
Characterizat ion of Photonic Materials
Using Thermal Lens Technique

Achamma Kurian

International SChool of Photonics,

Cochin University of SCience and Technology.

Koch i 682 022, India

PhD Thesis submitted to Cochin University of SCience and Techn ology for partial

fulfillment of the awa rd of the Degree of Doctor of Philosophy.

July 2002



R
S35'·'~

ACH

Characterization of Photonic Materials Using Thermal Lens Technique.

PhD thesis in the field of Photonics.

Author:

Achamma Kurian

Research Fellow, International School of Photonics,

Cochin University of Science and Technology, Kochi 682022, India.

E-mail: achammakurian@rediffmail.com

International School of Photonics, Cochin University of Science and Technology,

Kochi 682022, India.

www.photonics.cusat.edu

July 2002

Front Cover:

Thermal lens effects showing the blooming of the laser beam cross section- a schematic

representation.

Back Cover:

Photograph showing the experimental set up to record thermal lens signal.



fl'o my husband.(J)r. ?r1.atliew 'Varuqhese



Certificate

Certified tha t the research work presented in the thesis entitled,

" Characterization of Photonic Materials Using Thennal Lens

Techn ique" ;s based on the original work done by Mrs. Achamma

Kurian under my guidance in the International School of Photonics,

Cochin University of Science and Technology, Kochi 682 022 and has not

been included in any other thesis submitted previously for the award of

any degree.

Koch i

12 July, 2002

. - _. -'. ...• ' ..
. _...;:..:.~:

I . V. P. N. Nampoori



Declaration

Certified that the work presented in the thesis entitled, "Characterization of

Photonlc Materials Using Thermal Lens Technique" is based on the original

work done by me under the guidance of Prof. V. P. N. Nampoori in the

International School of Photcnlcs, Cochin University of SCience and Technology,

Kochi 682 022. and has not been included in any other thesis submitted

previously for the award of any degree.

Kochi

12 July, 2002 Acnamma Kurian



Acknowledgements

It is with deep sense of gratitude that I express my heart felt thanks to

Prof. V. P. N. Nampoori for the supervision, guidance and support, without which

I would not have accomplished this task.

I sincerely appreciate Prof. V. M. Nandakumaran, Director, International School

of Photonics, CUSAT for his help in completing this work. Thanks to Prof. C. P.

Girijavallabhan, who devoted his precious time for the meaningful discussions. I

also wish to acknowledge Dr. P. Radhakrishnan and Mr.C M. Basheer for their

timely help.

It is a pleasure to convey my indebtedness and sincere thanks to all research

scholars of ISP for their interest and priceless help all through my PhD

Programme.

With a deep sense of gratitude, I thank Bindhu, Hari and Nibu for their concern

and timely support. I also owe to Preetha and Jean of Chemistry Department,

CUSAT for their numerous help when it really matters.

Financial assistance under F. I. P. from University Grants Commission,

Government of India is greatly appreciated.

Financial support from the Netherlands University Federation For International

Collaboration (NUFFIC) is also acknowledged.

I extend my sincere thanks to the Principal and Manager of Catholicate College,

Pathanamthitta for their encouragement and help.

I have no words to express my gratitude to my family whose constant

encouragement and patience helped me in the successful completion of this

work.

Achamma Kurian



Preface

One of the major achievements in the field of science and technology during the

second half of the twentieth century was the invention of lasers in 1960. Laser,

which generates coherent, monochromatic, intense and directional light beam, is

the dream source of spectroscopists and optical scientists. Initial phase of laser

research, known as the period of solution in search of a problem, has triggered a

number of advancements in almost all fields of human knowledge and activities 

Physics, Chemistry, Biology, Archeology, Geology, Medicine, Entertainment and

Consumer devices and the list expands day by day.

Laser resolution gave birth to another revolution in the field of

Communication and Information Technology. Capabilities of photons to compute,

to transmit information and to get guided through optical fibre have opened up a

new branch of technology called Photonics. The capabilities of optics based

computers in high speed parallel processing and in ultrahigh dense connectivity

have made Photonics an integral part of the fjfth level computers, which fuses IT

with logical processing.

Breakthrough in optical computing was possible due to the development

of Non Linear Optics (NLO) that made laser a wonder source of light. Hence,

synthesis and characterization of NLO materials form an integral part of

Photonics based research. There exist a number of techniques to characterize

optical and thermal properties of materials of which Thermo-Optic method is one

of the prominent one.

The work described in the present thesis deals with the use of one of the

thermo-optic phenomena called Thermal Lens (TL) eHect, to investigate optical

and thermal properties of a class of photonic materials namely laser dyes in

solution as well as in solid matrices. When the energy of radiation matches with

that of a transition between the ground state and an



excited state of the molecule a photon is absorbed. The excited molecule can

eventually return to the ground state by radiative or non-radiative transition. The

nonradiative de-excitation causes local heating in the sample along the beam

path. The heating results in the creation of a refractive index gradient, which

causes the effect of thermal blooming, or thermal lensing in the medium. This

thermal lens causes a significant deviation of the probe beam path.

Measurements of a change in the divergence of a laser beam after the blooming

of the thermal lens allows determination of absorbance in the range 10 - 7 -10 -6.

There are different configurations for the thermal lens setup. In single

beam experiment, the same laser is used as both the excitation source and

probe beam. In dual beam configuration, separate lasers are used as the pump

and probe beams. Dual beam TL technique is more advantageous since only a

single wavelength (probe) is always detected and there need be no correction for

the spectral response of the optical elements and detector. Moreover one can

record TL spectra only by dual beam setup. The important feature of thermo

optical spectroscopy is its non-de::tructivity nature of analysis that provides the

studies of fluorescent materials, the analysis of biological objects, the remote

analysis and on-line determination in the flow. TL effect has been exploited for a

number of measurements such as evaluation of triplet and fluorescence quantum

yield in solid and liquid phases, study of the multiphoton processes,

determination of thermal diffusivity of various samples and calorimetric trace

analysis. Thermal lens spectrometry is 100-1000 times more sensitive than

conventional spectrophotometry.

The eight chapters of the thesis describe the details of the work carried

out and the results obtained therein.



Chapter 1 reviews the history and development of the TL effect, outlines different

theoretical models along with the theory of TL spectroscopy. Applications of TL

effect have been specially emphasized in this chapter.

Chapter 2 gives a detailed account of the experimental setup used for the

present studies. For the study of TL effect, both pulsed and continuous wave

(CW) lasers are used. Pulsed laser such as Optical Parametric Oscillator (OPO)

and continuous lasers such as diode pumped solid-state laser and Argon ion

laser are used as the excitation beam. He-Ne laser is used as the probe beam in

the TL setup. The details of the detectors such as Digital storage oscilloscope,

Lock-in amplifier, Monochromator-PMT assembly, Photodetectors, etc., used in

different studies are detailed in this chapter.

