04. The 

diode-pumped light is absorbed by the crystal and emitted as diffraction limited, 10 W 

output at 1064 nm. The Millennia V uses a 90°, noncritically phase-matched, temperature- 

tuned LBO nonlinear crystal as doubling medium which converts the 1064 nm light to 

the 532 nm green output. The LBO assembly is housed in an oven that maintains the 

optimum temperature for stable output. The main specifications of MillenniaTM V are as 

follows [213] : 

Output power: 5 W 

Operating wavelength: 532 rim 

Spatial Mode: TEMoo 

Beam diameter at l/$ points: < 2.5 mm 

Beam divergence, full angle: < 0.5 mrad 

Polarization state: vertical, > 100 : 1 

Power stability: f 1.0% 

Power requirement: 220 Vac, 6 A, 50 Hz 

All operations of the laser can be easily handled by Millennia V control module handset. 

A.1.3 3900s: CW Ti:Sapphire Laser (Spectra Physics) 

3900S, Ti:Sapphire is tunable solid-state laser that has only optical components without 

any electronic or electrical control. The ~i~~ ion is responsible for the laser action of 

Ti:sapphire. The model 3900s can be pumped either by 2085 argon-ion laser or Millennia 

V solid state laser. The wavelength tuning is achieved by a birefringent filter made of three 
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crystalline quartz plates, placed inside the cavity. The filter has a free spectral range of 

150 nin. The desired wavelength is selected by rotating the filter about an axis norrnal 

to the plate. In order to achieve a narrow linewidth (< 15 GHz) operation, a thin etalon 

may be added t,o the cavity. Tuning is accomplished by either angular adjustment, of the 

etalon or by temperature control of the etalon housing. The main specifications of 3900s 

model are [214] : 

Tunable wavelength range: 750-950 nm 

Average power: up to 1 W using 5 W pump. 

Beam diameter at l /e2 points: 0.95 mm 

Linewidth: < 40 GHz 

Beam divergence, full angle: < 1 mrad 

Spatial mode: TEMoo 

Polarization state: horizontal, > 100 : 1 

Power stability: < 3 % 

A.1.4 He-Ne Lasers 

The main features1 of He-Ne laser sources are listed in Table A . l :  

Table A.l: Specifi~at~ions of He-Ne laser sources. 
I Specifications I  aser er 1 I 1,aser 2 I  ase er 2 

Model 

Supplier 

Power 

Wavelength 

Polarization 

Beam diameter ( l /e2)  

Far-field divergence 

25-LHR-151-230 

Melles Griot 

15 mW 

632.8 nm 

random 

0.8 mm 

1.0 mrad 

1673P 

JDS Uniphase 

4 rnW 

543.5 nm 

random 

0.8 mm 

0.86 mrad 

25 LYR- 173-230 

Melles Griot 

2 r n w  

594.1 nm 

random 

0.75 mm 

0.91 mrad 

l Taken from manufacturer's data sheet 
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TM-1320-15CL: CCD Camera (PULNiX) 

TM-1320-15CL is a high resolution, compact size, monochrome progressive scan CCD 

camera. It has both video as well as digital camera link output. Camera   ink^^ is 

a new industrial standard which includes data trasnsmission as well as camera control 

and asynchronous serial communication -all in one cable. The standard defines a single 

connector for both digital cameras and image acquisition boards to ensures a smooth 

interchangibility among all the camera link products. Deta,iled product specifications2 are 

listed in the Table A.2. 

Table A.2: TM-1320-15CL 
Number of pixel: 1300 (H) X 1030 (V) 

Active area: 8.7 mm (14) X 6.9 mm (V) 

Frame rate: 15 frames/s 

Typical noise level: 30 electrons 

Data clock output: 25.00 MHz 

Analog video output: 1.0 Vp-,, 750 

Digital video output: &bit RS-644 

CCD camera specifications. 
Pixel size: 6.7 pm X 6.7 pm 

Shutter speed: 1/25 to 1/16,000 s 

I Image resolution: Cbit 

Well capacity: 16,000 electrons 

SIN ratio: 50 dB min I Lens mount: 2/3It C-mount 

I Power req: 12V DC* lO%, 37-390 mA 

TM-1320-15CL CCD camera was controlled using National Instruments' PCI-1428 

image acquisition board which supports the camera link technology. 

