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Preface 

This final performance report presents the results of the work carried out on the 

project on optical phase conjugation, beam couplings and effects of color centers in 

photorefractive crystals Barium Titanate (BaTi03), Strontium Barium niobate (SBN) and 

Bismouth Silicon Oxide (BSO). Color centers in crystals could be produced by doping the 

crystals with impurities or by irradiating them by radiation. The impurities could be also 

present inherently in the crystal, y-irradiation has been used initially at the University of 

West Virginia with the help of Dr. N. S. Dalai and later at the University of North 

Carolina, Chapel Hill, NC with the help of Dr. S. Kalachandra. Absorption Spectra of the 

irradiated crystals immediately after irradiation were recorded in Chapel Hill by Dr. 

Laurie, E. McNeil. The BSO crystals were grown by Dr. M. D. Aggarwal and Dr. W. S. 

Wang in the Minority Research Center of Excellence in our University. We are thankful 

to these scientists for their help. 

Electron Paramagnetic Resonance (EPR) Spectroscopy has been used in BaTi03 

where Fe and Cu were inherently present and BSO which was doped with Fe. These 

experiments, under He-Ne laser illumination, gave useful information on photoinduced 

charge transfer in these crystals. SBN, SBN:Ce and SBN:Cu did not show EPR signals at 

room temperature, but they all gave good information on optical phase conjugation and 

the effects of y-irradiation and impurities. The report contains seven chapters, the first one 

being an introduction. 
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Chapter 1 

Introduction 

1.1 Background 

When a macroscopic material medium is subjected to electromagnetic radiation, 

the medium tends to be polarized. This effect charactized by induced polarization can be 

expanded in a power series given by [1.1], 

P(E) = Ex(E) = x(1)(E) + x<2>EE + x^EEE + ... 11 

where x represents electric susceptibility, and E, the electric field. The linear susceptibility 

X^1) is a second rank tensor and is a complex quantity responsible for the optical 

phenomena of absorption, emission, reflection or refraction. The nonlinear susceptibility 

X<2> is a third rank tensor while x(3) is a fourth rank tensor with 3r+1 = 81 elements, r 

being the order of the process [1.2]. 

The second order susceptibility x(2) is responsible for processes like second 

harmonic generation, while the third order susceptibility x(3) is responsible for the 

processes like optical phase conjugation, third harmonic generation, two photon 

absorption, stimulated Raman scattering, stimulated Brillouin scattering [1.1], etc. In 

centrally symmetric systems x(2) is zero, but x(3) is not. 

Optical phase conjugation has been receiving increased attention because of its 

promise for application in many areas like coherent image amplification, optical filtering, 

pointing and tracking of moving objects, image processing and high resolution 

spectroscopy.[1.3,1.4] 

One class of materials useful for the generation of phase conjugate beams is 

photorefractive crystals [1.5] like BaTi03, Ba2NaNb5015 (BANANA), BSO, Sr2. 

xBaxNb206 (SBN) etc. In these materials, the index of refraction changes with the 

intensity of the incident light. 



The efficiency of the grating depends on the photorefractive sensitivity of the 

material which in turn depends on the energy levels, the densities of the donors or traps, 

and on the charge migration in the material. Several theoretical and experimental 

investigations have been conducted on the effects of impurities in different photorefractive 

materials. Theoretical models have also been proposed for the light induced migration of 

charges, migration by diffusion and "hopping" of carriers to adjacent sites [1.6,1.7]. 

Both the models predict that grating formation and grating decay are exponential in time. 

These models have been applied to the study of phase gratings in poled and unpoled 

crystals and estimates of trap densities have been obtained. This is discussed in Chapter 2 

for SBN crystals. 

1.2 Degenerate Four-Wave Mixing 

A popular method of generating optical phase conjugation is by degenerate four- 

wave mixing (DFWM) first proposed by Hellwarth [1.8] and used later by other workers 

[1.9,1.10]. It involves the interference of four light beams in a nonlinear medium. Three 

of the beams A2, A2, and A3 of the same wavelength (Fig. 1.1) are input beams. One of 

them A3 is the object beam whose conjugate is sought and the other two (Ai and A2) are 

reference beams which travel in opposite directions. The fourth beam A4 is the phase 

conjugate beam of the object beam A3 and emerges along the same line as A3 but in the 

opposite direction. A4 represents the Bragg diffraction of A2 in the spatial grating 

(stationary in time) formed by Aj and A3. Similarly, it represents the Bragg diffraction of 

Ai in the spatial grating formed by A2 and A3. A! and A2 may be considered to form a 

temporally modulated grating [1.11] stationary in space. The probe beam A3 scatters off 

this breathing grating which leads to the conjugate wave A4. An experimental 

arrangement to study optical phase conjugation by DFWM is shown in Fig. 1.1. 



1.3 Self-Pumped Phase Conjugation 

Feinberg [1.12] demonstrated self-pumped phase conjugation in a single domain 

crystal of BaTi03 in which the incident laser beam creates a fan of light that illuminates 

one of the edges of the crystal.   The device operates by four-wave mixing using the 

photorefractive  effect but without any external pumping beam or external mirror.   The 

pumping beams are derived from the incident beam and are internally reflected inside the 

crystal adjacent to its edge.  Fig. 1.2 explains the development of four-wave mixing and 

self-pumped phase conjugation [1.2].   It is predicted [1.12,1.13] that a beam can self- 

pump its own phase conjugate beam only if yL>2.34 where L is the interaction length and 

Y is a coupling parameter that depends on the electro-optic coefficients and the charge 

density of the crystal, and on the geometry of the optical beams relative to the crystal. 

From the sample used, y is appreciable only for positive angles of incidence cp in the range 

0 < <p < 90°, so a beam incident from the left of the normal (<p<0) in Fig. 1.2 will not self- 

pump its own phase conjugate beam. However, we observed [1.14,1.15], in our sample of 

BaTi03, that it is possible to self-pump even with (p<0 though with much lower efficiency 

than with cp>0. Feinberg [1.16] showed that a beam incident at cp>0 self-pumps itself and 

provides also the necessary pumping beams for other beams incident at any angle including 

negative ones. Phase conjugation of these beams occurs when they overlap the first beam 

(or its phase conjugate) in the crystal or when they overlap any of the stimulated filaments 

of fanned beam inside, that the first beam generated.    The first beam and its phase 

conjugate act as counter propagating pumping beams for other incident beams.   We 

discuss phase conjugation in Chapters 4 and 5 of this report. 

Gunter et al.[1.17] observed sinusoidal intensity oscillations of the phase conjugate 

wave reflected from a self-pumped BaTi03 crystal. Experiments in our laboratory [1.18] 

showed that the frequency of oscillations decreased with decreasing wavelength and 

decreasing power of the laser. 



Smout et al.[1.19] observed that the period of oscillations or self-pulsations in the 

output intensity from a self-pumped phase conjugate mirror varies not only with the 

incident laser intensity but also with the specific position and orientation of the crystal with 

respect to the input beam. By changing the displacement (x) of the incident beam from x 

= 0 mm to x = 1 mm, and keeping the angle of incidence at <i> = 5°, the pulsating behavior 

and reflections changed drastically reaching a steady state at x = 1 mm and beyond. The 

pulsations were recorded [1.17] for the range 0° < 9 < 15° and no pulsations could be 

observed for 0 > 40° for any value of x. Other phase conjugations like double phase 

conjugation (DPC) by Sternklar et al.[1.20] and Weiss et al.[1.21] and Birdwing phase 

conjugation (BWPC) by Ewbank [1.22] have been reported by using a pair of incoherent 

beams. In BWPC as well as in DPC the resultant cross coupling of the two incident 

incoherent beams Aj and A2 produce a pair of phase conjugate beams, phase conjugate to 

A2 and Aj respectively without any image cross talk. 

1.4 Incoherent Beam Couplings 

Eason and Smout [1.23,1.24] carried out an analysis of mutually incoherent beam 

couplings in BaTi03 when they are incident on a single face of the crystal with incident 

angles of 15° and 16° in the quadrant favorable for self-pumping. They reported 

observations of a loop of light which provided a coupling mechanism between the two 

input beams resulting in two phase conjugate outputs. Results on beam couplings in 

BaTi03 self-pumped at 5145, 4880, 4765 and 4580 Ä by two incoherent beams AY and 

A2 with variable power ratios have been reported briefly from our laboratory [1.25]. Fig. 

1.3 shows the experimental arrangement which is similar to the one used by Eason and 

Smout [1.23]. With a ratio of about 4:1 in powers of Al (16.5 mW) and A2 (4 mW), the 

signal Ai*(t) at D: shows self-oscillations while A2*(t) at D2 remains steady when 

individually pumped (Fig. 1.4). Here Aj*(t) and A2*(t) represent phase conjugates of Ax 



and A2 respectively. The frequency of oscillations at DL increases with the wavelength of 

the laser and its power. With simultaneous pumping, the signal at DY becomes stable and 

the one at D2 goes to zero (see Fig. 1.4). 

With the beam powers nearly equal, in the range, 6-17 mW Aj*(t) and A2*(t) 

show up well under individual pumping, but do not coexist and each beam effectively 

erases the other beams grating under simultaneous pumping (Fig. 1.5). 

1.5 Coherent Beam Couplings 

Venkateswarlu et al.[1.14] used different configurations to study coherent beam 

couplings. In the first case which is a parallelogram configuration, two coherent beams Ai 

(3.9 mW) and A2 (4.4 mW) from an Ar+ laser (4580 Ä) cross (with 0= 40°) in an 

electrically poled BaTi03 crystal with the horizontal laser polarization parallel to the c axis 

(Fig. 1.6). If the crystal is individually exposed to A: (or A2), one observes self-pumped 

beam A^(t) [or A2*(t)]. When A1 is allowed to enter the crystal after the self-pumped 

phase conjugate signal A2*(t) levels off, there is a sudden increase in the signal at detector 

D2 (see Fig. 1.7). The signals at D2 and Dx are represented in the same manner as in the 

earlier section. One can see from Fig. 1.7 that the steady-state values of A2*(t), AL(t) and 

A2(t) are in the approximate ratio 9:36:7. One can see in a similar manner that Ax*(t), 

A2(t) and Ax(t) are in the ratio 8:175:6. AY and A2 both self-pump but Ax*(t) « A2*(t) 

and A2(t) > Ä^t). Here Ä:(t) and A2(t) represent the beams Ax and A2 getting Bragg 

diffracted due to fanning into the reverse direction of A2 and At respectively. AAj(t) and 

AA2(t) represent the grating erasure effects on Ax*(t) and A2*(t) by the beams A2 and AL 

respectively. 

In a separate parallelogram experiment, the self-pump of the beams A: and A2 and 

their beam couplings are studied at different points of entrance on the crystal surface, at 

different excitation wavelengths and at different powers. The beam crossing angle is 48° 



and the angle of incidence of A2 is 20°. If the point of entry is 1.5 mm from the edge 

nearest to A2, A2 shows systematic oscillations whose frequency increases with 

wavelength and power while Ai continues to be steady (see Fig. 1.8). If both beams A± 

and A2 pump simultaneously, the detectors at Dj and D2 both show about 16-fold 

increase in intensities (Fig. 1.8). Thus, the signal at D2 under simultaneous pumping 

represented by [A2*(t) + Aj(t) - A2(t)] is about 16 times more than the signal A2*(t) under 

individual pumping. Similar observations are made with the signals at Dj. This is because 

due to significant mutual fanning, Aj and A2 Bragg diffract considerably into the reverse 

directions of each other to D2 and D} respectively making A2(t) » Aj*(t) and Ä^t) » 

A2*(t). The self- pump of Aj is found to be better with 4580 Ä and 4765 Ä excitations 

than with other wavelengths. 

1.6 Optical Phase Conjugation in Resonant/Saturable Absorptive Systems with 

Color Centers 

In addition to systems which show nonresonant nonlinearity and nonresonant 

optical phase conjugation discussed so far, there are systems where resonant energy levels 

exist because of color centers due to radiation effects or because of inherent or doped 

impurities. Saturable absorptive/resonant systems generate optical phase conjugation 

because of population modulation and resonant third order nonlinear susceptibility at 

resonant wavelengths or at those wavelengths where saturable absorption is possible. 

Four-wave mixing and optical phase conjugation have been demonstrated by 

Basiev et al.[1.26] with Jp2center *n LiF using high power pulsed excitation by Nd3+ 

YAG radiation at 1.06 um. Rand [1.27] recently reported cw four-wave mixing and phase 

conjugation using F2 color centers in LiF crystal. The resonance in y-irradiated LiF at 

room temperature was shown to arise from saturated absorption involving intersystem 

crossing of F2 centers and has a width that reveals the excited triplet to ground state decay 



rate.  Rand demonstrated the elimination of aberration in these optical phase conjugation 

experiments with LiF having F2 centers. 

Volume holographic grating formation and optical phase conjugation was obtained 

through resonant nonlinearity in Ruby crystal [1.28-1.32], KC1 doped with Re04[1.31] Na 

vapour [1.32] etc. 

The theory of conjugate reflection via resonant saturation was first developed by 

Abrams and Lind [1.33]. They utilized the well known nonlinear susceptibility of a 

homogeneously broadened two level absorber, which upon resonance sets up an amplitude 

grating that couples counter propagating waves and the probe wave, to generate a 

conjugate wave. In other words, spatial modulation of the susceptibility due to local gain 

saturation (spatial hole burning) acts as a volume hologram with the result that the counter 

propagating pump wave gets diffracted and generates the conjugate wave. The nonlinear 

susceptibility involved in the resonance interaction in a saturable absorber depends not 

only on E2 but also on higher order terms. 

The first transitory hologram by saturable absorption involving Ruby was reported 

by Hill [1.28].    Liao and Bloom [1.29] demonstrated a wave from conjugation by 

degenerate four wave mixing in ruby crystal using a 5145 A cw Ar+ laser, which in the 

bright regions of the illuminated space takes some of the Cr3+ ions in the ground 4A2 state 

to 2E state via the continuum of states 4T etc.  This produces Cr3+ (2E) ion in the bright 

regions of the grating while the Cr3+ (4A2) ions in the dark regions remain unaffected, 

this situation leads to a spatial modulation of the Cr3+ ground state population resulting in 

a refractive index grating because of the difference in absorption coefficients of the two 

kinds of ions.   Conversion efficiency of 3% in the conjugate wave front generation was 

obtained in these studies. Catunda et al.[1.30] measured the nonlinear index of refraction 

n2 of Al203:Cr3+ (ruby) and GdA103:Cr3+ and showed that the crystals are nonlinear at 

Ar+ laser wavelengths.    Shand [1.31] demonstated the enhancement of third order 

susceptibility due to electronic transition in Tb3+ in terbium aluminum garnet (TbAlG). 



1.7 The Present Work 

The present work is aimed at understanding the basic mechanism of 

photorefraction, particularly the possible role of impurities and radiation induced color 

centers, and to understand the factors influencing energy transfer between the beams 

causing the interference pattern. 

The crystals investigated are BaTi03, SBN, SBN doped with cerium and 

chromium and BSO. 

The techniques used are (i) two beam coupling (ii) degenerate four-wave mixing 

and phase conjugation and (iii) Electron Paramagnetic Resonance (EPR) Spectroscopy. 

Parametric depencence of beam coupling and phase conjugation forms an 

important part of this report and is given in Chapter 4. In this process a new beam 

coupling and phase conjugation have been found and the results are reported in Chapter 

5. The effects of impurities and radiation on optical phase conjugation characteristics in 

SBN are discussed in Chapter 2. These effects on BaTi03 are discussed in Chapter 3 

while those in BSO are given in Chapter 7. 

The effects He-Ne laser illumination on the EPR lines of iron and copper in 

BaTiC>3 and the photoinduced charge transfer on these ions in this crystal are presented in 

Chapter 6. Similar work on BSO is discussed in Chapter 7. 
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Fig. 1.1 Experimental arrangement to study  optical phase conjugation in photorefractive 
crystals through degenerate four-wave mixing: M, mirrors; BS, beam splitters (Ref. 1.10). 