Chapter 3 describes the use of dual beam thermal lens technique for the

evaluation of fluorescence quantum yield of dye-doped polymers. Solid-state

lasers provide an alternative to conventional liquid lasers because of their various

technical and economical advantages. Luminescence quantum efficiency is one

of the most important optical properties of fluorescent materials. The TL method,

for evaluating quantum yield, offers significant advantages over conventional

methods because the absolute values of quantum yield can be measured and no

standard sample is required. TL method can be effectively used to study the

variation of fluorescence quantum yield of Rhodamine 6G doped PMMA for a

range of concentrations. The photodegradation of the dye molecules under cw

and pulsed laser excitation are also studied using the present method details of

which are included in this chapter.

Chapter 4 deals with intermolecular transfer of electronic energy, which has

become a powerful tool for obtaining information about molecular excited states

not obtainable by ordinary spectroscopic methods. Without electronic energy

transfer, the photosynthetic process in plants could not be as efficient as it is or

might not operate at all. Excitation energy transfer processes are important

controlling factors in fields ranging from radiation physics to biology.



Energy transfer from a donor molecule to an acceptor molecule in a dye mixture

affects the operation and spectral output of the dye laser. The energy transfer

rate and the distance between molecules like

Rhodamine6G- Rhodamine Band Fluorescein - Rhodamine B are evaluated

using this method. The variation of quantum yield with pH of Fluorescein and

Rhodamine B are discussed in detail in this chapter.

Chapter 5 gives a detailed account of the nonlinear absorption process occurring

in organic liquid like aniline. Two photon induced thermal lens spectra of aniline

are recorded using Optical Parametric Oscillator (OPO). The overtone

frequencies are also determined using this technique. The thermal lens spectra

of Rhodamine B and Crystal Violet are also discussed in this chapter.

Chapter 6 describes a method of implementing AND, OR and NAND optical logic

gates using dual beam thermal lens technique. The rapid growth of the Internet

demands faster speeds and larger bandwidths than electronic circuits can

provide. The speed of computers has now become a pressing problem as

electronic circuits reach their minlaturlzation limit. This can be overcome by using

optical data processing. Logic gates are the building blocks of any digital system.

An optical logic gate is a switch that controls one light beam with another. Optical

media used in this experiments are chemically stabilized Rhodamine 6G doped

PMMA.

Chapter 7 presents the use of TL technique as a tool to study the rate of

inorganic chemical reactions like that of potassium iodide - potassium

persulphate. The reaction is monitored using lock-in amplifier and from the

reaction curve we can calculate the reaction rate. Argon ion laser is used as the

pump source for this study.

Chapter 8 gives a general conclusion and future prospects of the work carried

out in the present thesis.
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1

Thermal lens spectroscopy ~ An overview

This chapter introduces different photophysical processes taking piece in an

illuminated medium. Various photothermal phenomena that characterize the

photo-induced thermal state of materials are also briefly described in the

introduction. The relevant theoretical treatment of photo-induced thermal lens

effect that forms the foundation of this work is discussed in this chapter. Recent

advancements in the field of thermal lens spectroscopy and it's applications are

also outlined.
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1.1 Introduction

The science and technology of photonics is an edifice resting on two strong

pillars viz., (1) the theory of light-matter interaction and (2) synthesis and

characterization of photonic materials. The fifth generation computer which fuses

information technology and logical programming demand fast computation and

parallel processing, leading to dense connectivity. It is an accepted fact that

photon-based photonic technology will provide a helping hand in this regard

through the development of appropriate photonic materials and their

characterization. Materials, which exhibit efficient optical nonlinearities,

fluorescence quantum yield and large thermal diffusivity are potential candidates

for efficient photonlc materials.

The knowledge about thermal and optical properties of materials can be

achieved through a systematic study of light~matter interaction. Such studies can

be made by monitoring radiative or nonradiative processes taking place in a

medium, which contain a number of excited state atoms or molecules. This

chapter gives a brief introduction to various processes taking place due to light

matter interaction with special reference to therrno-optic effects.

1.2 Processes of light-matter interaction

The absorption of photon by a molecule (A) of a sample in accordance with their

spectroscopic properties may follow a variety of effects so that the excited state

molecule will lose its energy either by radiative processes or by non-radiative

deactivation processes. If the photon energy is sufficient enough, direct

photochemical decomposition of the molecule can be achieved. Schematic

representations of relevant processes are given below.



A + hv ----l~~ A·

1.2.1 FIuorescence

1Thermal{ens spectroscopy

A + hv" (fluorescence)

~ A + heat (nonradiative decay)

-------. B ~ B* + A (energy transfer)

~ A **(Excited state absorption)

Chemical reaction

When a molecule in the excited state returns to the ground state radiatively, the

emission probability is maximum from the lowest vibrational level of the first

excited singlet state, regardless of the vibrational levels or the electronic states

to which the molecule is originally excited (figure 1.1). Therefore the

fluorescence maximum occurs at lower energy due to the Stokes' shift. This is

the difference between the energy of the excitation and emission maxima that

indicates the energy dissipated during the lifetime of the excited state before

returning to the ground state. Stokes' shift can be represented as

Stokes'shift = 107(+-_1_) nm' (1.1)
ex Aem

Where /Lex and Aern are the maximum wavelength for excitation and emission.

The rate of emission depends on the molecular environment and the structure of

molecule.

1.2.2 Non-radiative Transition

Once the molecule is in an exited state (Sl) it has a lifetime in the range of nano

seconds, which depends upon a number of competing factors. It may non

radiativeJy return to the ground state by internal conversion (IC), or may undergo

intersystem crossing (ISC) to the triplet state, as shown in figure 1.1.
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Figure 1.1 Energy level diagram of typical dye molecule illustrating several

optical and kinetic processes (A-absorption, fC-internal conversion, F

fluorescence, P-phosphorescence and ISC-intersystem crossing)

However, IC cross-section is prominent factor in the case of de-excitation from

Sn to Sl (n»1) and it has low probability for transition between Sl and So. It

should be noted that direct absorption to triplet state is spin forbidden. Major

component of nonradiative relaxations appears through de-excitation to various

vibronic levels, ISC etc.
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1.2.3 Energy transfer

Energy transfer represents another channel whereby the excited molecule can

dispose its energy. The excited molecule (0*) may transfer its energy to

another molecule A, so that

A+ D' -+ 0 + A'

This process can be considered as either quenching of the excited state

molecules 0* (A is called the quencher) or to generate A' indirectly rather than

by optical excitation. The molecule 0 is said to be the donor while A is the

acceptor molecule. For the transfer of energy to occur, A' should be lower in

energy than D' and it must takes place within the excited lifetime of the donor. Of

the two types of transfer, in trivial process, the light emitted by the donor travels

through the solution and is absorbed by the acceptor. In the other type of

transfer, removal of energy from D' occurs simultaneously with its appearance in

A. In this process of nonradiative transfer, absorption spectrum of A must

overlap with the fluorescence spectrum of D.

Most of the spectroscopic techniques are based on the detection of

photons so that only radiative relaxation processes are monitored directly.