A.3 IMAQ Vision Builder: (National Instruments) 

NI-IMAQ Vision Builder is a tool for prototyping and testing image processing appli- 

cations. The driver software that comes with NI image acquisition hardware includes, 

National Instruments' Measurement and Automation Explorer for camera configuration, 

and acquisition functions for NI LabVIEW, C, and Visual Basic. IhlAQ Vision Builder 

offers an easy interface between image acquisition board PCI-1428 and the CCD camera. 

This interface makes camera setting, control and image acquisition processes extremely 

easy and straightforward. 

In addition, IMAQ Vision Builder offers several powerful and a,dvanced image process- 

ing and ana,lysis functions. Some of these functions a,re: histogram processing, pattern 

mat.ching, image calibration and correction, blob analysis, centroid detection, spatial and 

2Taken horn manufacturer's data sheet 
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Fourier domain filtering, logical and arithmetic operations, particle analysis, gray scale 

and binary niorphological operations. 

4832-C: Multi-Channel Optical Power Meter 

(Newport) 

The 4832-C Multi-Channel Optical Power Meter is NIST calibrated, plug-in card based 

instrument used for making highly accurate and fast optical measurements. The model 

4832-C comprises, four channel amplifier box, semiconductor large area detectors and a 

PC plug-in card. 

The amplifier box contains analog to digital convertor and amplifier unit for each 

channel. It has a provision for sim~lltaneous measurement from four detectors. The 4832-C 

is compatible with Newport's low power, 818 series detectors. Each channel is optimized 

for a specific detector, for maximizing bandwidth and minimizing the noise level. The 

detector conilected to respective channel on the amplifier box, comes with its factory- 

programmed calibration modules that contain responsibity data and other information 

required for making accurate and calibrated measurements. 

The 4832-C interfaces directly with the host computer throligh the PC ISA bus. A 

serial interface (15 feet long) cable connects the back plane of the amplifier box to a PC 

plug-in controller card inserted in the ISA slot of the host computer. A high performance 

processor on PC plug-in card handles all the instrument ranging and data acquisition 

commands. Some of the important specifications of 4832-C device are listed below: [215] 

Typical current consumption from PC: 

+5V at lA  

+12V at 125 mA 

-12V at 125 mA 

Analog Output: 

Full scale voltage: 0-2.5 V at 1 MR 

Accuracy: f 2.5% 

Full scale current: 2.52 nA - 2.52 mA for signal range 0-6 

A/D resolution (12 bit,): 615 fA - 615 nA for signal range 0-6 
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A.4.2 818 Series Photo Detectors 

The specifications$ for the large area semicond~~ctor (818 series) optical detect,ors used 

with 4832-C inodel are provided in Table A.3. 

Table A.3: 81 
Detector model 

Material 

Active area (cm2) 

Spectral range (nm) 

Maximum average power (W/cm2) 

Accuracy (%I) 

Linearity (X) 
Saturation current (mA/cm2) 

Peak responsibity (A/W) 

Rise time (hs) 

3 series detectc 
818-UVjCM 

Silicon 

1.0 

190-1100 

0.2 

* 2 

1 0 . 5  

0.1 

> 0.4 a t  850 nrn 

< 2 

*Applicable with the calibration module aiid OD3 attenuator. 

r specifications. 
818-SL/CEVI 

Silicon 

1.0 

40Ck1100 

2.0 

f 2  

+ 0.5 

4.6 

> 0.5 a t  920 nm 

5 2 

81 8-IRIChf 

Germanium 

0.71 

780-1800 

3.0 

f 3  

f 0.5 

400 

> 0.8 a t  1550 nrn 

< 2 
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