CRYSTAL EDGE 

Fig. 1.2 Beam (1) enters the crystal from top left. Beam 2 splits off and is internally 
reflected twice near the crystal edge and becomes beam 3', which later intersects beam 1. 
Beam 2' has also split off from beam 1 and travels around the loop in the opposite 
direction. Beams 1', 2' and 3' also generate beam 4 in the interaction region circled on the 
left. Beam 4 is the phase-conjugate replica of beam 1, and it leaves the crystal in the 
direction opposite to that of the incident beam. [Feinberg, Ref. 1.12]. The dashed 
extensions of the beams 2 and 2* are only for clarity. 
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Fig. 1.3 Experimental arrangement for incoherent beam coupling. Beams Ai and A; are 
incoherent. Path difference 150 cm. Multimode Ar" laser. M, mirrors; BS, beam 
splitters; Di detectors. [Ref 1.2]. 
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Fin   1.4 Signals at the detectors D, (full line) and D> (dashed line) vs. time. A, - 16.5 m\\ 
and A: = 4 mW  [Ref 1.2]. 
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Fig. 1.5 Signals at the detectors Dl (full line) and D2 (dashed line) vs. time. Al = 9.5 
mW, A2 = 9 mW   Total time 12 min. [Ref. 1.2]. 
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Fig.   I 6  Parallelogram  configuration for phase conjugation'     BS  beam  splitters;  M. 
mirrors. S-slits. D;. D2, detectors; A,.A:, input beams which meet at the center of the 
crystal. A;"(t). A:*(t), self-pumped phase conjugates of A|. A2, 
beams of A: and At respectively. Ref. (1.14). 

Ä:(t). Ä :(t) cross-coupled 
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Fig. 1.7 Self-pumped phase conjugate signals: D| and D2 are signals at detectors Di and 
D2 in Fig. 1.6. A;(t) and A2(t) are erasure effects on Ai*(t) and A2*(t) due to A2 and Ai 
respectively. Ar laser (4580 A) has horizontal polarization; continuous line represents 
the signal at D, and dashed line the signal at D2. Total time: 5 min. (Ref. 1.14). 
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A2* (t) 

*2**1 *2 

F'm. 1 8 Self-pumped phase conjugate signals at detectors D2 in full line and those at 
detector D, in dashed line. Ar' laser at 4765 Ä. Parallelogram configuration with beam 
crossin» angle as 48c Beam A; enters at 1.5 mm from the nearest edge with 20° angle ot 
incidence, "ünder individual pumping the signal at D2 oscillates but not the one at Dt 

When A, is also opened,, the signal at D: increases 16 times, and the signal at D; also 
shoots up.  Total time 10 min. (Ref. 1.2). 
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CHAPTER 2 

Optically Induced Grating Erasure Studies and Determination of Charge 

Carrier Densities in Sro#75Bao.25Nb20g: Effects of Gamma Irradiation and 

Ce and Cr Doping 

2.0 Introduction 

Since the discovery of photorefractive effect (originally called optical 

damage) by Askin et al. [2.1], considerable work has been reported in LiNbOß, 

and subsequently in BaTi03 [2.2-2.5]. In view of the potential applications of the 

photorefractive effect in optical communications, etc., a number of investigations 

were directed to arrive at the materials having desired response times. Therefore, 

from the basic research point of view, the problem to be addressed is to find out 

and optimise the, controllable parameters which affect the response times. 

2.1 Some    "Facts"    About    Sro^sBan^sr^Og    and    the    Problems 

Addressed 

Photorefractive materials are usually electrical insulators with band gaps in 

the range 5 - 8 eV. These materials possess deep electron trapping centers 

containing photoexcitable charges. For materials such as SBN, electrons   were 
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reported to be mobile charges on photoexcitation [2.6,2.7]. These traps in SBN 

are deeper and cannot be thermally ionized at room temperature, and can be 

detrapped only in the presence of light. Therefore when the light is turned off, 

charges remain localized in the "darker" regions of the crystal for a significant 

time, varying up to a few hours, unless the crystal is illuminated with a new 

pattern. 

The light induced separation and migration of charges bring about an 

electrostatic field which, according to Kogelnik Theory [2.8], is 90° out of phase 

with the incident intensity pattern. Figure 2.1 shows the charge distribution is 180° 

out of phase with the incident intensity pattern, while the electrostatic field is 

phase shifted by 90°, also demonstrating the decay of a photorefractive index 

grating. 

The practical applications of a photorefractive crystal depend upon the 

linear electro-optic coefficient. This can be both large and highly anisotropic in a 

photorefractive SBN crystal. The three electro-optic coefficients of interest in SBN 

[2.9] are: r33 = 1340xl0'12 m/v, r13 = 67xl0"12 m/v and r5i = r42 = 42xl0'12 

m/v. 

The concern in this section is the characterization of SBN, SBN doped 

with 0.1% cerium, and SBN doped with 1% chromium (measuring 4.8x5.5x9.0 

mm3, 5.0x5.4x6.0 mm3 and 4.4x 5.3x 4.7 mm3 respectively) for their 

photorefractive properties by employing an optically induced-grating-erasure 

technique [2.6]. With the help of this technique, the photorefractive parameters, 

particularly the growth and decay constant of the photorefractive grating were 

determined, and their dependence on dopants Cr3+ and Ce3+, and also the gamma 

irradiation were investigated at different intensities of the erasure beam. These 
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investigations were aimed at finding the conditions of improved photorefractive 

behavior of SBN. 

Enhancing the photorefractive effect has been the goal of considerable 

materials research. In earlier times, workers [2.10] suggested that the 

photorefractive effect was caused by impurities or defects in photorefractive 

crystals. Subsequently, Peterson et al. [2.11] found that the magnitude of the 

photorefractive effect could be controlled by modifying the Fe impurity 

concentration in LiNbC>3. Ewbank et al. [2.12] and Wood et a]- [2.13] have 

examined extensively both undoped and Ce doped SBN crystals. The 

photorefractive SBN had an advantage over others in that its crystal structure 

contained a number of vacant lattice sites [2.14]. Therefore, these vacant sites 

could be filled by a number of dopants. 

2.2 Sample Preparation 

The crystals used in the present work were purchased commercially from 

JTT International in Orlando, Florida. One of the three was nominally pure and the 

concentration of impurities of the two others were 0.1% cerium and 1% 

chromium. These crystals were irradiated using a ^7^s (caesium) source with 

dose rate of 0.8 Mrad h"l [2.15]; ambient temperature = 35° C, to accumulative 

dose of 21 Mrad. The irradaition was done at the University of North Carolina at 

Chapel Hill. 
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2.3 Experimental Procedures 

The absorption spectra of these crystals were recorded in the spectral 

region 185 nm - 905 nm using a Varian Spectrophotometer model Dms-200, after 

irradiation with gamma rays, and in the spectral region 340 nm - 700 nm using a 

Perkin Elmer Prism Spectrophotometer, before irradiation with gamma rays. This 

was done to understand the effects of impurities and the radiation induced centers 

on the optical properties. 

In our two beam coupling experiments, schematically shown in Fig. 2.2, 

two  coherent beams of light writing the index grating crossed each other inside 

the crystal. At the intersection of these two coherent beams inside the sample, a 

periodic modulation of a refractive index was created. The polarization of the 

incident beams was vertical,  making a 90° angle with respect to the c-axis of the 

crystal. A third beam from the same laser source was expanded with   a beam 

expander. Then, by placing a positive lens where a collimated beam of light was 

used to erase the index, grating formed inside the crystal. The power ratio of the 

writing beams and the erasure beam was around 1 to 4 (2.86 mW/cm2 and 10.3 

mW/cm2 respectively). The erasure beam was incident on the crystal having a 

diameter of around 8 mm so that the crystal was flooded with a uniformly intense 

beam of light (m=0). To avoid a significant erasure effect by the writing beams, 

their intensities were kept lower than that of the erasure beams. To facilitate the 

recording of the decay of the grating, two shutters, one on the probe and the 

second on the erasure beam path length were positioned. By keeping the second 

shutter blocked and the first shutter open, enough time was given for the complete 

formation of the grating (at steady state). To record the decay of the index grating, 
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simultaneously, the shutter at the probe beam (first shutter) was closed and 

immediately after, the shutter at the erasure beam (second shutter) was opened. 

With this kind of arrangement, the PMT detector could only monitor the diffracted 

signal of the reading beam while the erasure beam was washing the index grating. 

The intensity of erasure beam was varied using neutral density filters. Using this 

method the dependence of grating erasure time on the erasure beam intensity was 

investigated. This essentially generated the data containing the dependence of 

charge relaxation time on the light intensity at a given wave vector or the beam 

crossing angle. Further, by repeating this experiment at different angles, the 

dependence of photoinduced charge relaxation on the grating wave vector was 

investigated. 

Hence the decay rates as a function of erasure beam intensity at various 

grating wave vectors (crossing angles) could be evaluated. These measurements 

were carried out on six systems: pure SBN, SBN doped Cr^+, SBN doped with 

Ce^+ and these three crystals after subjecting them to a gamma dose of 21 Mrad. 

2.4 Experimental Results 

2.4.1 Electronic Absorption 

The electronic absorptions of pure SBN, Ce and Cr doped SBN before 

and after gamma irradiation are   shown in Figs. 2.3-2.8. 

It may be appropriate to mention here that the Cr doped sample showed 

the fastest photorefractive response among the systems investigated here. This may 

be because the Cr^+ absorption peak overlaps with the He-Ne excitation. 
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2.4.2 Optically Induced Grating Erasure Measurments 

The optically induced grating erasure measurements were carried out to 

investigate the rate of grating erasure with light and deduce the dark decay time 

and charge carrier density [2.6]. This closely followed the methodology developed 

by Feinberg et al. [2.6], under the assumption of a single trap model. Feinberg, in a 

subsequent paper [2.16] revised this method to include a multitrap model. In case 

of SBN, as will be shown below, the charge carrier density did not substantially 

change with gamma irradiation and Cr and Ce doping suggesting that the single 

trap model is probably valid, particularly at X = 632 nm ( He-Ne laser). 

The decay time of the grating was measured by two beam coupling at 

different intensities, obtained using neutral density filters. The decay time constants 

were obtained for different erasure beam intensities at a specific angle between the 

beam, i.e. for a fixed grating wavevector k. Similar measurements were made at 

different angles between 7° and 108° (measured externally). The reciprocal of 

decay time constant (1/x) as a function of erasure beam intensity for pure SBN, 

CnSBN, Ce:SBN and these crystals after gamma irradiation were drawn and those 

for pure SBN are shown in Figs. 2.9 and 2.10. These figures show that these were 

linearly related, with slopes increasing with the increase of angle of intersection of 

the beams. Further, we know that all these straight lines nearly converged for zero 

intensity of the erasure beam. This point gives the inverse of dark decay time. 

Table 2.1 lists the dark decay times for all the six cases. There was a spread in the 

value of dark decay constant (x _1) as the convergence of the erasure beam 

intensity I vs x _1 lines was not too good in some cases. The probable spread in the 
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values of xdark ls §iven in Table 21- However, this does not affect the general 

conclusions drawn from the comparative values of ( ^ark)"1 ■ 

Table 2.1: Dark Decay Times Obtained using Optically Induced Erasure Technique 

in Samples: Pure SBN, Ce:SBN and Cr.SBN, before and after Gamma Irradiation. 

Xdark( in minutes) 

Crystals 
Before 

gamma irradiation 
After 

gamma irradiation 

Pure SBN 20 ±8 0.65 + 0.05 

Ce : SBN 6±1 1.5 ±0.5 

Cr : SBN 0.8 + 0.3 0.15 ±0.05 

From the xdark values, given in Table 2.1, it could be inferred that the presence of 

impurities as well as y-irradiation lower the dark decay at room temperature. 
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2.4.3 Charge Density Measurements 

From Figures 2.11 and 2.12 the rate of decay of grating depends upon the 

grating wave vector . This is similar to what has been reported in the case of 

BaTi03 by Feinberg [2.6] who has shown that decay constant rate per unit erasure 

beam intensity varied linearly as k2 in unit of (n a/c) , where n is the number 

density of carriers, a is the frequency of excitation and c is the velocity of light. 

The variation of ( 1/x) as a function of k2/ (na/c)2 = 4sin2 6, where Q is the angle 

of refraction has been drawn for the three crystals. This is shown in Figs. 2.11 and 

2.12 for Cr:SBN before and after irradiation. From this, the value of k0
2 which is 

the ratio of intercepts to slopes in Figures 2.11 and 2.12 was determined. The 

value of k0
2 (characteristic wave vector) is related to the average density of 

migrating charges ( pa0) at a temperature "T" by the equation [2.6] 

k0
2 = pa0q2 / ss0 kB T 

where a0 = average charge distribution amplitude, 

p = average density of mobile charges, 

q = electronic charge. 

e = dielectric constant. 

e0= permitivity of the medium. 

kg = Boltzmann constant. 

Feinberg calculated pa0 = 1.9(2) x 1016 cnr3 from the value of k0 = 0.32(2) n0a 

/c (at 515 nm wavelength ) for BaTi03 [2.6] . The value of     [pa0]SBN can be 
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obtained from the kQ2 value calculated from Figures 2.11 and 2.12 and similar 

other form figures, and by taking the values obtained for BaTiC>3 as reference 

values. 

[ Pw0 iBaTKX       ^ [ k02 ]BaTi03 sßaTi03 

[ Pw0 ]SBN [ k02 ]SBN sSBN 

After correcting for the relative values of the refractive index, and also the 

frequencies of excitation, the values of k0^ obtained for the six cases of SBN 

investigated and also the corresponding [ po0 ] values are given in Table 2.2. 
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Table 2.2. The Values of k0
2 (in n©/c Units ) and [pco0] Number per c.c. Values 

Obtained Using the Corresponding Values Reported for BaTi03 as Reference 

Values. 

Before y-irradiation After y-irradiation 

Sample k 2 P®o fcm"3s> k 2 Ko P®o (cm~3"> 

Pure SBN 3.26 9.3xl018 3.49 9.9xl018 

Ce:SBN 8.2 2.3xl019 1.5 4.1xl018 

Cr : SBN 3.15 8.9xl018 6.1 1.7xl019 

2.5 Discussion 

The important aspects of the results obtained can be summarized as: 

(i).   The decay constant and also the dark decay times depended on the 

dopants, on the y-radiation damage. With regard to these parameters, the radiation 

damage appeared to affect pure SBN more significantly than the doped SBN. 

Further, there was no order of magnitude change in the average charge carrier 

density. 
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The reduction in dark decay time under gamma irradiation appeared to 

suggest the creation of large number of shallower traps, and most likely oxygen 

vacancies, by gamma irradiation. Vazquez et al. [2.17] suggested in their study 

that trivalent Rh went substitutionally to the Nb^+ site. In our case of Cr^+ and 

Ce^+, a similar situation existed, particularly with regard to Cr^+' as it is a d-block 

element. In such a case for charge compensation, an equal number of 0" 

vacancies are to be produced. In these oxides, it is known that the electronic levels 

of oxygen vacancies filled with electrons lie close to conduction band. Therefore, 

they are easily ionizable at room temperature, thereby contributing to faster dark 

decay times. The lowering of dark decay time on gamma irradiation, suggested 

that creation and electron occupation of oxygen vacancies might have contributed 

to faster dark decay. In view of the presence of oxygen vacancies in doped samples 

even before gamma irradiation, these samples were relatively less affected by 

gamma irradiation. Rakuljic et al. [2.18] have reported time constants somewhat 

smaller than our values in their SBN samples double doped with Ce and Ca. This is 

probably due to much higher intensity of writing beams ( 1W / cm^ ) and / or due 

to the presence of Ca. 