Information regarding the nonradiative process is extracted indirectly from the

data of radiative transitions. However the results obtained thus may not be

reliable as far as nonradiative processes are concerned. Direct information

about such process can be obtained by employing techniques of the thermo

optic effect. An added advantage is that this method will provide both optical and

thermal properties of the medium directly. Salient features of the thermo-optic

spectroscopy are described in the following section.
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1.3 Photothermal Spectroscopy

Photothermal Spectroscopy belongs to a class of highly sensitive techniques,

which can be used to measure optical absorption and thermal characteristics of

a sample. The basis of photothermal spectroscopy is photo-induced changes in

the thermal state of the sample due to optical absorption by molecules and the

subsequent nonradiative relaxation processes that results in heating of the

sample, which in turn modifies its thermal state. Photothermal signals will not be

affected by scattered or reflected light unlike conventional optical signal

detection. Hence photothermal spectroscopy measures optical absorption more

precisely in scattering solutions, solids and at interfaces. The large signal to

noise ratio of thermo-optic techniques makes it 'an effective tool to study the

surface and absorption properties of materials, particularly for solids. There are

different photothermal mechanisms that can be used for the physical and

chemical analyses of materials, such as photoacoustic spectroscopy,

photothermal deflection, photothermal lens spectroscopy etc. These are briefly

described in the following sections.

1.3.1 Photoacoustic spectroscopy

6

Incident
radiation Microphone

Figure 1.2 Photoacoustic effect

Sample

Detector
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When light (short light pulse or modulated light beam) is absorbed by the

sample, non-racnaeve relaxation produces local heating. This induces local

expansion in the irradiated region. This thermal energy is coupled to the

coupling gas in the photoacoustic cell. which causes a transient or periodic

pressure change in this cell. This generates acoustic signal that can be detected

using a sensitive microphone. Photoacoustic effect has been applied to detect

phase transitions. fluorescent properties of laser dyes, nonlinear optical

properties of materials. imaging, depth profiling etc. A good treatment of this

topic is available in standard books [t ).

1.3.2 Photothermal deflection

Photothermal deflection method or mirage technique is a sensitive method to

evaluate the thermal, optical and transport properties of matter in all its states. In

this method, the sample is excited with a mectonlcany modulated optical

radiation. The nonradiative de-excitation of molecules produce periodic local

heating of the specimen which in turn produces refractive index variation in the

coupling medium.

Pump beam

Detector

Probe beam

Solid sample

Figure 1.3 Photothermal deflection
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This refractive index variation can be probed using a low power laser radiation

(probe beam), the deflection of which depends on the optical and thermal

properties of the sample. Depending on the pump-probe configuration,

photothermal deflection technique can be employed in two ways, either in

transverse photothermal deflection method or in collinear photothermal deflection

method. Photothermal deflection technique has been successfully used to

evaluate thermal properties of materials, surface imaging, phase transition

studies etc [2].

1.3.3 Thermal lens effect

The first photothermal spectroscopic method to be applied for sensitive chemical

analysis was photothermal lens spectroscopy. The photothermal lens effect was

discovered by Gordon et al. in 1965 [3]. In this technique the sample is

illuminated using a gaussian beam having intensity distribution across the beam

as

I -1 -2r2/ai

r - oe (1.1 )

where a> is the beam radius. A part of the incident radiation is absorbed by the

sample and subsequent nonradiative decay of excited state population results in

local heating of the medium. The temperature distribution in the medium mimics

the beam profile of the excitation beam and hence a refractive index gradient is

created in the medium. Due to this modification in refractive index, the medium

mimics a lens, called thermal lens (TL). Figure 1.4 shows the schematic diagram

of TL effect. The thermal lens generally has a negative focal length since most

materials expand upon heating and hence have negative temperature coefficient

of refractive index. This negative lens causes beam divergence and the signal is

8
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detected as a time dependent decrease in power at the center of the beam at far

field.

. .
\ /1~ Optical lens

.,,: .....

Incident beam Sample

Figure 1.4 Block diagram of Thermal/ens effect

1.4 Historical developments of thermal lens studies

Output
beam

Gordon and his coworkers observed TL effect quite accidentally during their

stl:ldy of laser Raman scattering of pure liquids. The resulting investigations

predicted the most important application of the measurements of small

absorbance. The first use of the intra-cavity thermal lens to measure the

absorptivity of liquids was reported by Leite et at [4] in 1964. Solimini (1966) [5]

refined the apparatus and measured the absorption coefficients of 27 organic

liquids. In 1967 Callen et al [6] reported the observation of a pattern of concentric

rings, which is now recognized as arising due to spherical aberration of the

thermal lens. Similar observations were reported by Dabby et al in 1970 [7] and

Q
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Akhmanov et al [8]. Carman and Kelly [9] studied the time evolution of thermal

lens and recorded the growth of thermal lens by a movie camera. But the

problem with the intra-cavity method was that the beam propagation altered the

character of the photothermal lens element and the intra-cavity apertures. The

first extra-cavity photothermal lens apparatus was used by Rieckhoff in 1966

[10]. However, he misinterpreted the results as nonlinear sample absorption.

The most important advance in thermal lens technique was introduced by

Hu and Whinnery in 1973 [11,12]. The authors demonstrated that maximum

divergence of the laser beam could be obtained for a given sample by positioning

the sample at a distance of one confocal length from the minimum beam waist of

the laser, which results in sensitive absorbance measurements. Later, an

extensive application and refinement of the thermal lens technique were carried

out by Dovichi and Harris [13-16]. They introduced procedures needed for

reliable and reproducible measurements of thermal lens signal. The authors

constructed a differential thermal lens spectrophotometer for canceling the back

absorbance of the sample matrix or the solvent. When the sample, with negative

thermal coefficient of refractive index, is placed beyond the beam waist, a

diverging beam is created and when it is placed at an equal distance before the

beam waist, a converging beam is resulted. Therefore, when two cells filled with

identical samples are placed symmetrically about a beam waist, a cancellation of

about 99% of TL signal is observed. Hence, signal due to the matrix or solvent

can be optically subtracted from that of the sample automatically, if blank sample

is placed V3 times confocat distance before and after the beam waist. Using this

experimental arrangement, an improved sensitivity was reported.

All the works described above used the single beam TL measurement

method. The first reports of dual beam thermal lens measurements were from the
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work of Grabiner et al [17] and Flynn [18] (1974) who used a He-Ne laser to

probe the time resolved formation of thermal lens. The first application of dual

beam TL technique to spectroscopic absorption measurements was the work of

Long et al [19] who used repetitively chopped (13 Hz) tunable cw dye laser. The

13 Hz modulation frequency was selected on the basis of the practical low

frequency limit for lock-in amplifier. Several other optical arrangements for the

dual beam thermal lens technique have been suggested. Moacanin et al showed

the counter propagating pump and probe beams through the sample. But in this

arrangement care should be taken to avoid pump beam from entering probe

laser cavity. Rajas et al [20] developed a dual beam thermal lens optical fibre

spectrometer which is capable of measuring sensitive TL spectra at a location

remote from the pump laser such as in an environmentally-eontrolled glove box

for actinide chemistry studies and remote environmental analysis. Franko and

Tran [21] constructed a cw dual-wavelength pump-probe configuration TL

spectrometer that was capable of measuring thermal lens signal at two different

wavelengths. The advantage of this dual-wavelength setup included its ability to

correct for solvent background absorption and its improved selectivity. Swofford

et at [22-24] investigated the dependence of the magnitude of thermal lens on the

parameters of the experimental design in a dual beam TL setup. The authors

observed very good agreement between measured and calculated signal in the

repetitively chopped TL experiment.