It is, therefore, possible that in the Cr doped sample the substantial 

reduction in the decay time constant can be associated with resonant effects at 630 

nm, corresponding to Cr^+ electronic absorption. The decay time constant for the 

Cr doped sample decreased further only to a slightly lower value after gamma 

irradiation and essentially remained unaltered probably due to the presence of 

resonance absorption at 630 nm in both cases. In the Ce doped sample and pure 

SBN, however, there was substantial reduction in response time after gamma 

irradiation suggesting that the defects generated  during     gamma irradiation 
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effectively mediated a quick charge transfer during the erasure cycle. It may be 

commented that the order of magnitude of the time constant in all three crystals 

after the gamma irradiation was nearly the same and equal to that in the Cr doped 

sample before gamma irradiation, which appears to be due to resonant absorption 

by Cr3+ This point may suggest that the gamma irradiation had essentially created 

centers facilitating resonant phase conjugation; however, the number density may 

not have been large enough to be observable in optical absorption. 

(ii). At the wavelegth used (632 ran), strong resonance absorption can 

occur in Cr doped SBN, and to a lesser extent in Ce doped SBN. (See the 

absorption spectra in Figs. 2.5 and 2.4 compared to Fig. 2.3.) 

2.6 Wavelength Dependence Of Degenerate Four-wave Mixing/Phase 

Conjugation In SBN Crystal 

The experimental sketch shown in Fig, 2.13 is used for the study of the 

wavelength dependence of phase conjugation in the undoped but gamma irradiated 

SBN crystal the details of which are given in the ealier sections. The different laser 

lines from a 6-W Ar+ laser (series 2000, Spectra Physics) have been used. The 

probe and the pump beams which are vertically polarized are of 25 mW power 

while the reading beam was of 2.5 mW. The angle between the probe and pump 

beams was 15.3°. The c axis of the crystal was kept horizontal and the laser beams 

fall on the 9.0x5 mm2 face of the crystal 4.8x5.5x9.0 mm3, 9 mm being the c axis 

direction. The wavelength dependence of the phase conjugate signal intensity is 

shown in Fig. 2.14 and that of the decay constant x in Fig. 2.15. The maximum 

phase conjugate signal intensity is with laser line at 496 nm while decay time 
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constant at the wavelength is one of the two lowest. The other minimum of x 

occurs at 472 nm where the phase conjugate signal intensity is also minimum. The 

general behavior of the wavelength dependence of the phase conjugate signal 

appears to indicate the resonant effects of the y-irradiation which, as seen in Table 

2.2, has increased the phase conjugate sensitivity. Further work is needed to 

understand the nature of the color center formed by irradiation. The SBN crystals 

studied here did not show any EPR signal at room temperature and probably a low 

temperature search and study of the EPR signal might give useful information in 

this connection. 
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I(x) 

p(x) 

EU) 

An(x) 

Figure 2.1. Formation of a photorefractive index grating when two coherent 

beams interfere inside the crystal, l(x); Spatially periodic intensity of light, p(x); 

Rearranged charge density, E(x); Spatially periodic electrostatic field, An(x); 

Change in refractive index by the linear electro-optic ( Pockels effect), (ref. 2.19). 



He-Ne  LASER 

Figure 2.2. Schematic experimental setup showing two writing beams 1 and 2, and 

expanded collimated beam. For light induced erasure experiments, the intensity of 

transmitted writing beam 1 was detected as writing beam 2 was blocked while the 

erasure beam was suddenly unblocked. The decay of grating is detected using a 

PMT stored by digital recorder and analysed using computer. 

VBS; variable beam plitter, M; mirror, BS; beam splitter, MS; mechanically 

shutter, BE; beam expander, BA; boxcar averager, DR; digital recorder, CDA; 

computer data acquisition. 
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Figure 2.3. Absorption spectrum of pure SBN crystal in the spectral region 340 

nm - 700 nm before gamma irradiation, using Perkin Elmer Prism 

Spectrophotometer . 
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Figure 2.4. Absorption spectrum of Ce:SBN crystal (0.1% Ce) in the spectral 

region 340 nm - 700 nm before gamma irradiation, using Perkin Elmer Prism 

Spectrophotometer . 
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Figure 2.5. Absorption spectrum of Cr:SBN crystal (1% Cr) in the spectral region 

340 nm - 700 nm before gamma irradiation, using Perkin Elmer Prism 

Spectrophotometer . 
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Figure 2.6. Absorption spectrum of pure SBN crystal in the spectral region 185 

nm - 905 nm after gamma irradiation, using Varian spectrophotometer. 
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Figure 2.7. Absorption spectrum of Ce:SBN crystal ( 0.1% Ce) in the spectral 

region 185 nm - 905 nm after gamma irradiation, using Varian spectrophotometer. 
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Figure 2.8. Absorption spectrum of CnSBN crystal (1% Cr) in the spectral region 

185 nm - 905 nm after gamma irradiation, using Varian spectrophotometer. 
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Figure 2.9. Decay time constant as a function of erasure beam intensity at various 

crossing angles (grating wave vectors), for pure SBN crystal before gamma 

irradiation. 
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irradiation. 
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Figure 2.11, Decay constant rate per unit erasure intensity as a function of k2. 

The squares are the experimentally measured data and the straight line is the best 

least square fit, for Cr:SBN crystal before gamma irradiation. 
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Figure 2.12. Decay constant rate per unit erasure intensity as a function of k2. 

The squares are the experimentally measured data and the straight line is the best 

least square fit, for Cr: SBN crystal after gamma irradiation. 
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He-Ne LASER 

CDA 

Figure 2.13. Schematic experimental setup of four-wave mixing. The phase 

conjugate beam is expanded and detected using a small pin hole following by a 

PMT. M; mirror, VBS; variable beam splitter, MS; mechanically shutter, BS; beam 

splitter, c; crystal, BE; beam expander, BA; boxcar averager, DR; digital recorder, 

CD A; computer data analyser. 
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Figure 2.14. The normalized phase conjugate intensities for gamma irradiated 

pure SBN crystal at different wavelength from an Ar* laser. It indicates an order of 

magnitude enhancement of phase conjugate signal at 496 nm compared to lower 

wavelength. 
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Figure 2.15. The plot of decay time constant of phase conjugate signal as a 

function of wavelengths, showing an anomalous decrease and increase of response 

time around 472 nm and 488 nm respectively, for pure gamma irradiated SBN 

crystal. 
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Chapter 3 

Enhancement of Phase Conjugate Signal in Gamma Irradiated BaTiC^: 

Possible Role of Color Centers and Resonance Phase Conjugation 

3.1 Introduction 

Atomic, molecular or solid-state crystal having quantized energy levels, 

will exhibit optical nonlinearity at the energies corresponding to resonantly 

enhanced excitation. Degenerate four-wave mixing provides a powerful tool to 

study the physical properties of atomic and molecular systems [3.1] using this 

resonant nonlinearity. Liao and Bloom [3.2] were the first to demonstrate the 

observation of cw conjugate wave generation by degenerate four-wave mixing in a 

solid. CrJ+ impurity energy levels in Ruby were used to create "population 

gratings" by resonant excitation, of ^A -> ^E transition of Cr^+ in Ruby. When an 

interference pattern was formed in the Ruby crystal, it resulted in the modulation 

of population in 2E state. Rand [3.3,3.4] has shown that radiation induced color 

centers can be very effectively used to produce population gratings and resonant 

phase conjugation in gamma irradiated LiF and diamond. In spite of extensive 

investigation on photorefractive crystals, no detailed published reports exist on the 

effect of radiation induced defects these crystals.  In view of their possible 
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participation in the resonant nonlinearities, it was considered worthwhile to 

investigate the four-wave mixing on gamma irradiated SBN and BaTiÜ3 at 

different wavelengths. The results obtained on SBN are described in Chapter 2. 

We have also investigated by four-wave mixing a mechanically poled BaTi03 

crystal, subjected to a gamma dose of around 20 Mrad, three times, each in an 

interval of 6 months, at different lasing wavelengths of an Ar+ laser. Unirradiated 

electrically poled crystals were also studied for comparison. In this study we give 

evidence to suggest considerable enhancement in the phase conjugate signal 

around 495 nm in a gamma irradiated crystal, probably corresponding to the 

electronic excitation induced O" ions. 

3.2. Experimental 

The experimental setup used for four-wave mixing, and phase conjugate detection 

is similar to the one described in Chapter 2, Figure 2.13. The measurments were 

done at the following wavelengths of Ar+ laser: 457, 472, 476, 488, 496, 501, and 

515 nm. In these measurements the polarization of laser light was perpendicular to 

c axis to avoid fanning. 

For meaningful comparison of the phase conjugate signals at all these 

wavelengths, the Ar+ laser was operated at all these wavelengths at the same 

power level (0.26 W). The wavelength selection was done after checking for the 

spectral purity of Ar+ ion output using a McPherson 218 Scaring Monocromator 

with a 788 stepper system. The PMT response at these wavelengths was checked, 

and found to be nearly wavelength independent in this range. (This is shown in Fig. 
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3.1.) It may be pointed out that the grating spacing at these wavelengths L=X/2sin 

9 does not vary by more than 10%. Therefore, L is taken as essentialy unaltered. 

The phase conjugate signal at different wavelengths was detected and its 

stability was ascertained by monitoring the phase conjugate signal as a function of 

time. The different wavelengths for the gamma irradiated mechanically poled 

crystal and two electrically poled unirradiated crystals are shown in Figures 3.2, 

3.3 and 3.4. The phase conjugate signals at different wavelengths were normalized 

against the direct beam signals (Figure 3.1) of the same wavelength. The 

normalized phase conjugate intensities for the three crystals at different 

wavelengths are shown in Figure 3.5 which shows there was an order of 

magnitude enhancement of phase conjugate signal at 495 ran in the gamma 

irradiated crystal. It may be appropriate to mention that the gamma irradiated 

crystal was a mechanically poled crystal, unlike the electrically poled monodomain 

crystals used as reference unirradiated samples. Therefore, the enhancement in 

phase conjugate signal, at 495 nm, on gamma irradiation may be considered more 

than the extent shown in Figure 3.5. The increase may be taken as due to 

resonance effects created because of gamma irradiation like in SBN. 

Lasher and Gooking [3.5] have investigated the wavelength dependence of 

photorefractive effect in an unirradiated BaTiC>3 crystal. They found it to exhibit 

weak (1A,) dependence as expected over a wide wavelength range. However, it 

was found to be nearly wavelength independent in the 450 - 520 nm region. They 

also studied photorefractive response time as a function of X. They observed a 

strong X- dependence of response time. We measured the decay time of the phase 

conjugate signal as a function of A, in a gamma irradiated crystal between 450 and 

520 nm. An anomalous decrease of the response time was observed around 470 
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nm and 490 nm. (Fig. 3.6) It was probably a manifestation of the formation of 

population grating due to resonant effects/resonant absorption. Precise origin for 

this gamma irradiation / color center effect is still to be understood. 

The next query naturally would be to identify whether any radiation 

induced species in BaTiC>3 would give an optical absorption around 495 nm. We 

have conducted the optical absorption before and after gamma irradiation. There 

was no prominent new peak observed in gamma irradiated samples. It may, 

however, be mentioned that a broad absorption around 500 nm got developed at 

the foot of the sharp band edge around 400 nm (Figure 3.7). Among the possible 

radiation induced defects in BaTiC>3, the most probable one was an O" ion, 

trapped near lattice / point defects. The absorption spectrum of O" is well 

characterized in LiNbC^. It has a strong absorption around 500 nm [5.4] which is 

shown in Fig. 3.8. Therefore, the result discussed above suggested a possible 

resonance phase conjugation due to population grating formed by O" ions in 

BaTi03. 
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Figure 3.2 The phase conjugate signal as a function of time at different 

wavelengths from an Ar+ laser, using a gamma irradiated mechanically poled 

BaTiC>3 crystal. 
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Figure 3.3 The phase conjugate signal as a function of time at different 

wavelengths from an Ar+ laser, using an unirradiated electrically poled BaTi03 

crystal #1. 
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wavelengths, using an unirradiated BaTi03 crystal #2. 
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Figure 3.5 The normalized phase conjugate intensities for the three crystals at 

different wavelengths from an Ar+ laser. It indicates an order of magnitude 

enhancement of phase conjugate signal at 495 nm in gamma irradiated crystal. 
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Figure 3.6 The plot of decay time constant of phase conjugate signal as a function 

of wavelengths, showing an anomalous decrease of response time around 490 nm. 
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Figure 3.7 The optical absorption spectrum of unirradiated and gamma irradiated 

BaTiC>3 crystal. 
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Figure 3.8 Optical absorption of O" -trapped holes in low temperature (10K) x- 

irradiated undoped LiNb03. The 1.6 eV Nb4+ band was not present in this crystal. 

Solid lines: o-polarization; dashed lines : 7t-polarization (Ref. 3.1). 
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Chapter 4 

PARAMETRIC DEPENDENCE OF ENERGY TRANSFER AND COHERENT 

TWO BEAM COUPLING IN BaTi03 

4.1 Introduction 

The energy transfer and beam coupling between two polarized coherent beams, 

interacting in an electrically poled BaTi03 crystal critically depend upon a number of 

experimental parameters due to the role of extent of beam overlap, and the role of internal 

reflection. The energy transfer in two beam coupling continues to be an interesting 

problem and has therefore been investigated in the present work as a function of the 

following parameters: angles of incidence, point of entry and orientation of optic axis. 

4.2 Experimental Procedure 

4.2.1 Experimental Setup 

The experiments have been conducted on an electrically poled BaTi03 crystal 

obtained from Sanders Associates of Lockheed Corp. The dimensions of the crystal used 

are 5.42 x 5.18 x 5.08 mm3 with the optic axis along the 5.42 direction. The diameter of 

the beam is about 1 mm. Fig. 4.1 shows the schematic of experimental setup used. Two 

horizontally polarized coherent beams Al and A2, (7.8 mW each, 1 mm diameter) from a 

He:Ne laser cross in BaTi03 crystal. The angle of incidence of beam AY is designated as <|> 

and angle between the beams is 29. A Faraday isolator FI prevents the backward going 

phase conjugate beam from entering the He:Ne laser cavity. The energy transfer in the 

two beam coupling is analyzed by simultaneously monitoring four identical 

detector/amplifier signal detection systems Dh D2, D3 and D4 as shown in Figure 4.1. 
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They are operated in the linear region and are calibrated using standard techniques of 

placing varying neutral density filters in front of the detector and measuring the power as 

well the reading on the chart recorder. 

4.2.2 Method of Parametric Study 

The dependence of the beam couplings and energy transfer with respect to the 

angle of incidence have been studied by changing the angle of incidence of A^ beam from 

-45° to +45° in steps of roughly 10°. The angle between the two beams is kept fixed at 10 

°, and also the direction of the optic axis is kept fixed in the laboratory frame. In all sets 

of experiments the point of entry, with the angle between the two beams fixed at 10°, is 

gradually changed in steps of 0.5 mm along the face of the crystal. It may be mentioned 

that all the data were taken after initial stabilization of the laser for 30 minutes, during 

which the crystal was blocked from the laser radiation. 

4.2.3 Method of Recording Experimental Data 

A typical procedure for recording the experimental data is as follows. Initially, 

only beam A! is switched on typically for 5 minutes. This is marked as region a in Fig. 

4.2. The signal at the detector is recorded as a function of time to fix the base line in the 

absence of two beam coupling. This is expected to facilitate the delineation of two beam 

coupling effects. In this phase marked AL in Figure 4.2 the transmitted signal Alti (where 

subscript i stands for individual pumping, and t stands for transmitted beam) and the phase 

conjugate signal, A*^ if any are recorded. Then beam A2 is also switched on and the two 

beam coupling is studied by simultaneously recording the intensities of the two 

transmitted beams with their phase conjugate signals. These intensities correspond to " A! 

+ A2" phase of the experiment indicating the presence of A! and A2 beams (region b of 
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Fig.4.2). The transmitted signals Alts, A2ts, (where subscript s stands for simultaneous 

pumping) and phase conjugate signals A*ls and A*2s are recorded. Now Ax is switched 

off to get the individual pumping signal of A2 by recording both transmitted intensity A2ti 

and the corresponding phase conjugate signal A*2i of the latter (region c of Fig. 4.2). 

Again Aj is switched on for obtaining "A2 + A^' phase of the experiment (region d of Fig. 

4.2). A2 beam is switched off to record the region e of Figure 4.2 where the beam AY 

only is on. 

4.2.4 The Method of Data Presentation 

Figure 4.2 represents a typical experimental record showing the simultaneous 

outputs of detectors Dls D2, D3 and D4 using a four pen chart recorder. The changes in 

intensities AAlt = Alts - Alti and AA2t = A2ts - A2ti are obtained from these experimental 

records. The gain in intensity in the two beam coupling experimentally manifests as 

positive AAjt and the transfer of energy from the beam shows up as negative AAjt (j = 1, 

2). These experiments therefore, easily facilitate the investigation of energy transfer as a 

function of number of experimental parameters. Finally these changes AAlt and AA2t in 

the two beam coupling are studied as functions of various parameters. 

4.3 Results and Discussion 

4.3.1 Angular Dependence 

Fig. 4.3 shows a summary of all the results when angles of incidence are changed 

while keeping angle between the two beams fixed at 10° and also the orientation of the 

optic axis is kept the same as shown in the inset in the Figure. The points marked O and 

D in Figures represent AAlt and AA2t.   • and ■ represent the cases where self-pump of 
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the incident beams takes place. Self-pump takes place when the angle of incidence (j) of 

beam Al is the range 30° - 50°. Qualitatively it is seen that both AAlt and AA2t undergo 

similar changes and AA2t is about 0.8 times that of AAlt. All the points in the Figure are 

normalized for equal intensities of the beams AAlt or AA2t. It can be seen that energy 

transfer is maximum at around + 25°. Since the AA2t < 0 and AAlt > 0, it is clear that 

energy is transferred from beam A2 to beam Av The measurements on AAlt and AA2t 

corresponding to the points marked in Figure 4.3 are tabulated in Table 4.1. The 

corresponding values of AA*: and AA*2 at those values of (j) where self-pump shows up 

are also included in the table. Here AA*! =A*ls - A*u and AA*2 =A*2s - A*2i where A*H 

and A*2i are the self-pump phase conjugate signals in intensities of the beams Ai and A2 

at detectors Dj and D2 respectively under individual beam pumping. A*ls and A*2s are 

the signal intensities at Dj and D2 respectively under simultaneous pumping of Ax + A2. 

It is interesting to note that the values of AAlt and AA2t abruptly change when the phase 

conjugate of the beams develops. The observed points when there is no phase conjugation 

could be fitted to a sixth degree polynomial of <j) while those when phase conjugation is 

observed by a two degree polynomial. These are shown by the smooth lines in the Figure. 

However, no physical significance could be attached to this variation at present. 

The results on angular dependence using the above crystal before y-irradiation are 

shown in Figure 4.3a and they are nearly similar in those in Figure 4.3. 

4.3.2 Dependence on Points of Entry of the Beam 

The dependence of the parameters AAlt and AA2t on the distance x (from 1.5 mm 

to 5.0 mm) of the point of entry of the beams from the c axis side of the crystal has been 

studied. The angle of incidence $ of A: is kept constant at angles of+50°, +45°, +40°, + 

30°, +20°, +10°, 0°, -10°, -20°, -30° and -40° respectively for the different experiments. 

The angle between the beams AL and A2 is kept at 10° for all the experiments. There was 
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no self-pump at the values of = 0°, -10°, +10°, -20°, -30°, -35° and -40°. Self-pump 

phase conjugation was observed with <J> = +20° with x = 3.5, 4.0 and 4.5 mm, with <j) = 30° 

at x = 2.0, 2.5 and 3.0 mm, with <|> = 40° at x = 2.5, 3.0 and 3.5 mm, with <J> = 45° at x = 

2.5 and 3.0 mm, with <j> = 50° at x = 2.5 and 3.0 mm respectively. Thus when x = 2.5 mm 

and 3.0 mm, self-pump phase conjugation was observed for <j) values between 30° and 50°. 

With x = 2.0 mm at <J> = 40°, phase conjugation was observed for beam A2 only and not 

for Aj. Under simultaneous pumping AA*2 was negative. Typical results obtained for <|> = 

20° and 10° are shown in Figures 4.4 and 4.5 respectively and the corresponding values of 

AAlt and AA2t are given in Tables 4.2 and 4.3 respectively. The corresponding results 

obtained with the crystal before y-irradiation are shown in Figures 4.4a and 4.5a 

respectively. 

4.3.3 Dependence on x (Points of Beam Entry) when the Beam Falls on the c Face. 

The dependence of the parameters AAlt and AA2t on the distance x of the point of 

entry of the beams from the left edge of the crystal as in the above experiment is studied. 

There is no self-pump in these orientations, x changes from 1.5 mm to 5.0 mm. The angle 

of incidence $ of AL is kept constant at angles of +20°, +10°, 0°, -10° and -20° 

respectively. The angle between the beams AL and A2 is kept at 10° for all experiments. 

The AAlt and AA2t values reach a maximum at x « 3 mm and their dependence on x in all 

the Figures is similar. In experiments where <j> = 20° and 10° AAlt is negative while AA2t 

is positive, on the other hand in experiments where <j> = 0°, -10° and -20°, AAlt is positive 

and AA2t is negative. The reason for this will be discussed later in Section 4.3.6. Typical 

results of an experiments when <j> = 10° are shown in Figure 4.6 and are tabulated in Table 

4.4. The corresponding results obtained before the crystal was y-irradiated are shown in 

Fig. 4.6a. The relative directions of the axis and of the beams AY and A2 are shown in the 
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insets of the Figures.   Figure 4.6b shows the results when the direction of the c axis is 

reversed. Here AAj(t) and AA2(t) reverse their sign. 

4.3.4 Dependence on Angle of Incidence when Beams Fall on c Face 

Figure 4.7 shows the dependence of AAlt and AA2t on the angle of incidence of 

the beams when the beams enter on the c face perpendicular to the c axis. The orientation 

of the crystal is shown in the inset of the Figure, and there is no self-pump in this 

orientation. Here as expected AAlt and AA2t change their signs as one passes from the 

minus value of <j) to + value of (j). Table 4.5 gives AAlt and AA2t values of the different 

points marked. 

4.3.5 Results when Horizontally Polarized Beam Interacts with Vertically Oriented c 

Axis 

When the polarization of the beams and the orientation of the c axis are 

perpendicular, no significant interaction was observed between the beams. This was so at 

different angles between the beams as well as with different points of entrance of the 

beams in the crystal. 

4.3.6 Dependence of Energy Transfer on the Points of Entry 

The beam which has the larger component in the + c direction of the c axis gains 

energy from the other. In other words the beam which makes the smaller angle with the + 

c direction gains energy. This is an important point that has been noted in these 

experiments. 

64 



In Section 4.3.3 it has been noted that when the angles of incidence of beam Aj 

are +20° and +10°, the AAlt values are negative and AA2t values are positive. In these 

orientations Ai loses energy to A2 as A2 makes smaller angle to the + c direction of the c 

axis. The AAlt values are positive and AA2t values are negative when <j) = 0°, -10°and -20° 

as beam Ai makes the smaller angle with the positive direction of the c axis. 

Fig. 4.3 shows the variation of AAlt and AA2t with the change in their angles of 

incidence. Here AAlt values are positive and AA2t values are negative showing that Aj 

gains energy from A2 for the orientation shown in the Figure for the reason indicated 

above. As indicated earlier there is an abrupt change in AAlt and AA2t in the region 

where self-pumped phase conjugation takes place. This is because part of the beams get 

phase conjugated instead of being transmitted. 

4.3.7 Exchange of Energy in Two Beam Coupling in Photorefractive Crystals 

4.3.7.1 For orientations where there is no self-pump phase conjugation 

For these orientations in two beam coupling, there is a diffraction of one beam into 

the other and an energy transfer from one beam to the other. If the incidence beams are of 

the same intensity, the diffraction D and energy transfer E can be represented by the 

following equations: 

Aits = Alti + AAlts = Alti + D (from A2) + E (1) 

A2ts = A2ti + AA2ts = A2ti + D (from Ax) + E (2) 

Here Alti and A2ti are the intensities of the beams Al and A2 after individual transmissions 

through the crystals while Alts and A2ts are the intensities of the transmitted signals when 

both beams (A:+ A2) are simultaneously put on. AAlts and AA2ts are the changes in the 

transmitted signals because of simultaneous pumping. When the two coherent beams (Ax 

+ A2) form a grating the crystal under simultaneous pumping, as Ai and A2 are of nearly 
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equal intensity, the diffracted signal component D will be the same in both Alts and A2ts. 

However as the energy exchange takes place, assuming A2 gives energy to Ah AA2ts = D 

- E and AAlts = D + E as in equations 1 and 2. For the orientations where there is no 

phase conjugation, the values of D and E are calculated from the observed values of AAlts 

and AA2ts and are given in Tables 4.1 to 4.5 corresponding to the Figures 4.3 to 4.7. 

In Tables 4.1 to 4.5 the energy transfer component E is larger than the diffracted 

component D. Some of these aspects have been examined in detail using chopped beams 

by Kapoor et al.[4.1] from this lab. These experiments also lead to similar conclusions 

with regard to the relative magnitudes E and D. 

4.3.7.2 For the orientation where there is phase conjugation 

A separate representation of the case where there is self-pumped phase 

conjugation in individual land simultaneous pumping of two interacting beams in crystal is 

shown in Fig. 4.8. As indicated in Section 4.2.3 A*^ and A*2i represent the individual 

self-pumped phase conjugates of beams Ax and A2 respectively while A*ls and A*2s 

represent the corresponding phase conjugates under simultaneous pumping. Alti and A2ti 

are individual transmitted beams intensities while Alts and A2ts are transmitted intensities 

under simultaneous pumping. Thus AA*j = A*ls - A*^ and AA*2 = A*2s - A*2i represent 

the changes in the phase conjugate intensities under simultaneous pumping. When there is 

individual self-pumped phase conjugation, part is spent in developing its phase conjugate 

so that part of the incident beam A^ = Aj - A*^ and A2tj = A2 - A*2j neglecting crystal 

absorption for simplicity. The changes AA*2 and AA*! come in because of mutual phase 

conjugation as explained by earlier workers where in the beam a part of beam A2 gets 

diffracted in a separate grating into the opposite direction of A^ in the direction of A*ij 

and simultaneously A! gets into the direction of A*2i- Along with mutual diffraction there 

will also be a transfer of energy from one beam to the other.   The phenomenon leads to 
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the development of AA*2 and AA*r The values of AA*2 and AA*X are included in Tables 

4.1 and 4.5. Assuming AA*2 introduces a change in the transmitted intensity of Alts or 

affects the value of AAlts and similarly AA*! affects the value of AA2ts, the earlier 

equations involving the diffraction and energy transfer parameters will be revised when 

phase conjugation occurs as 

AAlts = D*± E-AA*2 ." (3) 

AA2ts = D*     E-AA*!     (4) 

As the two beams Ax + A2 are of nearly equal intensity D* is the same in both equations. 

The sign of E is to be selected depending upon the direction of energy transfer. The 

values of D* and E calculated from these formula are included in Tables 4.1 and 4.2 for 

the case where there is mutual phase conjugation. D* is used instead of D to indicate that 

part of beams A2 and Al are used in fanning F in the crystal and it is difficult at this stage 

to separate the parameters D and F. However D* may be written as D - F. Because of this 

D* may come out to have some times a negative value depending upon the extent of 

fanning value when there is phase conjugation. Tables 4.1 and 4.2 show that D* is 

negative in some cases. Typical basic observed data used in Table 4.1 is given in Table 

4.6 as an illustration. 

As indicated earlier one expects diffraction and energy transfer in mutual phase 

conjugation. Thus 

AAVd* + e (5) 

AA*2 = d*-e (6> 

Here d* indicates diffraction and e indicates energy transfer in mutual phase conjugation. 

The sign of e depends upon whether the change AA*2 is greater or less than the change 

AA*!. In these equations d* includes the effects of diffraction d and energy loss f due to 

fanning in mutual phase conjugation. Thus d* = d - f. Here d* could be negative 

sometimes as seen for example in Tables 4.1a and 4.2a, depending upon the extent of 

fanning. 
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The above analysis of the change AA*! and AA*2 under simultaneous pumping 

suggests that both could be positive or both could be negative or one positive and the 

other negative (see Table 4.6). It is also possible that while A*^ and A*2i show up 

prominently under individual pumping, A*ls and A*2s under simultaneous pumping could 

be both zero, thus explaining the results obtained earlier by Venkateswarlu et al.[4.2, 4.3]. 
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Table 4.1 C .hange in mt ensity vs an gle oi mciae rice at x = z. 

Angle ° AAlt AA7t D E 

-40 9.9 -8.9 0.5 9.4 

-35 14.0 -10.8 0.2 13.8 

-30 25.0 -19.0 3.0 22.0 

-20 21.0 -18.1 1.45 19.55 

-10 16.8 -13.2 1.8 15.0 

0 13.7 -12.0 0.85 12.85 

10 18.9 -12.7 3.1 15.8 

20 20.9 -18.3 1.3 19.6 

Table 4. la Change in intensity vs angle of incidence at x = 2.5 mm at angles where there is 

Angle0 AA1t AA?t AAi* AA9* D E d e 

30 7.4 -7.6 2.0 1.6 1.7 7.3 1.8 0.2 

40 7.5 -5.5 3.0 -0.97 2.105 4.515 1.015 1.985 

45 6.6 -4.7 -1.2 0.64 0.67 6.57 -0.28 0.92 

50 4.2 -3.1 -6.4 3.49 -0.905 8.595 -1.455 4.945 
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Table 4.2 Change in intensity vs point of entry at 20° 

X AA1t AA9t D £ 

1.5 21.1 -18.6 1.25 19.85 

2.0 20.8 -18.0 1.4 19.4 

2.5 20.9 -18.3 1.3 19.6 

3.0 18.7 -16.9 0.9 17.8 

5.0 9.4 -21.1 -5.85 15.25 

Table 4.2a Change in intensity vs point of entry at 20° at x values where there is self- 

pumped phase conjugation. 

X AA1t AA7t AAT* AA9* D E d e 

3.5 12.1 -15.1 -0.7 2.21 -0.745 15.055 0.755 1.405 

4.0 9.4 -14.0 4.6 3.03 1.515 10.915 3.815 0.785 

4.5 7.9 -12.3 3.9 1.4 0.45 8.85 2.65 1.25 

Table 4.3 Change in intensity vs point of entry at +10°. 

X AA1t AA9t D E 

1.5 16.9 -10.5 3.1 13.7 

2.0 12.3 -9.1 1.6 10.7 

2.5    ' 18.9 -12.7 3.2 15.8 

3.0 19.3 -12.5 3.4 15.9 

3.5 16.5 -11.1 2.7 13.8 

4.0 16.1 -11.4 2.35 13.75 

4.5 13.5 -10.8 1.35 12.15 

5.0 3.6 -5.9 -1.15 4.75 
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Table 4.4 Chans 2,e in intensity vs point of entry at +10°. 

X AA1t AA9t D E 

1.5 -10.6 7.0 -1.8 8.8 

2.0 -10.5 13.2 1.35 11.85 

2.5 -14.1 13.8 -0.15 13.95 

3.0 -15.2 16.4 0.6 15.8 

3.5 -13.1 14.5 0.7 13.8 

4.0 -9.8 11.2 0.7 10.5 

Table 4.5 Change in intensity vs am >le of incidence at x = 2.5 mm. 