A novel fiber optic modified thermal lens detector in combination with

capillary electrophoresis that facilitate the use of microlitre volumes of samples

was demonstrated by Seidel and Faubel [25]. lmasaka et al [26) constructed TL

spectrophotometer [TLSl consisted of a couple of optical fibers. Franko and Tran

described various analytical thermal lens instruments such as differential thermal

lens, mUltiwavelength and spectral tunable instruments, circular dichroism

1 1
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spectropolarimeters and miniaturized instruments. Recently Franko

demonstrated differential IR TLS and microscopic TLS, with improved sensitivity

[27-35]. Leach and Hams [36,37} and Amador-Hernandez et al demonstrated

sensitivity of three orders of magnitude in supercrlctical fluids [38,39], which

opened new possibilities for using TLS in combination with supercnctical fluid

extraction or chromatography.

The pulsed laser thermal lens has made possible the study of a wide

variety of nonlinear optical effects. One of the important phenomena is two

photon absorption, by which a molecule is promoted to an excited state at twice

the frequency of the incident light as a result of simultaneous absorption of two

photons. Since the rate of this weak process depends on laser intensity, the use

of pulsed laser combined with a sensitive detection method is required. Long et

al [19] was the first to recognize TL technique as a possible detection scheme for

two-photon absorption. Twarowski and Kliger studied two-photon absorption of

benzene with a pulsed nitrogen pumped dye laser [40,41]. Rasheed etal

recorded fifth CH overtone spectra of some organic molecules using dual beam

TL method [42]. Bindhu et al investigated some novel applications of TL effect

[43-50]. This includes the study of multiphoton absorption processes occurring in

liquids, optical limiting properties of C60 and C70• fluorescence quantum yield of

dyes in different organic solvents, thermal diffusivity of organic liquids and sea

water. The details of the theory and experimental arrangement for two-photon

absorption are given in chapter 5.

1.5 Theory of Thermal lens effect

The thermal lens effect has been theoretically derived under a variety of

experimental conditions [51-73]. Existing theoretical models range from relatively

simple formulations to complex and sophisticated versions. These models cover

1')
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thermal lens effect, which are generated under different excitation conditions

(pulsed and cw excitation), different pump/probe geometries (single and dual

beam, collinear and crossed beam configuration, pump-probe displacements)

and different sample conditions (stationary and flowing samples). The thermal

lens effect has been theoretically derived under aberrant and parabolic models.

Sheldon et al [51] were the first to consider the aberrant nature of the thermally

induced lens. They used the diffraction theory to find the intensity at the beam

center in the far field. Parabolic and aberrant lens models were both derived for

single beam or coaxial two beam experiments in which the probe beam and

pump beam radii are same in the sample cell. These models of thermal lens

describing its effect upon the propagation of the probe beam assume that the

sample is thick and hence the surrounding medium has no influence on the heat

flow away from the probed region of the sample. Therefore for thin samples

these assumptions are not valid. Wu and Dovichi [52] developed a Fresnel

diffraction theory for steady state thermal lens in thin films. Fang and Swofford

[24] postulated mismatched configuration and in this two beam configuration

maximum sensitivity was predicted when the sample is placed at ../3 times the

contocal distance from the beam waist. Shen et al [53] and others modified the

theory for mode mismatched configuration and constructed a dual beam mode

mismatched TL spectrometer that can be used for steady-state measurements

and time resolved studies. With this apparatus they determined the trace of

copper in water. Viyas and Gupta modified the theory for flowing samples [59

61].

The theoretical procedure can be divided into three parts. (I) The heat

equation must be solved for the particular boundary conditions of the system to

generate a temperature distribution within the sample. (2) The temperature

13
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distribution must be converted into a refractive index profile. (3) The interaction of

the beam with the refractive index profile is used to predict a change in the beam

intensity profile. The different models differ primarily in the last step. A simple

paraxial approximation theory is usually used to predict changes in the beam

centre intensity and in the beam spot size [3, 11,12]. This paraxial approximation

is a c1osed- form solution of ray tracing through a parabolic temperature rise near

the beam axis.

1.5.1 Background

In a thermal lens experiment, a Gaussian laser beam illuminates a weakly

absorbing sample. Nonradiative decay of excited states within the sample

produces a temperature field that mimics the intensity profile of the laser beam.

Expansion of the heated sample leads to a change in refractive index that acts to

d,:c: .... Cu..> me laser beam. Either the change in the beam spot size or the change in

the beam centre intensity may be monitored to estimate the strength of the

thermal lens.

1.5.2 Assumptions

A number of assumptions are involved in the model of the thermal lens.

(1) The laser beam is in the TEMoo mode so that the beam cross section

is gaussian.

(2) The spot of the laser beam remains constant over the length of the sample

cell.

(3) The sample is homogeneous and satisfies Beer's law.

(4) The thermal conduction is the main mechanism of heat transfer and the

temperature rise produced within the sample does not induce convection.
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. . d dn .
(5) Refractive In ex change of the sample with temperature, - , IS constant over

dT

the temperature rise induced by the laser.

(6) Detection of the intensity profile of the laser beam is undertaken in the far

field.

(7) The strength of the thermal lens is not sufficient to induce a change in the

beam profile within the sample.

Consider a gaussian beam passing through an element of an absorbing

sample in which the heat flow is radial and the beam is turned on during the time

interval 0 s t s to' The heat generated per unit length [54]

2aE -2r2

Q(r)dr =--20exp(-2-)
fro) ea

where a is the absorption coefficient of the medium. Eo is the total energy in

each laser pulse and 0) is the beam radius at time t = O.

The temperature rise of the laser-irradiated region [57,58] is obtained as

2aE -2r2

T(r,t) = 0 exp() (1.3)
JrfXp(0)2 +8Dt) 0/ +8Dt

Where 0 is the thermal diffusivity given as

0)2
D=- (1.4)

4tc

The solution of equation for cw excitation is given as [60, 61]

T( t)
2aP(1 + cos aJt) (- 2r 2

)
r, = exp (1.5)

Jrpc p (0)2 + 8D!) aJ2 + 8D!

1 C
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Due to nonuniform radial temperature distribution, time dependent refractive

index gradient formed inside the sample can be expressed as

an
n ( r , t) = no + (-)T ( r , t)at

where no is the refractive index at time t=O

Consequently, the irradiated sample acts like a lens, which affects the laser

beam intensity profile by altering the radius co. The relative change in the beam

intensity is proportional to the relative changes in power of the beam reaching the

detector and hence is a direct measure of the thermal lens strength.

The photothermal lens signal is obtained by monitoring the probe laser

power that passes through a pinhole placed- far from the sample. The

photothermal lens will either focus or defocus the probe laser beam so that the

power at the center of the beam will either increase or decrease. This change in

power is maximized when the sample is placed at one confocal distance,

2
Zo = lUuo on either side of the focal point. In this case, the relative change in

A

power monitored past the pinhole aperture is [11,12]

set) = aJ 2
2

( t ) ~ cv/CO)
aJ 2 (0)

(1.7)

where aJ2 (0) is the radius of the beam at time t=O and aJzCt) is the time

dependent radius of a beam induced by a thermal lens given as [74,75]

2

eo 2(t) = ea 2[(1_~)2 +~(l--~-Y]
2 0 f(t) z/ f(t)

f(t) is the focal length of the thermal lens.