Angle0 AAlt AA7t D E 

-30 31.4 -6.7 12.35 19.05 

-20 36.1 -20.1 8.0 28.1 

-10 27.4 -25.8 0.8 26.6 

0 10.3 -14.4 -2.05 12.35 

10 -14.1 13.8 -0.15 -13.95 

20 -20.8 27.0 3.1 -23.9 

30 -9.3 32.4 11.55 -20.85 

40 -5.1 13.6 4.25 -9.35 

45 0.0 6.3 3.15 3.15 
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He-Ne Laser      --F.I. 

X /2 plat« 

Fig. 4.1 Schematic of experimental setup, F. I.   Farraday isolator, V.B.S. Variable beam 
splitter, Dj (j =1 - 4) Detectors/Amplifers. 
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Fig. 4 2 Free hand tracing of four-pen strip chart record output of four simultaneously 
recorded signals. 
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Fig.4.3 Change in transmitted intensities AAlt=Als-Ali and AA2t=A2S-A2i in y-irradiated 
BaTi03 crystal in two beam coupling as the angle of incidence at the point of entry is 
changed. Here A^ and A2j are transmitted intensities of individual beams, while Als and 
A2s are transmitted intensities under two beam coupling. ■ and • represent the cases 
when self-pumped phase conjugation takes place. The point of entry is at x = 2.5 mm. 
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Fig.4.3a Change in transmitted intensities in BaTi03 crystal before y-irradiation in two 
beam coupling as the angle of incidence at the point of entry is changed. Here AH and A2i 

are transmitted intensities of individual beams, while Als and A2s are transmitted 
intensities under two beam coupling.    The point of entry is at x = 2.5 mm. 
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Fig. 4.4 Change in transmitted intensities AA^A^-A^ and AA2t=A2s-A2i in y-irradiated 
BaTi03 crystal in two beam coupling as the point of entry is changed. Here A^ and A2j 
are transmitted intensities of individual beams, while Ais and A2s are transmitted 
intensities under two beam coupling. ■ and • represent the cases when self-pumped 
phase conjugation takes place. The angle of entry is 20°. 
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Fig. 4.4a Change in transmitted intensities in BaTiOß crystal before y-irradiation in two 
beam coupling as the point of entry is changed. Here Ajj and A2j are transmitted 
intensities of individual beams, while Als and A2s are transmitted intensities under two 
beam coupling. 
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Fig. 4.5 Change in transmitted intensities AA^A^-A^ and AA2t=A2s-A2j in y-irradiated 
BaTi03 crystal in two beam coupling as the point of entry is changed. Here A^ and A2j 
are transmitted intensities of individual beams, while Ajs and A2s are transmitted 
intensities under two beam coupling. ■ and • represent the cases when self-pumped 
phase conjugation takes place. The angle of entry is 10°. 
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Fig. 4.5a Change in transmitted intensities in BaTi03 crystal before y-irradiation in two 
beam coupling as the point of entry is changed. Here A^ and A2j are transmitted 
intensities of individual beams, while Als and A2s are transmitted intensities under two 
beam coupling. 
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Fig. 4.6 Change in transmitted intensities AA^A^-A^ and AA2t=A2s-A2i in y-irradiated 
BaTi03 crystal in two beam coupling as the point of entry is changed. Here A^ and A2i 

are transmitted intensities of individual beams, while Als and A2s are transmitted 
intensities under two beam coupling. The angle of entry is 10°. 
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Fig. 4.6a Change in transmitted intensities in BaTi03 crystal before y-irradiation in two 
beam coupling as the point of entry is changed. Here Au and A2i are transmitted 
intensities of individual beams, while Als and A2s are transmitted intensities under two 
beam coupling. 
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Fig. 4.6b Change in transmitted intensities in BaTi03 crystal before y-irradiation in two 
beam coupling as the point of entry is changed. Here A^ and A21 are transmitted 
intensities of individual beams, while Als and A2s are transmitted intensities under two 
beam coupling. Here the orientation of the c axis is changed by 180°. 
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Fig. 4.7 Change in transmitted intensities AAlt=Als-Au and AA2[=A2s-A:, in y-irradiated 
BaTi03 crystal in two beam coupling as the angle of incidence at the point of entry is 
changed. Here Ah and A2l are transmitted intensities of individual beams, while Als and 
A2s are transmitted intensities under two beam coupling. The point of entrv is 2.5mm. 

84 



A - Corresponds to AA]t = Alts - Am 
<(> - Corresponds to AA2t = A2ts - A2ti 

x = 2.5 mm 

»5 

:.o 

1.5 

•itnal 

-1.5 ._ 

■'0        -30 -20        -10 

* 

->    a 
10 20 30 «o so 

-3.0 

-*.i f 

Fig. 4.7a Change in transmitted intensities in BaTi03 crystal in two beam coupling as the 
angle of incidence at the point of entry is changed. Here An and A2i are transmitted 
intensities of individual beams, while Als and A2s are transmitted intensities under two 
beam coupling. 
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CHAPTER 5 

NEW BEAM COUPLING IN BaTi03 

5.1       Introduction 

We discussed in the earlier chapter the beam couplings of two coherent beams in 

transmission and in self-pumped phase conjugation wherever observed. The diffraction, 

exchange of energy in the transmission and phase conjugation were discussed in detail. In this 

chapter we discuss the experiments where a new type of beam coupling and corresponding 

phase conjugation have been observed. The results obtained are presented and discussed. 

5.2       Experiment 

Two coherent beams 1 and 2 from a He-Ne laser (6328 Ä), horizontally polarized in 

the same plane with the c axis of an electrically poled BaTiC>3 crystal (10 x 10 x 10 mm3) are 

incident on a face of the crystal in the configuration shown in Figure 5.1. The beams meet at 

the center of the surface of the crystal with the angles of incidence §\ = 60.5° and 4)2=61.5° 

shown in more detail in Figure 5.2, and it was made sure that the specular reflections do not 

interfere in the experiment. This configuration is not convenient for individual CAT phase 

conjugation and no individual phase conjugation could be detected. However when the two 

beams are on simultaneously pumping, fanning gets developed. The development of the 

fanned beam inside the crystal looks like a pincushion. Detectors D\ and D2 (Fig. 5.2) record 

the phase conjugates 1 and 2 of the beams 1 and 2 respectively. We discuss below the 

results obtained in this new beam coupling experiment. 
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5.3      Results and Discussion 

When the beams are coherent, the growth of 1 * and 2* show random fluctuations (Fig. 

5.3). If the beams are incoherent, the growths are smooth and reach saturated maximum 

values (Fig. 5.4). The simultaneous growth of the phase conjugate beams 1 and 2 can be 

seen separately in these Figures: The right portion of these Figures (region B) show the signals 

at the detectors D\ and D2 when one of the beams 1 or 2 is put off. 

If we start with the two coherent beams being on for a few minutes and then put off 1, 

then beam 2* at D2 decays fast while the beam 1* at Di goes up for a while and then decays. 

Similar is the situation when beam 2 is put off Then 2 shows an increase first and then a 

decay while 1 * decays with out showing any increase though the decay shows a kink in its 

decay. At the beginning one can see the sudden rise of 2 in the region B of Figure 5.3 which 

shows an increase and then decay there is a sharp decay for 1 with out a raise. Figure 5.4 

shows the same with a slower speed. However when two incoherent beams are on for a few 

minutes till the phase conjugates 1* and 2* get well developed and then one of the beams say 2 

is put off, 2* does not show an increase but decays slowly, while 1 shows a sharp decay. 

This can be seen in Figure 5.4. 

5.31 Coherent Beams 

The following analysis will explain the above results when coherent beams are used. 

The regions marked A\, A2, A3 and A4 shown in Figure 5.2 around the points PQRS 

respectively are those where the beams meet from two different directions. Here in these 

regions the beams develop gratings, say of type a, as in the experiments of earlier workers 

[1.2] which give rise to mutual phase conjugation. For instance the gratings in the region A\ 
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responsible to send a part of the beam 2 to detector Dj (in the backward direction of 1 as its 

phase conjugate 1 ) and similarly to send part of beam 1 to detector D2 as 2 (in the backward 

direction of beam 2). In addition, the region marked A\ includes gratings of type ß formed by 

two beam coupling where a part of the beam 1 goes in the forward direction (PQ) of beam 2, 

and a part of the beam 2 goes in the forward direction PS of beam 1. Further one can see that 

the beam 1 and similarly 2 will travel in opposite directions in the regions PQ, QR, RS and SP 

giving rise to gratings of type y responsible for normal reflection. The y type gratings are 

formed in the above regions by [1-H-l], [2-»<-2] and [l-»<-2] of which the first two can be 

seen to be weaker. Thus when the beams 1 and 2 are simultaneously on, detector D\ will 

record: 

l*=2(la)+2(3a-4y-lß)+l(3a-4y+lß)+2(lß+3a+lß-4y)+l(lß+3a-4y-lß) at D^        5.1 

and the detector D2 will record : 

2*=l(la)+l(3a-4y-lß)+2(3a-4y+lß)+l(lß+3a+lß-4y)+2(lß+3a-4y-lß). 5.2 

Here 2(1 a) means that beam 2 after one effect of type a grating goes to detector D\, 2(3 a- 

4y-lß) means beam 2 before reaching D\ undergoes 3 diffractions by type a gratings (mutual 

phase conjugation), and 4 of type y and 1 of ß type. Negative sign indicates loss of intensity 

because of the particular diffraction. 

When both the beams are on, the phase conjugates 1 and 2 at Dj and D2 reach their 

maximum values though coupled with fluctuations. If then the beam 1 is put off, the detectors 

record 1   atDi as: 

l*=2(la)+2(3a-4y-lß)+2(lß+3a+lß-4y) 5.3 

and 2   at D2 as: 

2*=2(3a-4y+lß)+2(lß+3a-4y-lß) 5.4 

Similarly if beam 2 is put off 2* at D2 will be as 



2 =l(la)+l(3o>4y-lß)+l(lß+3a+lß-4y) 5.5 

and 1   at Di as 

l*=l(3a-4y+lß)+l(lß+3a-4y-lß) 5.6 

The major contribution at Dun 5.3 (and similarly at D2 in (5.5)) will be due to the first term 

and then the second term, the least contribution being due to the third term. The first term in 

the eqn. 5.4 will give more contribution than the second at D2. Similarly the first term in eq. 

5.6 will give more contribution from the second at D\ than the second one. 

When the beam 2 is put off all the gratings decay. The signal 2* at D2 decays because 

of the first term and also because of the first parameter in the second term and the first 3 

parameters in the third term all in 5.5. However the two parameters (-4y) and (-Iß) indicate 

that their decay will give a growth to the signal at D2. Then one sees the resultant effect of 

growth and decay of the signal. As shown in Figures 5.5 to 5.8, the resultant signal at D2 first 

grows and then decays. These Figures represent the results from four different, but similar, 

experiments. The gratings ß and y are probably short-lived compared to a grating. 

The signal 1 * when the beam 2 is blocked does not show a prominent growth as the signal 2 . 

However it shows a kink. The time taken for the maximum growth point m in 2   is the same 

as for the kink m in 1* (Figures 5.5 - 5.8). The temporal behavior of the phase conjugate 

2*(I*2) at D2 can be represented by 

I*2(t)=K1(l-K2exp(-t/T1))exp(-t/x2) 5.7 

In the above equation K\ and K2 are constants and are related to the diffraction efficiencies of 

the above mentioned gratings, xi and 12 are respectively the growth and decay rates of the 

conjugate signal 1*2 when beam 2 is blocked. It can be noticed in the above equation that 

when the beam 2 is blocked the phase conjugate 1*2 will first grow and then decay.   Also the 
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result can be seen for decays of the signal at D\. The temporal behavior of the phase 

I   */T* conjugate 1 (I j) at Dj when beam 2 is blocked can be represented by the equation 

fl^K'jCl-K^expC-t/T^^expC-t/x^) 5.8 

In equation 5.8 K \ and K 2 are constants which are related to different gratings mentioned 

above, T \ and T 2 are respectively the growth and decay times of the phase conjugate signal 

1 (I 1) at D\ when beam 2 is blocked. 

When we tried to fit the above equations in our observed temporal response of both the 

phase conjugate signals in different conditions, we found that in our temporal curves the decay 

was probably not a single exponential. Therefore we tried to fit a function with one 

exponential growth and two exponential decays such that the temporal behavior of the I \ and 

I 2 will be given by the following expressions. Here in the following expressions xi, 12 and 13 

represent one growth and two decays respectively in equation 5.9 while the expressions x' 1, 

T'2 and x'3 represent one growth and two decays respectively in equation 5.10. 

I*2(t)=Ki(l-exp(-t/x1))[exp(-t/T2)+K2exp(-t/T3)] 5.9 

and 

I*1(t)=K'1(l-exp(-t/x'1))[exp(-t/x,2)+K'2exp(-t/x'3)] 5.10 

Figures 5.5 and 5.6 show the temporal behavior of I 1 and I 2 when the beam 2 was blocked. 

Figures 5.5a,5.5b, 5.6a, and 5.6b show correspondingly the fitting of the above mentioned 

equations to the observed curves shown in Figures 5.5-5.6. Equations 5.9 and 5.10 fitted in 

good agreement with our data. The time constants and the amplitudes are given in Tables 5.1 

and 5.2 in which the data from two other sets of similar experiments are included. The decays 

when beam 1 is put off are shown in Figure 5.7 while the decay constants for this set and 

another similar set are shown in Tables 5.3 and 5.4. 
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5.3.2 Incoherent Beams 

Fig. 5.8 shows a typical temporal behavior of the decay of the conjugate signals when 

one of the two incoherent beams beam 1 was blocked. The prominent growth in 1 and the 

kink in 2* observed when the beams were coherent (Figure 5.7) are absent in Fig. 5.8. The 

initial small growth of 1* in Figure 5.8 is because of the decay of the terms -4y and -Iß in eqn. 

5.3 due to the decay of the gratings ß and y. When the beams are coherent, ß gratings do not 

exist. Further as pointed out earlier y gratings are reflection gratings due to [l-><-l], 

[2-»<-2] and [l-»*-2] of which the third one will be more prominent. When the beams are 

coherent all the three varieties of y gratings are present, but when the beams are incoherent the 

interaction [1H><-2] will not give y gratings. Therefore, the effect of y gratings will be less 

pronounced and will show a minimal rise in 1* as indicated in 1* in Figure 5.8. Ding in our 

laboratory observed slightly more prominent rises for 1* for slightly different angles of §\ and 

4)2- The decay time constants and magnitudes for incoherent beam coupling are given in 

Tables 5.5 and 5.6. 

5.3.3 Growth of Phase Conjugates When the Beams 1 and 2 are Incoherent 

The typical growth of the phase conjugates 1* and 2* when the beams 1 and 2 are 

incoherent is shown in Figure 5.4 (called set I). The growths 1* or 2* could be respectively 

represented by the equation: 

I*=k(l-exp(-t/x))A2 5.11 

I* = /fc'(l-expH/r))A2 5.12 
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The fittings of the growths of 1* and 2* to equations 5.11 and 5.12 are in Figs. 5.9a and 5.9b 

and the agreement is quite good. The time constants and amplitudes for three sets of 

experiments (including set I) are given in Tables 5.7 - 5.8 for signals 1* and 2*. 

5.3.4    Growth of Phase Conjugates 1* and 2* for Coherent Beams 

As seen in Fig 5.3, the growths of the phase conjugate beams 1* and 2 show strong 

fluctuations when the beams 1 and 2 are coherent. When the two beams are coherent 

equations 5.1 and 5.2 represent the signals 1* and 2* at the detectors Di and D2 due to the 

combined effect the three types of gratings a, ß and y. Of these the effect of the normal 

reflection gratings of y is to reduce the signal strength of 1* and 2* creating strong fluctuations 

in the growth curves. These fluctuations also indicate that the x values of y are very likely 

shorter than those of a and ß. In spite of these fluctuations, parts of three different growth 

curves for 1* are used to get approximate values of the growth constants and are given in 

Table 5.9. The larger values of xj in Table 5.9 compared to those in Table 5.7 are because of 

the effect of the fluctuations due to y-type gratings. 