(1.8)
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Considering the approximation Z2 »Zl'

s (t) = 2 Z I

f (t )
(1.9)

(1.10)I: = PA (dn / dt )

The steady state tocallength ot the induced lens is given as [11,12]

xk ea 2

where k is the thermal conductivity (W cm' K'), P is the laser power (W), A is the

sample absorbance, and dnldt is the refractive index change with temperature.

The thermal lens signal tor pulsed excitation [36,60-62]

(1.11)

For cw excitation

s = 21n(1O)APZ] ( an ) I
e ll1w/ aT (1 + te / 2tY (1.12)

1.6 Sensitivity of Thermal lens technique

The sensitivity of TL signal can be understood by comparing it with conventional

spectrophotometric measurements. Consider the transmission of optical radiation

through an absorbing medium and let 10 be the incident intensity, then the

transmitted intensity, It is given as

I == I e <acl
t 0 (1.13)
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where c is the concentration of the solution and I is the length of the medium.

The transmittance of the medium can be defined as

Hence absorbance is given by

A =1- T

=1-IO-A == 2.303A

(1.14)

(1.15)

( 1.16)

In TL technique the thermal gradient established after optical absorption and

thermal relaxation of the sample results in a change in intensity at the beam

center owing to the induced beam divergence. The thermal lens signal is

expressed as the relative change in power

s = 10 -I =M = 2.30.AP (_ dn)
I I )Jc dT

(1.17)

where 10 and I are the transmitted power before and after the formation of the

thermal lens respectively, A is the absorbance, P is the laser power, A is the

pump laser wavelength, k is the thermal conductivity and dn is the samples
dT

temperature coefficient of refractive index. Equation (1.17) is written as [32]

M = 2.303AE
I

where E = P(-dn Idt)
}Jc

(1.18)

(1.19)



1/Ihermai Iens spectroscopy

Comparing eqn. (1.16) and (1.18) for the same absorbance, the thermal lens

signal is increased by a factor E, called the enhancement factor.

The enhancement factor is a function of the thermodynamic and optical

properties of the medium and on the power used to excite the sample. Thus the

sensitivity of the photothermal method can be increased by using solvents with

high refractive index gradient and low thermal conductivity for a given power.

With both cw and pulsed excitation, water is a poor solvent while organic

solvents like carbon tetrachloride induce larger enhancement factors [74,75]. The

TL signal is inversely proportional to the square of the excitation beam waist,

while the sensitivity is independent of the beam size. The selectivity of TLS is

hindered by the limited wavelength range of available lasers and is most

frequently confined to single wavelength only. The selectivity of TL technique can

be improved by using OPO based TL setup, the details are given i~ chapter 5.

1.7 Measurement approach

1.7.1 Single beam Thermal lens configuration

Figure 1.5 shows the schematic representation of single beam thermal lens

setup. In single-beam TL spectrometer, the same laser is used to excite the

sample and to probe the thermal lens created. The first analytical application of

single beam thermal lens spectroscopy was the trace level determination ofCu(II)

with an EDTA complex reported by Dovichi and Harris [13]. This method is

perhaps the most well known and used of all the photothermal spectroscopy

methods. In single beam TL spectrometer, the laser beam is focused with a lens

and modulated with a chopper or a shutter. After passing through the sample, the

beam center intensity is usually measured in the far field with a photodiode
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placed behind the pinhole. The photo diode output is fed into storage

oscilloscope. which gives the transient change in the beam center intensity.

The single beam measurement method can be used to produce a

differential TL experiment. Reference and unknown samples are located on

opposite sides of the beam waist so that TL strength of the two samples are

Pump beam

Sample Detector

Figure 1.5 Schematic representation of single beam thermal lens setup.

subtracted by their opposite effects on the far field beam spot size. The

differential configuration has immunity from laser power fluctuations but is limited

to weak TL. The sensitivity of TL can be enhanced by keeping the sample at one

confocal distance past the probe beam waist. Since one beam is used to probe

the TL, there is decrease in power at the beam radius. The relative simplicity of

the apparatus coupled with the low solution absorption detection limits, make it

highly attractive for trace analysis applications.
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1.7.2 Dual beam thermal lens configuration

The two-laser photothermal lens apparatus was used before the extra-cavity

single laser method was invented. Dual beam instrumentation can be of two

types. collinear and transverse configuration. In collinear configuration, good

spatial overlapping of both beams is necessary for optimal sensitivity. The pump

beam is used to generate the thermal lens in the medium. Another laser of low

intensity is used to probe the lens formed. The pump beam is modulated while

the probe is not. Separate lenses are used to focus the beams. The alignment

and combination of the two beams is facilitated by a dichroic mirror.

The generated TL produces fluctuations in the intensity of the probe beam that

can be sensitively monitored by signal averaging devices like lock-in amplifier

and boxcar averager

In transverse thermal lens experiment, the excitation beam is focused on

to the sample perpendicular to the probe beam. The monitored volume is defined

by the intersection of two laser beams and is usually of the order of picolitres.

This alignment is useful for samples, which are available in a very low

concentration and in small volume and for chromatographic detection. Franko

and Tran [34] using this configuration detected amino acids at a femtomole level,

which corresponds to only 50 molecules. The authors used a prism to ensure a

good overlap and counter propagation between the pump and probe beams.

Dual beam thermal lens setup is given in chapter 2. Dual beam technique

is more advantageous since only a single wavelength (probe) is always detected
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and no correction for the spectral response of the optical elements and detector

are required. Moreover TL spectra can be recorded only by dual beam setup.

1.8 Advantages in using Photothermal Lens Spectrometry

• Photothermal signals are relatively linear and independent of excitation

and probe laser beam focus geometries

• Excitation energy or power dependent signals may be easily measured

and modeJed, yielding information regarding ground and excited state

absorption cross sections and relaxation rate constants

• Data is complimentary to relaxation kinetic measurements but yield more

information

• Sensitivity allows the use of thin optical cells.

1.9 Recent applications

1.9.1 Differential TLS in the infrared region

Latest progress in TL technique is the construction of TL signal spectrometers,

which operate in the IR region [76,77J. Franko constructed differential IR TLS

spectrometer [35J, which enables better cancellation of the blank signal when two

identical sample cells, containing the solvent in which the analyte is dissolved,

are placed symmetrically with respect to the probe beam waist. With this setup

they determined organophosphate and carbamate pesticides extracted into

organic solvents and they determined pesticides at the ng ml'. However,

working in the lA spectral region imposes certain limitations in the instrumental

design.
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1.9.2 Microscopic TLS

The possibility of focusing laser beam to points smaller than 1 urn in diameter

opens an area of new applications of TLS. This includes the measurements of

absorbance on the microscopic level and eventually inside a single living cell.

Application and development of microscopic TLS represents an important

contribution to general trends towards miniaturization of analytical

instrumentation [78,79]. Use of microscopic TLS demonstrated the

measurements of pigments and colour distribution in a 5 urn- thick slice of human

hair measuring 125 urn in diameter.