These experiments on growths of 1 * and 2* have been repeated by vibrating the optical 

table. The growth of 1 * and 2* are shown in Fig 5.10 and the fluctuations are absent 

confirming that the y-gratings die out fast with vibrations without showing their effect on the 

growth. The growth constants for 1* from two sets of experiments including the one of Fig. 

5.10 are given in Table 5.10. The x values obtained are nearer to those obtained when the 

beams are incoherent (Table 5.7) where the effect of y type gratings is minimal. 
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Table 5.1 Decay time constants and magnitudes of equations 5.10 for signal 1* at Dl for 

coherent two beam coupling in BaTi03 when beam 2 is put off. 

Parameters T'l T'2 x'3 k-i k'9 

Set I 0.9481 0.1991 2.092 0.4842 29.81 

Set II 1.957 0.1311 2.382 0.6145 35.13 

Set III 3.762 0.1291 1.881 0.6313 49.64 

Set IV 2.171 0.1271 1.881 0.6251 33.81 

Average 2.21 0.15 2.06 0.59 37.1 

Table 5.2 Decay time constants and magnitudes from equation 5.9 for signal 2   at D2 in 

BaTiC>3 when beam 2 is off. 

Parameters ?l T9 -^ kl k?, 

Set I 0.2761 8.701 5.201 1.038 0.3501 

Set II 0.3551 14.85 4.251 0.8211 0.2251 

Set III 0.2771 4.651 4.751 0.6121 0.3701 

Set IV 0.3251 4.451 4.301 0.8261 0.4101 

Average 0.3084 8.163 4.626 0.8243 0.3389 

Table 5.3 Decay time constants and magnitudes from equation 5.10 for signal 1   at D\ in 

BaTiC>3 when beam 1 is off 

Parameters ti T2 T3 k, k? 

Set I 1.259 2.925 4.089 0.6787 1.139 

Set II 1.555 2.516 4.211 0.6515 1.331 

Average 1.407 2..721 4.15 0.6651 1.235 
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Table 5.4 Decay time constants and magnitudes from equation 5.9 for signal 2* at D2 in 

BaTiC>3 when beam 1 is off. 

Parameters *'l T'2 T'l k'i k'9. 

Set I 0.0 0.3411 18.76 0.0195 49.65 

Set II 0.0 0.2684 4.395 0.0219 2.703 

Average 0.0 0.30425 11.57 0.0207 26.18 

Table 5.5 Decay time constants and magnitudes for incoherent beam coupling from equation 

5.10 for signal 1   at Dj in BaTiC>3 when beam 1 is off. 

Parameters XI x? X3 ki k? 

Set I 6.019 3.087 2.726 0.8409 

Set II 1.779 4.141 3.762 0.8473 

Set III 2.381 3.423 3.406 0.8729 

Average 3.393 3.550 3.298 0.8537 

Table 5.6 Decay time constants and magnitudes for incoherent beam coupling from equation 

5.10 for signal 1   at D\ in BaTiC>3 when beam 1 is off. 

Parameters XI T9 x^ k] k7 

Set I 9.699 3.592 3.662 0.3189 

Set II 2.575 1.143 1.144 2.726 

Average 6.14 2.37 2.4 1.5225 
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Table 5.7 shows growth constants and magnitudes for incoherent beams for signal 1* when 

two beam coupling takes place. 

Parameter k X 

Set I 0.7271 0.4657 

Set II 0.6521 0.4128 

Set III 0.2305 0.4873 

Average 0.53 0.39 

Table 5.8 shows growth constants and magnitudes for incoherent beams for signal 2* when 

two beam coupling takes place. 

Parameter k x 

Set I 0.3304 0.4832 

Set II 0.2604 0.4562 

Set III 0.2751 0.4871 

Average 0.45 0.47 

Table 5.9 shows growth constants and magnitudes for coherent beams for signal 1* when two 

beam coupling takes place. 

Parameter k X 

Set I 0.8323 2.3442 

Set II 1.528 5.219 

Set III 1.437 2.841 

Average 1.27 3.47 
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Table 5.10 shows growth constants and magnitudes for coherent beams for signal 1* when two 

beam coupling takes place when Table is vibrated. 

Parameter k X 

Set I 0.1472 0.9302 

Set II 0.1462 0.4933 

Average 0.1465 0.7119 
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D, 
BaTi03     c 

<-^\VBS 

He-Ne laser 1 ^Ml 

Fig. 5.1 Schematic of experimental setup for the pincushion effect using both coherent and 
incoherent light. M represents mirrors. VBS represents variable beam splitters BS 
represents beam splitter. S represents shutter. C represents BaTi03 crystal. For the 
coherent beam coupling studies, laser 1 only is used to give two coherent beams. For 
incoherent beam coupling studies, lasers 1 and 2 are used to give incoherent beams 
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c axis 

BaTiOj crystal 

normal 

Fig. 5.2 Two beam coupling showing development of the fanned beam inside the crystal 
when two beams 1 and 2 are incident at the surface. 
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Fig. 5.3 The simultaneous growth of the phase conjugates 1* and 2 * of the coherent 
beams 1 and 2. Because of reflection gratings of the growth curves show many 
fluctuations. Total time of recording is 25 minutes. 
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Fig. 5.4 Phase conjugate signal 1* (dashed line) and 2* (solid line) of two incoherent 
beams under two beam coupling. (Set I) 
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Fig. 5.5 Phase conjugate signal V 
when beam 2 is put off, (set I). 

(dashed line) and 2* (solid line) of two coherent beams 
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Fig. 5.5a Fitted curve of phase conjugate signal 2* using equation 5.9 involving two 
exponential decays and one growth when beam 2 is put off, (set I). 
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Fig. 5.5b Fitted curve of phase conjugate signal 1* using equation 5.10 involving two 
exponential decays and one growth when beam 2 is put off, (set I). 
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Fig. 5.6 Phase conjugate singa! 
when beam 2 is put off, (set II). 

(dashed line) and 2* (solid line) of two coherent beams 
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Fig. 5.6a Fitted curve of phase conjugate signal 2* using equation 5.9 involving two 
exponential decays and one growth when beam 2 is put off, (set II). 
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Fig. 5.6b Fitted curve of phase conjugate signal 1* using equation 5.10 involving two 
exponential decays and one growth when beam 2 is put off, (set II). 
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Fig. 5.10 The simultaneous growth of the phase conjugates 1* and 2* of the coherent 
beams 1 and 2. Because of vibrations, the growth curves do not show any fluctuations. 
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Chapter 6 

Role of Iron Group Impurities in the Microscopic Origin of Photorefractive 

Effects in BaTi03: EPR Investigations on Fe3+ and Cu2+ Under Laser 

Illumination 

6.1 Itroduction 

It is generally accepted that impurities of iron group exhibiting multivalence 

play a crucial role in the occurrence of photorefractive effect in crystal such as 

BaTi03, LiNb03, etc.[6.1]. This is attributed to photoinduced charge trasfer which 

brings in charge modulation when two coherent light beams interfere within the 

body of the crystal. However, the exact mechanism has not yet been completely 

understood. Among all the dopants of iron group the most dominant role has been 

identified so far as due to iron impurity [6.2]. It was also suggested that presence of 

Cu2+ might enhance the photorefractive effect [6.2]. 

R.   N.   Schwartz   and   coworkers   [6.2-6.5]   have   conducted   the   EPR 

investigations of BaTiU3 with a view to elucidating the role of paramagnetic centers 

in the photorefractive effect. In a recent study [6.5]    they have obtained a clear 

evidence  of charge transfer from the paramagnetic  Co^"1",  Fe^+  and  O"  by 

conducting "in situ" EPR studies during laser illumination. These measurements 

were carried out at 45 and 25 K, in the rhombohedral phase of the host lattice, 

BaTiC>3. Even though the ambient temperature in these experiments was far below 

the room temperature where photorefractivity experiments are usually conducted, 

the experiment below 45 K helped in identifying the role of Fe^+, Co^+ and 0" 

(whose EPR can be best observed mostly at low temperatures due to relaxation 
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and/or thermal stability reasons), in the photo induced charge transfer processes. 

It may be pointed out that the work of Schwartz et al [6.5]. has shown an interesting 

temperature dependence of photo induced changes in 45 - 25 K range. Whereas at 

25 K, the photo induced effects enhanced Co2+ concentration, the opposite effect 

was observed at 45 K. These results highlight the complexities of photo induced 

ionization and hopping in BaTiC>3 suggesting that it may be worthwhile to conduct 

these experiments closer to room temperature, to probe the photo induced electron 

transfer relevant to photorefraction at room temperature. Furthermore, in crystals 

undergoing successive phase transitions, the low temperature phase is not expected 

to be of single [6.6] domain and the defects at the domain boundaries are expected 

to contribute to the complex behavior. With a view to minimizing the role of such 

unavoidable defects, and also to understand the processes that happen at room 

temperature, we have conducted "in situ" EPR investigations under He-Ne laser 

illuminations on mechanically poled and electrically poled BaTiC>3 crystal in which 

Fe3+ and Cu2+ were found to be paramagnetic impurities. 

These experiments have given evidence to suggest that Fe3+ ions do take 

part in photo induced charge transfer at room temperature, and also show a marked 

variation in its behavior in a narrow temperature range around the ambient. These 

experiments also gave evidence for the possible role of domain boundaries and of 

nonuniform illumination on charge transfer specially in mechanically poled crystals. 
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6.2 Experimental Procedure 

Experiments were conducted on two commercially available BaTiC>3 crystals 

(supplied by M/S Sanders Associates, New Hampshire, USA), one mechanically 

poled and another electrically poled . These crystals were designated Ml and El. 

The EPR studies were conducted on a Bruker ESP-300e X-band 

spectrometer operating around 9.3-9.5 GHz, equipped with an optical transmission 

cavity. Some of the preliminary experiments were conducted on a Varian century x- 

band spectrometer, at the Department of Chemistry, University of Alabama at 

Tuscaloosa, using a homemade optical transmission cavity. The optical illumination 

was done using a 35 mW He-Ne laser. 

6.3 Characterization of Impurity Centers in Barium Titanate 

The investigated crystals, were nominally pure with no intentionally doped 

impurities.    The EPR experiments have however shown that the crystal contained 

iron impurity, and the mechanically poled crystal which was purchased a couple of 

years earlier contained additional copper (2+) impurity. 

Unlike the EPR of Fe^+ in BaTiC>3, where very exhaustive work has been 

reported [6.6-6.10]. EPR studies of Cu^+ have not been reported except for a brief 

mention of the EPR detection of Cu^"1" in one of the crystals (BW1) used by Klein 

and Schwartz [6.2]. In this report we describe the results of our EPR investigations 

of Fe^+ in two crystals and Cu^+ in a mechanically poled BaTiC>3 crystal. It was 

more  difficult  to  tune  the  spectrometer,   obtaining  a  good  AFC   lock,   for 
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mechanically poled crystals compared to electrically poled ones, and further the line 

shapes were more asymmetric for the mechanically poled sample. 

6.3.1   Fe3+ Center in BaTiC>3: 

Figures 6.1 (a and b), 6.2 and 6.3 show the EPR spectrum obtained for 

crystals Ml and El for the magnetic field parallel to c-axis and a or b axis 

respectively. The lines marked al to a5 are the five fine structure transitions of 

Fe3+ which agree with those reported by Klein and Schwartz [6.2] for Fe3+ at Ti4+ 

site with no nearby charge compensating defects. In addition to Fe3+ , Cu2 

impurity was detected in Ml and this spectrum will be discussed in the next 

subsection. 

From these figures it may be noticed that the electrically poled crystal El is 

of single domain. The angular variation of the Fe3+ spectrum in the (a,c) plane 

agrees satisfactorily with that reported by earlier workers [6.2-6.6] shown in Fig. 

6.4. The spectrum can be fit to the axial spin Hamiltonian, with the usual notation: 

tf=gßH-s+D[3sz
2-s(s-l)+a[sx

4+sy
4+sz

4-l/5s(s+l)(3s2+3s-l)] (1) 

The Spin Hamiltonian constants were obtained by using the field values for 

H || c and HI c. The values obtained are: 

gll=g±=2.003 ± 0.001 

D= 1055 ± 5G 

a = 96 ± 2G 
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These values compared very satisfactorily with those reported in the literature [6.6]. 

The central -1/2 —> 1/2 transition which is expected to be nearly angular independent 

for Fe^+ ions at axial sites has showed strong angular dependence, particularly for 

the direction of H close to <110> axis as in the work of Klein and Schwartz [6.11]. 

This arises due to relatively large value of "D" and obeyed the expression, 

Hl/2^ -l/2=Ho + 2°2 / (§ß)2 Ho t 8sin26 cos29 "Sin4e ] (2) 

where 0 is the angle, the direction of the magnetic field makes with the c-axis. 

However, another anomalous feature of +1/2 —» -1/2 transition is its apparently 

large intensity compared to the expected intensity ratio of 5: 8: 9: 8: 5 with other 

fine structure transitions which can partly be accounted for by the larger linewidths 

of  other   trasitions.      This   suggests   that   there   exist   inherent   crystal   field 

inhomogeneities even in optical quality, electrically poled crystals. 

When Fe^4" entered the lattice substitutionally at Ti^+ site, some of the Fe^+ 

ions may be associated with oxygen vacancies for charge compensation. Such 

centers are designated as [Fe^+ -V0] center. It was  most exhaustively studied in 

Fe+3 doped SrTiC>3    [6.11,6.12], but there were no reports of this center in 

BaTiOß. When Fe^+ is associated with an oxygen vacancy in the first coordination 

sphere, the ion will be subjected to a very strong axial distortion and the three 

Kramers' doublets arising from the ground    ^S  state will have a separation 

significantly larger than the microwave energy (0.3 cm-1) used.  EPR in such cases 

will be observable only if I ± l/2> state lies lowest. In this state g-values will have 

the form gjpgj and g±=3gj.   The line marked "V" in this spectrum (Fig. 6.1b) has 

exhibited typical behavior of resonance arising from effective spins s'=l/2 and has g 

116 



values gll = 2.00 and gl = 5.98 and this therefore assigned to the (Fe3+-Vo) center 

in BaTi03. In addition to this, an extra resonance around 650 G also was observed. 

This cannot be attributed to either paramagnetic oxygen center (0",02") or to (Fe^- 

V0) center due to its very large effective g-value. It is most likely a forbidden 

transition of the type   AMS = ± 2 in Fe3+ at Ti4+ site without a nearby oxygen 

vacancy. 

6.3.2   EPR of Cu2+ in BaTi()3 

In addition to the intense spectrum due to Fe3+ a weaker but sharper 

spectrum due to Cu2+ ion was detected. It has the characteristic quartet hyperfine 

structure with unresolved isotope structure expected due to 63Cu and 65Cu (both 

have 1=3/2). The g and hyperfine coupling constants were found to be isotropic in 

[a,b] plane, but highly anisotropic in [a/b, c] plane. The site symmetry of the Cu2+ 

ion is found to be tetragonal with the principal axis along the c-axis. The spectrum 

of Cu2+ can be seen in Fig. 6.1a for Ml sample with the magnetic field parallel to c- 

axis. Free Cu2+ ion has the outer electronic configuration of 3d9 and when placed in 

an octahedral crystal field it takes the form t2g
6 eg

3.    When the octahedral 

symmetry is lowered due to an axial distortion, the lowest electronic state is an 

orbital singlet, and it facilitates the observation of EPR over a wide temperature 

range. Electronic wave function would either be (x2- y2) or (3z2 - r2) depending 

upon whether the octahedron is elongated or compressed respectively. These two 

cases can be distinguished using EPR studies from the relative values of the 

principal component of g-tensor. In the case of lx2-y2> state, i.e. when the 

octahedron is elongated in one direction the principal g-values follow, the pattern 
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SlPSl^- 0n the other hand, in the case of 13z2-r2> state, i.e. when the octahedron 

is compressed is in one direction the principal component of g-values follow the 

patterngj>2>gu [6.13]. 