1.9.3 Foodstuff analysis

Applications of TLS to foodstuff analysis were governed by the need for new

analytical tools to control the quality of foodstuffs and eventual adulteration.

Franko [35] using IR TL spectrometer detected the adulteration of fruit juices and

low quality of olive oils. With this setup they identified trans unsaturated fatty

acids, free fatty acids, etc.

1.9.4 Analysis of environmental samples

TLS is best suited for the analysis of liquid samples. Various organic pollutants,

heavy metals and biologically active compounds can be detected with high

sensitivity. Further more the high sensitivity of TLS technique has been

successfully combined with separation techniques such as HPLC and ion

chromatography or bio-recoganation methods such as biosensors. Philip et al
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[80} studied the effect of phosphorus in saline solution and Power and Langford

[81] studied the brown colouration of fresh water due to the dissolved organic

matters, which are detrimental to the environment.

1.9.5 Trace detection

The high absorbance sensitivity of these methods has opened up new areas of

trace chemical analysis based on optical absorption spectroscopy. The first study

of the application of TL technique to trace determination in solution was done by

Dovichi and Harris [13] in 1979. They developed a low power (cw) thermal lens

spectrometer to study the determination of Cu2
+ having a molar absorption

coefficient of 47 mol" dm3 cm". Grabiner et al [17J designed a collinear dual

beam arrangement using Q- switched CO2 laser -and they suggested that

excellent sensitivity of TL technique could prove to be valuable for the detection

of trace concentration of absorbing species in atmospheric samples. Mori et al

[81] using similar setup carried cut the trace determination of N02 and Long and

Bialkowski [82) conducted a quantitative determination of CF2CI2 . Using this

setup they evaluated the TL signal in flowing gas samples. Nakanishi et al [84]

constructed a compact TL spectrometer using a near- infrared semiconductor

laser and applied it to the trace analysis of phosphorus at sub-micromolar levels.

1.9.6 Measurements of absolute absorption coefficients

The high sensitivity of thermo-optic spectroscopy methods has led to applications

for analysis of low absorbance samples. Using this method, concentrations lower

than 10'7 M of these strongly absorbing chromophores may be measured in

standard cuvettes. These limits of detection are slightly higher than those

obtained using laser excited fluorescence spectroscopy and are 2-3 orders of

magnitude better than that obtained using conventional transmission
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spectroscopy. The low molar absorption detection limits coupled with the fact that

the volume being probed can be very small, results in extremely small numbers

of molecules being detected.

1.9.7 Measurement of Fluorescence Quantum yield

Hu and Whinnery [11] were the first to demonstrate that thermal lens

spectrometer could be used to measure the fluorescence quantum yield of

organic dyes using a reference standard. More details of these measurements

are discussed in chapter 3 of this thesis. Terazima and Azumi [85-88] carried out

a series of investigations for the measurements of quantum yield of triplet

formation and triplet lifetime of different species in the liquid and solid phase

using time resolved TL technique. The photodissociation of iodine has been

studied by Lebedkin and Klmov [89].

1.9.8 Chemical kinetics of solution

Dual beam thermal lens technique has been successfully employed for the study

of the reaction kinetics in solutions. Haushalter and Moris [90] monitored the

reaction of the enzyme-catalysed oxidation of dopamine by polyphenyloxidase.

The details of this application are given in chapter 7. TL spectroscopy has been

used to measure thermal diffusion coefficients, sample temperatures, bulk

sample flow rates, specific heats, volume expansion coefficients, and

heterogeneous thermal conductivities in solids. Detailed experimental

techniques, analysis of results and conclusions drawn there from are given in

subsequent chapters.
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Experimental details

This chapter describes the general experimental methods used in the work presented in

this thesis. A brief idea of the different laser systems and detectors used in the study are

also presented in this chapter.
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2.1 Introduction

To generate thermal lens in the medium, the molecules of the medium are

excited to the higher energy states using either pulsed or cw lasers. The excited

molecules relax their energy by the generation of heat and light. The heat

released results in the change in the refractive index in the medium and the

refractive index gradient is formed due to the intensity distribution of the cross

section of incident light beam. The induced refractive index in the medium

creates a lens like behavior called thermal lens. Another laser beam is used to

detect the presence of the thermal lens [TL]. TL signal thus formed is processed

using different equipments such as Digital storage oscilloscope, Lock-in amplifier

etc. The absorption spectrum and fluorescence spectrum of the medium are also

recorded for further evaluation of the parameters like fluorescence quantum

yield, energy transfer rates etc.

2.2 Laser systems

The laser as a source of coherent optical radiation has made it possible to

investigate nonlinear interaction of optical radiation with atoms and molecules.

The Optical Parametric Oscillator, diode pumped solid state laser, argon ion laser

and He-Ne laser are the laser sources used for the investigation of thermal lens

studies described in this thesis.

2.2.1 Optical Parametric Oscillator (OPO)

Pulsed laser used for the studies described in chapter 4 and 5 is a

tunable solid-state Optical Parametric Oscillator (Quantaray mopo-700) having

wide range tunability from 450 to 2 m [1]. Most lasers are single wavelength

devices or have only a restricted range of multiple wavelengths. The widely used
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wavelength tunable coherent radiation sources are dye lasers. But each dye has

a rather limited tuning range of about 5 to 20 nm in the visible part of the

spectrum. Moreover, optical parametric devices provide wide and continuous

wavelength coverage, easy and rapid wavelength tunability, high-energy output

and the added advantage of being of solid state.

OPO is based on a nonlinear optical process that involves energy

conversion of a pump beam of fixed frequency p into two lower energy beams,

the signal at s and the idler at I. so that

1 1 1
-=-+-
Ap A, A,

or

Ap

As = A
l-~

A,

as A, increases As decreases and vice versa. Figure 2.1 shows the schematic

diagram of Optical Parametric Oscillator. It is composed of a nonlinear crystal

placed within an optical resonator to form feedback for these signal or idler or

both. The nonlinear material used in this Optical Parametric Oscillator is BBO (

Barium Borate). BBO has broad transparency, large optical nonlineararity, large

birefringence, high optical damage threshold and large fracture temperature.

The third harmonic of Nd: YAG laser at 355 nm is generated by mixing the

fundamental output at 1064 nm with the second harmonic at 532 nm in the

nonlinear material BBO [2]. The signal and idler exhibit strong coherence are

highly monochromatic and have a spectrum consisting of one or more

longitudinal modes. opa obtains gain from a nonlinear conversion rather than an
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atomic transition. The output of OPO is greater than 40 mJ of energy and 10Hz

repetition rate over most visible wavelength, with conversion efficiencies in

excess of 20% at single wavelength. As indicated earlier we can use both AI and

As as tuned out put so that effective tunability is enhanced.

Pump

-;+
p < >

nonlinear
medium

-~~
< >

ea , Idler

aJ s Signal

+ Pump
aJ p

resonant cavity

Figure 2. 1 Schematic diagram of optical parametric oscillator where only a pump
wave offrequency OJp is used to interact with a nonlinear optical medium to

generate widely tunable signal {j}s and idler radiation of frequency {j}1 .