The spectrum of Cu2+ is shown in Fig. 6.5 for different angles with the 

magnetic field with c-axis in [a,c] plane. The Spin Hamiltonian constants of the 

Cu2+ sites are : 

gy = 2.383 ±0.001 

gj_= 2.066 ±0.0001 

All=97 ± 1 Gauss 

AJ. ~ 5 Gauss 

The line positions and hyperfine coupling constants at any angle can be 

satisfactorily predicted using the principal values of g and A tensors. It is important 

to note that the principal axis system of g and D tensors of Fe3+ at the octahedral 

site coincide with those of g and A tensors of Cu2+ 

The hyperfine coupling constants K(G), and g(9) in their respective principal 

axis systems are given by the expressions [13]: 

K2g2=An2gn2cos2e+A_L2g_L2sin2e (3 ) 

and 

g2=gll2cos26+gj_2sin29 (4) 

The fitting between observed and expected values of K(8) and also of g(G) 

were quite satisfactory.  The angular variation of g(9) is shown in Figure 6.6.   The 
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points shown are experimental points and the curve is the calculated one using g\\ 

and gj_ values given above. 

The experimentally obtained values of g\\ and gj_ are 2.383 and 2.066, 

respectively suggest that [CUOö]
10

" is elongated along the z-axis (or compressed 

along the x and y axis). This clearly suggests that substitution of Cu2+ at Ti4+ site 

brought in a local distortion of what was a regular [TiOg]9" octahedron. 

6.4   Effect of "In Situ" Laser   Illumination 

EPR investigations were carried out under He-Ne laser illumination. This 

work was carried to examine "in situ" the photoinduced charge transfer from Fe3+ 

in BaTiC>3 crystal lattice, as this was supposed to be a key step in inducing 

photorefractive behavior of BaTiC>3 crystal. These experiments were carried out 

using an optical transmission cavity (Bruker model, E14104 or) on samples Ml and 

El. 

The measurments were carried out under the following two experimental 

conditions: 

(i) Sample loaded in an optical transmission cavity was uniformly illuminated 

by light from a He-Ne laser with Gaussian profile of the laser beam, and also after 

beam expansion and collimation. 

(ii) The sample was half covered by black paper and illuminated by laser light, 

essentially to simulate the condition of an interference pattern with a large fringe 

width (or grating period). This will be referred to as nonuniform illumination. 
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These measurments were also done at temperatures slightly higher and lower 

compared to the ambient and some interesting results were obtained when room 

temperature changed from 25° to 18° C. 

6.4.1 Mechanically Poled Crystal Ml 

Figure 6.7(a), (b) and (c) represent the EPR of Ml crystal with HLLc, with no 

laser illumination, with uniform illumination and nonuniform illumination (half bright 

and half dark), respectively. The drastic change in line shape when only half the 

crystal was illuminated can be seen in Figure 6.7c. Under the condition of half 

bright and half dark illumination condition, the detector current showed prominent 

time dependent increase, and it was found to be reversible, reverting back to its 

original value after the laser was switched off. The changes were highly 

reproducible. Figure 6.8 shows time dependence of detector current during non- 

uniform (half bright and half dark) illumination. 

The time depencence of changes in intensity of the Fe^+ spectrum during 

uniform illumination was also investigated, by locking the magnetic field on the 

peak position of one of the fine structure transitions of Fe^+. Figure 6.9 shows the 

recovery and decay of Fe^+ signal with laser off and laser on condition. An 

interesting observation in these measurements is a small but definite surge in the 

intensity of Fe^+, soon after the laser was on, and it will be commented upon later in 

this chapter. The EPR spectrum of Cu^+ also showed changes in intensity with 

laser illumination. Figs. 6.10(a) and 6.10(b) show the decay and growth 

characteristics of Cu^+ spectrum with light on and off conditions respectively. 
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6.4.2 Electrically Poled Crystal El 

Experiments similar to those described above on Ml were conducted with 

the crystal El. When the illumination was made highly nonuniform, with bright and 

dark regions as in the case of Ml, the line shape was found to become asymmetric, 

but the difference was much less drastic compared to that in the case of Ml. This 

can be seen in Figure 6.11. Figure 6.12 shows the time dependence of the decay and 

growth of Fe3+ with and without laser illumination respectively. In a significant 

number of cases it was observed that a surge in the Fe3+ intensity occurs when the 

laser was switched on before it started decaying. This was not observed in a few 

cases but we believe that the observed surge was genuine. 

In the course of extensive investigations on the effect of light on both Ml 

and El, it was observed a few times that the laser illumination resulted in an 

opposite effect viz an increase in intensity of Fe3+ with laser illumination. A careful 

examination of the experimental conditions revealed that it was a temperature effect. 

When the room temperature was more than 24 to 26° C, the laser illumination 

resulted in the decrease of intensity of Fe3+ signals. To confirm this thermal effect 

the crystal was heated in the cavity to 28° C using a hot air blower (the room 

temperature was kept at 18° C by extra cooling) and the effect of laser illumination 

was monitored as the crystal was progressively cooled to 18° C. This is shown in 

Figure 6.15, which shows the reversal in the behavior of Fe3+ intensity under laser 

illumination as the sample cooled. This appeared to be analogous to the effect 

observed by Stewards et al [6.5] on Co2+ resonance in the 45 - 25K region. It may 

be mentioned that Cronin-Golomb [6.14] reported drastic increases in the phase 

conjugation properties of BaTiC>3 when the sample temperature was less than 

121 



18° C. Similar effects were observed with Ml also. In view of the large size of the 

crystals used, it was not feasible to load them in standard cryostats for working at 

different temperatures. 

6.4.3 Analysis of Time Dependence of Growth and Decay of Fe^+ 

The time dependence of intensity of the EPR spectrum with and without 

laser illumination was fitted using standard expressions characterizing the single 

and/or double exponential decay and growth (Fig.6.12) respectively. Best fits were 

observed for single exponential in case of the decay of the signal, and a double 

exponential in case of the growth of the signal. 

Jdecay^o + A^Pt-O-to)/1!] (5) 

Igrowth = B + C {1- exp [ - (t-t0) / *2 ] } + D { 1-exp [- (t-t0) Pz ] }        (6) 

where A, B, C and D are constants: and x\ T2 and T3 are time constants 

characterizing the respective time dependencies.   The values of z\ T
2  and T3   are 

the parameters that characterize the decay and two growth times. The values of 

these parameters obtained in different conditions are given in Table 6.1. As 

mentioned earlier optical induced change of EPR showed interesting temperature 

dependence close to room temperature. The conditions under which the growth and 

decay showed contrasting behavior are described as "high temperature" and "low 

temperature" regions. It may be mentioned that this description is rather qualitative. 

In the high temperature region ( T> 24° - 28° C) the intensity of Fe-^+ went down 
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with laser illumination and recovered after the illumination was cut off. In low 

temperature region (T< 18° C, typically 18 to 15°) reverse effect viz. an increase in 

intensity of Fe3+ with laser illumination, was observed. 

6.5   Discussion 

From the experimental results described above the most important 

observations, in the present work may be summarized as: 

(a) Charge transfer on photoexcitation does result in the valence change of 

iron impurity, which gives direct evidence about the photorefractive nature of the Fe 

center. 

(b) There is a distinct difference in the behavior of mechanically and 

electrically poled crystals with regard to change in line shape on laser illumination. 

In a mechanically poled crystal, the change of line shape to Dysonian form is very 

prominent compared to that in a single domain electrically poled crystal. 

(c) The decay time constant x's data, observed under different conditions, 

suggest that predominantly there are two charge transfer processes in BaTiÜ3 

illuminated with 633 nm light, with characteristic time constants around 100 ± 10 

sec and 26 ± 2 sec. These time scales are significantly "greater than those reported in 

the case of optical experiments. 

(d) In a number of growth and decay characteristics, a "surge" (a sharp but 

small rise) in the concentration of Fe3+ was observed before the onset of decay of 

the Fe3+ signal, during laser illumination. 
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(e) The effect of laser illumination on the EPR lines of Cu2+ indicates clearly 

that there is charge transfer on Cu2+ also like on Fe3+ and Cu2+ plays a similar role 

like FeJ+ on the photorefractive characterization of BaTi03. 

6.5.1 Photo-Induced Valence Change and its Temperature Dependence 

It has been accepted for quite some time that iron impurity does play an 

important role as a photorefractive center in barium titanate crystal. The first direct 

experimental evidence, however, was obtained recently in the EPR study of 

Schwartz et al. [6.3], where it was shown that laser illumination at 25 K results in 

valence change of Fe. The observations "(a) and (e)" mentioned above gives direct 

evidence of a photo-induced valence change of Fe3+ and Cu2+ in BaTiC>3 right at 

room temperature and, more interestingly, this has shown temperature dependence 

on FeJ+ even in a narrow range around room temperature. 

6.5.2 Decay and Growth Behavior 

Table 6.1 gives the values of x\^ T2 and T3 characterizing the decay and 

growth of Fe3+ signal ( see equations 5 and 6) in Ml and El crystals. In case of El 

crystal, the growth and decay measurements were carried out at" low temperature" 

and the data are included in Table 6.1. Under "half bright-half dark" illumination 

condition the detector current change was prominent and measurable only with Ml. 

Under these conditions, in case of sample El, the line shape changed slightly (not as 
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prominent as that for Ml), and so the dependence measurements done by locking 

the field to a peak position were not considered meaningful. 

From Table 6.1 the charge transfer process on illumination with He-Ne laser, 

resulting in the valence change of Fe3+ has a characteristic time of around 98 sec in 

Ml, whereas it was nearly double that in the case of El. The shorter time in the case 

of Ml, appears to be due to the presence of multidomains and therefore defects at 

domain walls, which quickly trapped the electrons or holes. 

In general, it appears that the net charge transfer process, as viewed from 

the change of Fe3+ concentration, had two characteristic time constants. One was 

around 100 sec, and the other was around 25 sec. The slower process characterized 

the charge relaxation within half bright - half dark illumination, which brought an 

extra mechanism of nonresonant dissipation. It is known [6.15] that under the 

condition of infinitely large fringe width, the grating erasure rate becomes equal to 

the dielectric relaxation rate. Under the present experimental conditions, x = 98 sec, 

may be identified with dielectric relaxation rate "V which for BaTiC>3 sets the 

slowest limit of grating erasure time. 

The charge transfer process with time constant ~ 25 sec may be due to 

charge transfer between different Fe sites and/or static O" sites, without mediation 

from the conduction band. 

6.5.3 Surge in Fe3+ Under Depleted Pump Condition and Mechanism of 

Growth of Transient Grating 

One interesting observation in these experiments is the sudden surge in the 

intensity of Fe3+, in the high temperature range, immediately after the laser was 
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switched on, before subsequent decay of Fe3+ ( see Fig, 6.9 and 6.12 ). One 

possible mechanism can be understood as follows. When the crystal was exposed to 

He-Ne laser light it produced electron and hole pair. The "hole" has the chemical 

identity equivalent to a mobile 0", which becomes static 0", close to a lattice defect. 

Initially after switching on the light, the holes essentially "populate" static 0~> 

whereas electrons are free to get trapped or react with impurity transition metal 

ions. In principle, conduction electrons can reduce Fe3+, to Fe2+ or Fe4+ to Fe3+ 

In view of half filled stability of Fe3+, reduction of Fe4+ to Fe3+ will be a more 

probable reaction as far as the involvement of Fe impurity is concerned. After the 
2+ 

formation of O" gets saturated, holes will be available for the oxidation of Fe to 

Fe0+ though to a lower dispite in view of the expected low concentration of Fe2+. 

Therefore, the initial surge in Fe3+, is attributed to Fe4+ + e" -» Fe3+ reaction, 

before the holes start oxidation Fe3+ to Fe4+' ***& t0 Fe3+ +hv -» Fe2+ +e- . 

These reactions give the net effect and note that net concentration of Fe3+ went 

down on illumination with laser light. The sudden surge of Fe3+, soon after 

switching on the light has certain interesting consequences on the grating formation. 

Applications in the investigation of two beam coupling and the model suggested 

above can be tested in such a beam coupling experiment. In a two beam coupling 

experiment, when one of the beams is shut off, the interference pattern disappears 

bringing in uniform illumination. The regions which formed the "dark" part of the 

interference pattern, should therefore experience the same "surge" in the 

concentration of Fe3+ which essentially should make the contrast in the phase 

grating more prominent despite switching off the writing beam. This was tested with 

El crystal. Figure 6.13 shows a typical result of a beam coupling experiment with k 

( grating vector) parallel to the c-axis. When the beam A2 was off, sudden jump in 
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the intensity of Alt after the crystal was seen as there is no cause for energy transfer 

in the absence of A2. The trasmitted part of Al i.e. Alt has shown a clear reduction 

in intensity due to diffraction characteristic of grating formation, for the first few 

seconds, before the grating started to decay. This result is quite consistent with the 

EPR observation. The large timescale in EPR decay was due to the effect of large 

differences in k vector in these experiments. Horowitz et al. [6.16] have reported a 

similar growth of a grating after the input signal was turned off in a two wave 

mixing experiment. They attributed it due to the formation of new grating in regions 

of the crystal where they could not grow earlier due to the relative weakness of the 

pump beam. In our model, the "new grating" is essentially the same "old grating" 

with greater contrast and thereby large diffraction efficiency. It continued to have 

the same k vector and hence the position of the diffraction signal does not change. 

We found that the appearance of "new grating" is prominent when the index of 

interference m=Ii/l2=l- 

6.6 Conclusions 

We have obtained direct EPR evidence for photo-induced charge transfer 

from Fe3+ in BaTiC>3 at room temperature and also the involvement of defect at 

domain walls as sources/traps for charge carriers. The investigation of growth and 

decay of Fe3+ has lead to the determination of dielectric relaxation time x&, and also 

for a possible explanation for the formation of transient grating after one of the 

beams was switched off in a two beam coupling experiment. 
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Figure 6.2. EPR of El-BaTiC>3 crystal, when H II c-axis. 
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Figure 6.3. EPR of El-BaTi03 crystal, when H1 c-axis. 
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Figure 6.5. Angular variation of the EPR spectrum of Cu^4" in (a,b) plane of 

barium titanate (Ml). 

135 



2.40- 

2.35- 

2.30- 

2.25- 

3 220- 
m > 
t 

" 2.15- 

2.10- 

2.05-i 

0 
1 1 j— 

20 40 

AaftU «nth c-axla 

-r- 
60 

-T" 
80 100 

Figure 6.6. Angular dependence of g value in (a,c) plane. The curve is a theoretical 

curve and the points are experimental. 

136 



a2 

(i) 

a4 

(ii) 

(iii) 

1800 2700 35G0 

Figure 6.7. The effect of laser light on the EPR spectrum of Fe3+ in Ml for HI c- 

axis (i) without illumination, (ii) with uniform illumination and (iii) with nonuniform 

illumination. Half of the crystal was blocked by a piece of black paper. This 

simulated a bright and dark pattern of an   interference pattern, with a very large 

fringe width. 
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Figure 6.8. Time dependence of the detector current under the condition of half 
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Figure 6.9. Recovery and decay of Fe^+ signal under the condition of laser 
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Figure 6.11. The effect of half bright bright-half dark illumination on the line shape 

of l/2-»-l/2 transition of Fe3+ in El-BaTiC>3 crystal. Despite the nonuniform 

illumination, the shape change are not as drastic as in the case of Ml-BaTiC>3. 
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Figure 6.14. Time dependence of the transmitted beam intensity of writing 

beam K\h after the second beam was switched OFF. The initial decay of Ajt and 

associated increase of the diffraction signal clearly show the grating formation after 

the second beam Aq_ was switched OFF. 

144 



Table 6.1: Time Constant Characterizing the Decay and Growth 
Signal on Switching ON/OFF Laser Light. 

ofFe3+ 

TIME CONSTANT 

Details of the 
sample. 