2.2.2 Diode pumped solid state laser (DPSS)

One of the cw lasers employed for the thermal lens studies (chapter 3, 6 and 7)

is the diode pumped solid state laser (Uniphase BWT-50) having an out put of 50

mW [3J. Diode pumped lasers have many advantages over the old style arc lamp

or flash lamp based systems. The diode pumped systems are smaller, consume

less power and they have less waste of heat. Neodymium doped Yttrium

vanadate (Nd:YV04) is the most efficient and excellent laser crystal for DPSS

lasers, due to its good physical, optical and mechanical properties. Nd:YV04 has
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moderate power, low threshold, large stimulated emission cross-section at lasing

wavelength, high slope efficiency, wide absorption peak at pump wavelength,

low intrinsic optical loss, high laser induced damage threshold, strong polarized

output and good physical, optical and mechanical properties as well. Comparing

with Nd:YAG, Nd:YV04 has higher absorption coefficient at pumping

wavelengths, which means that Nd:YV04 with shorter lengths (such as 1mm) can

be used to constructe more compact lasers. Furthermore, the wider absorption

bandwidth permits a less pump wavelength drift due to the variations of

temperature or aging of diode. These features guarantee Nd:YV04 as one kind of

laser host which is most suitable to construct more compact and significantly

more efficient DPSS lasers.

2.2.3 Argon ion laser

Another cw laser used for the present studies is Argon ion laser having a power

of 4 W (Spectra Physics modelliconix-5000 series). All the wavelengths of light

emitted by the Argon laser can be operated in multi-mode and single line

operation is also possible by tuning prism. Every wavelength is a monochromatic

light source of itself and each wavelength has a very narrow bandwidth. The two

dominant wavelengths, of 514 and 488 nm make up about 67% of the total beam

output power. The other wavelengths are 496.5, 476.5 and 456 nm. The out put

has a Gaussian profile and has a frequency stability of 60 MHz per degree

Celsius and good stability when used in the light control mode [4]. When the

laser is first turned on, a delay allows for temperature stabilization. Then a pulse

of high voltage (8 kilovolts DC) ionizes the argon gas. Upon ionization, high DC

current (45 Amps) and about 600 volts DC across the gas filled tube maintains a

sufficient discharge to keep the gas ionized. This Argon laser tube has a

tungsten bore which has a high melting point and allows the laser to operate at
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higher power levels with longer tube life. Argon lasers require tap water cooling

and separate three phase 220 AC volt and 50 Amps electrical line [5, 6].

2.2.4 He-Ne laser

This continuous- wave gas laser have exceptional temporal and spatial

coherence, good polarization, good pointing stability over and above, it is cheap.

632.8 nm radiation from He-Ne (Uniphase Model No. 1507) having a Gaussian

intensity profile was used as the probe beam in the experimental studies. The

output of the laser is 2 mW and it is intensity stabilized [7].

2.3 Detectors

2.3.1 Digital Storage Oscilloscope (050)

The digital storage oscilloscope used for the present study is Tektronix, TDS220

(100 MHz). The maximum sampling rate is 1 GS/s [8J. Digital oscilloscopes

sample signals using a fast analog-to-digital converter (ADC). At evenly spaced

intervals, the ADC measures the voltage level and stores the digitized value in

high-speed dedicated memory. The shorter the intervals, the faster the digitiZing

rate, and the higher the signal frequency which can be recorded. The greater the

resolution of the ADC, the better the sensitivity to small voltage changes. The

more memory, the longer the recording time. Multiple signals associated with

intermittent and infrequent events can be captured and analyzed instantly.

Captured waveforms can be expanded to reveal minute details such as fast

glitches, overshoot on pulses, and noise. These captured waveforms can be

analyzed in either the time or frequency domains. It has internally adjustable

pretrigger viewing, superior measurement accuracy, quiick hardcopies on

printers and plotters, archives for later comparison or analysis, waveform
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mathematics and spectral analysis and completely programmable and automatic

setups.

2.3.2 Lock-in amplifier
\

Lock-in amplifier is an extremely important and powerful measuring tool used to

measure voltage amplitu<':!es as small as few nano volts while ignoring noise

signals thousands of times larger. The lock-in amplifier used for both TL and

fluorescence studies were Standford Research Systems S R 850 [9]. Lock-in

amplifiers use the process of synchronous detection to recover signals that have

been buried in noise. They act as extremely narrow pass band filters with the

pass band centre point selected by a reference signal [10, 11].

Signal
monitor

Signal
in

Signal
amplifier

Low pass
filter

DC
amplifier

L.....-__--"utput

Reference in.------,

vca

Reference
out

Figure 2 .2 Block diagram of the lock-in amplifier
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The signal amplifier is a voltage amplifier with variable filters. The voltage

controlled oscillator (VGO) is able to synchronize with an external reference

signal. It also contains a phase- shifting circuit that allows to shift its signal from

O· to 360· with respect to the reference. The phase sensitive detector (PSD) is a

circuit, which takes in two voltages as inputs and produces an output, which is

the product of the two inputs. The low-pass filter is an RC filter and the dc

amplifier is a low frequency amplifier.

2.3.3 Photodetector

Optical detection is a process in which optical signals are converted into

electrical signals and photodetectors are the key components of such detection

systems. Photodetectors like photodiodes and photomultiplier tubes are used to

extract information contained in the optical beams as well as to monitor the

presence of light.

Photomultiplier tube (PMT)

In a photomultiplier tube electrons ejected by a photosensitive cathode are

accelerated to secondary electrodes known as dynodes (figure 2.2). When

impacting electrons have sufficient kinetic energy, additional electrons are

released from the dynodes. The newly released electrons are also accelerated

by the applied fields to the next dynode, thus generating even more electrons.

Finally, they are collected and passed to the external circuits. Since more and

more electrons are emitted by the successive dynode stages, more electrons

reach the external circuit. This means that there is an internal current gain in the

PMTs. The internal gain is dependent upon the electron emission efficiency, the

geometry of the dynodes, and the applied voltage.
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h

Photocathode

Figure 2.3 Schematic diagram of a phatamultiplier tube.

The presence of this gain is the main advantage of the PMTs over vacuum

diodes. The spectral characteristics of PMTs are determined by the spectral

sensitivity of the photocathodes. To liberate electrons from a photocathode, the

photon energy must be greater than the work function of the material. The speed

of response of PMTs is determined by the time of flight of electrons from the

photocathode to the dynodes. In order to have the advantage of the available

bandwidth the electrodes must be impedance matched with the other circuit

elements [14]. The operating voltage for this PMT is -750 V (1.7 - 2.1 KV). The

Model Thron MI PMT with 8-20 cathode is used in our studies {15].

2.3.4 Monochromators

Monochromator is another important tool for both research and education

purposes. A monochromator is a spectrometer capable of measuring a single

wavelength which can be scanned through a wide wavelength range.

Monochromator consists of fixed entrance and exit slits, fixed focusing mirrors

and a rotatable diffraction grating. As the grating rotates different wavelength is
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focused onto the exit slit. The spectral resolution depends on the widths of the

slits, the choice of grating and focal length. Grating monochromators may have

planar or concave gratings. Planar gratings are produced mechanically and may

contain imperfections in some of the grooves. Concave gratings are usually

produced by holographic methods and imperfections are usually rare.