Experimental 
conditions and 
observations 

Decay of Fe3+ 

signal / Bulk 
microwave loss 

Growth of Fe3+ 

signal / Bulk 
microwave loss 

Mechanically 
poled crystal 
(Ml). 

High temperature 
region, uniform 
illumination-beam 
expanded and 
collimated 

(light on) 
85.5 sec 

(light off) 
97.6 sec 
27    sec 

Mechanically 
poled crystal (Ml) 

High tamperature 
region, non uniform- 
illumination-(half 
bright and half dark) 

(light on) 
(detector current) 
97.6 sec 

(light off) 
(detector 
current) 
97.6 sec 

Electrically poled 
crystal (El) 

High temperature- 
uniform illumination 

(light on) 
166 sec. 

(light off) 
100 sec. 
24    sec. 

Electrically poled 
crystal (El) 

Low temperature 
uniform illumination 

(light off) 
113 sec. 

(light on) 
192 sec. 
28   sec. 
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Chapter 7 

Study of Photorefraction and EPR experiments in BSO single crystals and 

photoinduced charge transfer. 

7.1 Introduction 

Bismuth silicon oxide, BiI2SiO20 (BSO) is an important photorefractive crystal 

because of its good photorefractive nature. It is known that the photorefractive sensitivity 

could be increased by doping the photorefractive crystals with elements of the iron group. 

Usually the BaTi03, SBN and LiNb03 are known to have inherent Fe3+ or other iron 

group element impurities and the photorefractive nature is attributed to the presence of 

Fe The doped or the inherently present impurities may have resonant absorption which 

will enhance the photorefractive sensitivity. Work has been taken up to study the 

variation of photorefractive characteristics with wavelength and also to study the effect of 

iron impurity by the use of optical experiments and electron paramagnetic resonance 

experiments. The color centers whether impurity center or those created by y-ray 

irradiation have significant effects on photorefractive characteristics. Work on SBN and 

BaTi03 has been presented in the earlier chapters. Results on the work on BSO are 

discussed in this chapter. 

7.2 Optical Work and Phase Conjugation 

Three different BSO crystals have been used. Two were home grown crystals Q 

and C2 of which d was grown without adding iron and C2 was grown adding iron as 

impurity. These crystals were grown by Czochralski technique by Dr. M. D. Aggarawal 

and Dr. W. S. Wang in the Minority Research Center of Excellence in our university. The 

third crystal C3 was a commercial crystal bought from crystal technology, Palo Alto, Ca. 
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EPR experiments have shown that the undoped crystals Cj and C3 have the presence of a 

very small amount of inherent Fe3+ as impurity. 

7.2.1 Absorption 

The absorption spectrum of the crystal Cj has been recorded using a Perkin-Elmer 

Prism Spectrograph model 323 UV VIS NIR and the spectrum in the region 350-700 ran 

is shown in Fig. 7.1 while that in the region 700-2,600 nm is shown in Fig. 7.2. There are 

two peaks observed at 1,408 nm and 2,245 nm. These peaks are common to those 

obtained in the SBN crystal indicating that both the crystals have a common impurity yet 

to be identified. The crystal shows complete absorption in the region 350-437 nm (Fig. 

7.1). There is good transmission in the region 525-700 nm. 

7.2.2 Optical Phase Conjugation 

The apparatus used for obtaining phase conjugate signals by using degenerate four 

wave mixing is shown in Fig. 7.3. The intensities of the phase conjugate signals with 

crystal Ci in arbitrary units at different wavelengths of the Ar+ laser lines are shown in 

Table 7.1, and the variation of the phase conjugate signal intensity versus wavelengths is 

shown in Fig. 7.4. The phase conjugate signal intensities at different wavelengths of the 

Ar+ lines for the iron doped BSO crystal C2 are given in Table 7.2 and their variation with 

wavelengths is shown in Fig. 7.5. Comparing the results on the crystal Ci and C2, one 

sees a regular increase of phase conjugation with wavelengths in the undoped crystals Ci. 

The variation in crystal C2 is irregular, the minimum being at 476.5 nm and the maximum 

at 496.5 nm. The difference is probably because of the doped iron impurity. Fe and 

Fe3+ ions are known to have absorption in the visible region. These absorptions may give 

wavelength dependent resonant effects on phase conjugation.  The variation of the phase 
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conjugate signal on wavelengths in the undoped crystal Ci in Fig. 7.3 did not show 

irregularities. 

Table 7.1 Variation of phase conjugate signal intensity with wavelength in the undoped 

crystal C]. 

number wavelength of Ar+ lines nm Phase conjugate signal (a.u.) 

1 514.5 878 

2 501.7 730 

3 496.5 518 

4 488.0 420 

5 476.5 132 

6 472.7 97+15 

7 465.8 72+15 

8 457.9 54+15 
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The growth and decay of phase conjugation have been recorded at different 

wavelengths of ArT lines for the doped home grown BSO crystal C2 and the undoped 

commercial crystal C3. The variation of decay times x with X is shown in Figs. 7.6 and 7.7 

for crystals C3 and C2 respectively. The results are tabulated in Tables 7.3 and 7.4 for 

crystals C3 and C2 respectively, x increased with wavelength in both the cases though the 

curve for crystal C2 is slightly more irregular.   The x values are slightly higher for the 

crystal C2. 

The irregularities in the variation of phase conjugate signal intensity on wavelength 

and variation of decay times of phase conjugation on wavelengths in the iron doped BSO 

crystal are probably because of the doped iron in the form of Fe3+, Fe2+ and Fe4+ and the 

respective charge transfers on laser illumination. 

7.3  Study of the EPR of BSO:Fe3+ under the He-Ne Laser Illumination  and 

Photoinduced Charge Transfer. 

7.3.1 Background 

We observed in separate EPR experiments that the homegrown BSO:Fe + showed a 

cubic spectrum of Fe3+ which is not sensitive to the angular orientation of the crystal with 

respect to the magnetic field direction and a weak axial spectrum which is angular 

dependent. We discussed the EPR experimental results on Fe and Cu inherently present in 

BaTi03 crystal in the earlier chapter. We studied the effect of He-Ne illumination on the 

EPR lines of Fe3+ and Cu2+ described in the earlier chapter and obtained interesting 

information. In this section we describe similar work on BSO:Fe ". Jani and Halliburton 

[7.1] have investigated the effect of photoillumination on the EPR of Fe3+ in BSO. They 

found that excitation with 350 nm light indeed changed the valence of FeJ+ at 77K, and it 
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recovered to its original site only on warming the crystal to room temperature. They did 

not, however, find any photoinduced valence change of Fe3+ at room temperature. In 

view of the role of Fe3+ as a trapping site for electrons in subroom temperature region, 

they suggested that Fe3+ ions might be playing an important role in the photorefractive 

effect. Baquedano et al. [7.2] have investigated the EPR of BSO by illuminating with 

He/Cd (442 nm) laser, and also Xe arc lamp. We report here direct detection of 

photoinduced charge transfer by EPR for the first time in BSO at room temperature with 

632.8 nm light. We can observe this only under special conditions in view of the fast 

dielectric relaxation time in the case of BSO. The effect of He-Ne laser illumination was 

observed more easily at 77K consistent with the earlier reports. The kinetics of charge 

transfer on laser illumination is also investigated. 

7.3.2. Experimental 

EPR measurements were carried out on a Bruker ESP - 300E, X-band spectrometer 

equipped with an optical transmission cavity. The optical transmission cavity facilitates 

selective illumination of the crystal (without illuminating the walls of the cavity) giving 

unambiguous evidence for any photoinduced changes occurring in the crystal. DPPH, with 

g=2.0036 is used as a g-marker. A 35-mW He-Ne laser was used for illuminating the 

crystal. The spectra at 77K were taken by immersing the crystal in a standard quartz 

dewar (liquid nitrogen insert). 

3+ 7.3.3 He-Ne Laser Illumination on EPR Lines and Charge Transfer on Fe 

With an aim to understand the possible role of Fe3+ impurity in BSO on its 

photorefractive properties, we have monitored the changes in the intensities of Fe3+ EPR 

150 



lines, both at cubic and noncubic sites. The measurements were done in situ at room 

temperature by loading the sample in an optical transmission cavity. When the crystal was 

uniformly illuminated, no detectable changes were observed in the signal intensity. This is 

shown in Figure 7.8. Jani and Halliburton [7.1] also have not reported any photoinduced 

changes in the intensity of the Fe3+ signal at room temperature despite using shorter 

wavelength (350 nm) radiation. Baquedano et al [7.2] monitored the intensity changes of a 

broad EPR line at g=2, as a function of optical illumination at different temperatures. This 

EPR line was attributed to a mobile trapped hole center. However, the contribution of 

cubic Fe3+ center at that field position cannot be ruled out. Baquedano et al. [7.2] also 

have not reported any intensity changes in the EPR of the "trapped hole center" at room 

temperature. Our observation is, therefore, consistent with that reported by these workers 

[7.1,7.2] clearly suggesting that either there is no optically induced charge transfer 

involving Fe^+, or the charge transfer and relaxation takes place in a time much shorter 

compared to the time constant of the EPR detection system (which is 10ms in the present 

experiment). The former observation, i.e. the absence of photoinduced valence change of 

Fe in BSO, leads to a trivial conclusion, which may not be physically consistent as Fe3+ at 

Si4+ should act as a "hole" trap on electrostatic arguments. The temporal behavior of 

charge relaxation, after photoexcitation, as monitored in EPR comes closest to the 

situation of very large fringe width or zero grating wave vector, and it will be equal to the 

dielectric relaxation time xd [7.3], where 

where n0 = nd + nls nj is the free carrier concentration due to the incident illumination I0, 

nd is the thermally excited free carrier concentration, JJ. is the charge mobility of the 

photocarriers, s is the dielectric constant of BaTi03 and s0 is the permittivity of free 

space. We [7.3] have deduced xd in BaTiÜ3 by illumination at room temperature. In 

contrast to BaTiOs, in BSO the charge transport mechanism is of long range, and the 

dielectric relaxation rate is faster than the photo-excitation rate [7.3], and xd sets the 
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fastest limit for grating erasure rate. Therefore, the long range nature of the Coulomb 

force m BSO helps to decrease the erasure rate of gratings with smaller fringe spacing. 

This suggests that if BSO is illuminated nonuniformly, simulating a grating formation, the 

probability of detection of photoinduced charge transfer should enhance. To examine this 

qualitatively, a grid of black lines 1 mm in width separated by 1 mm were drawn using a 

marker on the BSO crystal and was illuminated by He-Ne laser at room temperature. The 

results are shown in Figures 7.9 and 7.10 for cubic and noncubic Fe3+ centers 

respectively. These figures show that the concentration of Fe3+ goes down with non- 

uniform illumination. By locking the field to the peak positions, the decay and growth of 

respective Fe3+ centers are monitored. 

As the changes in the intensity in the Figures 7.9 and 7.10 are not very substantial at 

the laser power used (35 mW), it is important to ascertain that these are not artifact of 

possible change in Q-factor of the cavity where the crystal with "grid formation" was 

illuminated. Experiments were done by keeping a DPPH marker on the top of a crystal. 

The crystal was not kept at the center of the cavity to avoid the intense cubic spectrum. 

The intensity of DPPH signal did not show any changes on laser illumination. This gives a 

reasonable assurance that the observed changes are not artifact of changes of the bulk 

properties of the crystal. It would have been more certain in case the overlap of DPPH and 

that of cubic spectrum did not exist. It may be further mentioned that the decay 

characteristics of cubic and noncubic spectra are different (Figures 7.9 and 7.10) 

suggesting that the observed changes are not due to changes in the temperature of the 

sample. The results, therefore, give considerable insight into the photoinduced charge 

transfer involving Fe3+ and its relaxation. To the best of our knowledge, this is the first 

direct observation of charge transfer involving Fe - impurity at room temperature, where 

the photorefraction experiments are normally conducted. The growth and decay of cubic 

and noncubic Fe3+ signals, with light off and on respectively were analyzed and the decay 

constants were found to be 182s and 236s as seen in Figures 7.11, 7.12 and 7.13. It may 
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be noted that the decay time constant obtained using noncubic sites is much larger than the 

one obtained with cubic sites. This is physically consistent, as the cubic sites act as much 

better hole traps, due to electrostatic reasons, compared to noncubic sites. FeJ+ at Si4^ 

site, with no local charge compensation creates an attractive potential for "holes" whereas 

this is much less probable in the case of Fe3+ at Si4+ site associated with oxygen vacancy. 

When Fe3+ takes the place of Bi3+, it does not act as a trap either for electrons or holes. 

In view of the earlier reports of photoinduced changes in EPR, at low temperatures 

using 350-nm and 430-nm light, we have uniformly illuminated the crystal, with 632-nm 

light at 77K, placing the crystal in a liquid nitrogen insert. The EPR intensity reduced as a 

function of time. This is shown in Figure 7.14. The intensity was not regained at 77K 

when the laser was switched off. The spectrum regained its intensity only when the crystal 

was warmed to room temperature. This suggests that Fe - impurity in BSO, is only acting 

as a static trap for charge carriers at 77K, and as a recombination center when it is 

released on thermal stimulation. This highlights the fact that photo-EPR experiments at 

room temperature can lead to a realistic understanding of the processes involved in 

"writing" the real-time holograms in photorefractive crystals. EPR can be potentially used 

for understanding the nature of electron/hole traps, but the presence of very intense and 

broad cubic spectrum of Fe3+ prevented such an investigation. 

7.2.4. Conclusion 

Irregularities have been observed in the variation of phase conjugation with 

wavelength which is probably because of the resonant effect of the doped multivalent iron 

impurity. We have shown for the first time, using a simple method of simulating the 

grating formation, that photoinduced charge transfer involves FeJ+ impurities. This 

escaped the detection during uniform illumination due to the long range nature of charge 

transport in BSO resulting in very short dielectric relaxation time, xd 
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Table 7.2 OPC signal in (a.u.) of "home grown iron doped BSO crystal C2 at different 

wavelengths. 

Wavelength nm Intensity 

1 514.5 25.8 

2 496.5 46.6 

3 488.0 19.4 

4 476.5 10.6 

5 457.9 27.2 

Table 7.3 Decay time constant (in seconds) of OPC signal for a commercial BSO at 

different wavelengths. 

Wavelength nm Decay time T(S) 

1 457 0.114 

2 488 0.1535 

3 496 0.1571 

4 514 0.1832 

Table 7.4 Decay time constant (in seconds) of OPC signal for a "home grown " iron doped 

BSO crystal C2 at different wavelengths. 

Wavelength nm Decay time x(s) 

1 457 0.145 

2 488 0.155 

3 496 0.161 

4 514 0.177 
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Fig. 7.1 Absorption Spectrum of crystal C^ in region 350 - 700 nm. 
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Fig. 7.3 Schematic experimental setup of four wave mixing in BSO PMT 
photomultipher tube, M; mirror, VBS; variable beam splitter, MS; mechanical shutter C
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Phase conjugate signal (arbitrary units) 

Fig. 7.4 Variation of signal intensity of Optical Phase Conjugation (arbitrary units) with 
wavelength in crystal Cj. 
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Fig. 7.5 Intensity of OPC signal for a "home grown" Fe doped BSO crystal Co at different 
wavelengths. 
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Fig. 7.7 Decay time constants of OPC signal for a "home arown" iron doped BSO crystal 
C2 at different wavelengths. 
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Fig. 7.8 Intensity of Fe^+ cubic spectrum ax room temperature with uniform laser 
illumination. 
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Fig. 7.9 Intensity of Fe3+ cubic spectrum at room temperature with nonuniform laser 
illumination. 
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LIGHT OFF 

Fig. 7 10 Intensity of Fe3+ noncubic spectrum of "home grown" BSO, with nonuniform 
illumination. 
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Fig. 7.11 Decay and growth of EPR signal intensity of Fe3" at cubic site 
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Fig. 7.14 EPR cubic spectrum of "home grown" iron doped BSO crystal C, at 77 K, 
without and with laser illumination. 
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