Imperfections of the gratings are major sources of stray light transmission by the

monochromators, and of ghost images from the grating. For this reason the

holographic gratings are preferable for the study of emission spectroscopy.

Another important characteristic of the grating monochromators is that the

transmission efficiency depends upon polarization of the light. Therefore, the

emission spectrum of the sample can be shifted in wavelength and altered in

shape, depending upon the polarization conditions chosen to record. In the

present work we used the following monochromators.

2.3.4.1 Spex-1m monochromator

Spex, Model 1704 is a 1 meter scanning spectrometer having a maximum

resolution of 0.05 A [12J. The monochromator covers a spectral range 350-950

nm using a grating with 1200 grooves per mm blazed at 500 nm and spectral

band pass 0.1 A. The entrance and exit silts on the front of the spectrometer are

controlled by micrometer type knob above the slits. The scan rate of the

monochromator is adjusted by using microprocessor controlled spex compudrive

(CD2A) arrangement. Spex compudrive has got a key board control over the

spectrometer which not only provides repeat scan over the spectral regions but

also gives the scan status and spectrometer position. The main advantages of

CD2A compudrive are, the start and end positions of the scan, rate, repetitions,

delay between repetitions, recorder scale and marker frequency can be

programmed (9). The output of the spex monochromator is coupled to a
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thermoelectrically cooled photo multiplier tube (Thorn EMI, model KQB 9863, rise

time 2 ns, quantum efficiency 22%).

2.3.4.2 McPherson- 0.2 m monochromator

The monochromator of the unit is the McPherson Model No. 275 [13]. This model

is a 0.2m, f/2 instrument. Bilaterally adjustable slit assemblies allow resolutions

as high as OAnm with a 1200G/mm grating and a maximum bandpass of 16nm.

McPherson provides innovative electronics for detector operation and signal

!evel amplification. The wavelength range of a monochromator varies with the

choice of grating and this model can scan from 200 nm to 600 nm.

2.3.5 Spectrophotometer

Absorption spectra are recorded by JASCO-570/UVNIS/NIR spectrophotometer

[16] which covers a wavelength range of 190 nm to 2600 nm.

2.3.6 Power meters

The detection and measurement of laser power can be classified as photon

detection and thermal detection. Photon detectors such as silicon photocells

directly convert the energy of individual photons into a voltage or current.

Thermal detectors convert light into heat and then into electric signal.

Model 407A (Spectra-Physics) [17] power meter is a thermopile detector that

withstands 20 KW/cm2 average power density. This model is capable of

measuring power from a few milliwatts upto>20 W.

Model 1815-C (Newport) [18] optical power meter that provides optical

measurement from nanowatts to kilowatts.

39



2Expetimentaidetails

Model 55 PM (Liconix) [19] optical power meter having a maximum of 300 mW

is also used in the studies.

2.4 Accessories (Other components of experimental setup)

2.4.1 Chopper

For double beam cw thermal lens measurements, the argon ion laser beam was

modulated using a mechanical chopper (EG&G Parc model 192 or SR540,

Stanford Research Systems). Mechanical chopper is the simplest form of a

modulator consisting of a rotating slotted disk placed in the path of light beam. It

offers 100% modulation depths tor frequencies from a few Hz to 5-8 KHz [20,

21].

2.4.2 Sample cell

The sample cells used for thermal lens studies are 1mm and 3 mm quartz

cuvettes and for fluorescence studies are 10 mm cuvette.

2.4.3 Optical fibre

Thermal lens signal is coupled to the monochromator through an optical fibre

(200/lm core, NA 0.22) with minimum loss in transmission. Use of OF makes the

experimental configuration geometrically flexible.

2.4.4 Vibration free table

The experimental setup was arranged on a locally made vibration isolated table

(Hallmarc) so that errors due to any stray vibrations are minimised.
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2.5 Experimental setup

Both continuous and pulsed laser excitations have been used for the

measurements of weak absorbance, determination of fluorescence quantum

yield, thermal diffusivity of different solvents, study of multiphoton processes and

excitation energy transfer between molecules etc.

2.5.1 Pulsed laser thermal lens setup

The experimental set up (dual beam) for the transient thermal lens studies is

shown in figure 2.4. Pulsed laser photothermal lens technique has allowed a

number of applications involving the study of radiationless de-exciation

processes. The high irradiance at the focus can induce nonlinear absorption

effects. The absorbed energy is proportional to the integrated irradiance raised to

the power of the number of photons absorbed. In this configuration separate

lasers are used for pump and probe beams. This dual beam technique is more

advantageous since only a single wavelength (probe) is always detected and

there needed no correction for the spectral response of the optical elements and

detector. Moreover one can record TL spectra only by dual beam setup.

The pulsed laser used for the present study is an Optical Parametric

Oscillator with tunable output in the range 450-620 nm. OPO is characterized by

pulses of about 10 ns width with a Gaussian profile. The repetition rate was 10

Hz. A long focal length lens (400mm) is used for focusing the excitation beam so

that the spot size inside the cuvette remains more or less constant.

41



2Experimentaldetaiis

Lt D S OF

Pulsed

L2

MPA

I I I' I

~---------~Ir,:t:ttj
_L_LL.J

I_I '_LI

0000
'bCOC""Q....
~: B a

DS

Figure 2.4 The block diagram of the experimental arrangement for the pulsed

Thermal lens effect. L 1, L2 - Lens; DM - Dichoric Mirror; S - Sample; OF - Optic

Fibre; MPA - Monochromator-PMT assembly; D50- Digital Storage

Oscilloscope.

The excitation energy at the sample cell was varied from O.3mJ to 3mJ by using

optical density filters. Radiation of wavelength 632.8 nm from a low power (1.5

mw) intensity stabilized He-Ne laser source is used as the probe beam.

Accurate alignment of the laser beams is essential for better results.

In collinear arrangement first, fix the path of the pump laser beam by

locating it at two points in space with an appropriate visible method and marking

this with irises closed down to their minimum apertures. The second laser beam
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is then centered on these irises (using a dichroic mirror) using the appropriate

visible method and opening the irises to a suitable diameter to ensure accurate

alignment. The probe beam was focused by a 20 mm focal length tens. The TL

signal is detected by sampling the intensity of the centre portion of the probe

beam through a small aperture. The polished tip of the optical fibre mounted on

XYZ translator is placed at the beam center in the far field which serves

simultaneously as the finite aperture as well as a light guide for the probe beam

to a monochromator - photomultiplier tube (PMT) assembly. The advantage of

using optical fibre in the detector system is that remote detection of signals is

possible apart from the geometrical flexibility in the configuration of the

experimental setup. The monochromator-photomultiplier assembly tuned to the

probe wavelength (632.8 nm) provides further filtering of the signal. The TL

signal is detected as the relative change in the intensity of the probe beam centre

at far field and processed using a 100 MHz digital storage oscilloscope, which

provides a complete time domain representation of the signal. A synchronous

trigger pulse from the Nd: YAG driver laser operated at 10Hz is used to trigger

the oscilloscope. The present work is done at a temperature of 26 0 C. The

thermal lens signal outputs are normalized to account for the spectral profile of

the OPO output. This dual beam technique is more advantageous since only a

single wavelength (probe) is always detected and there needed no correction for

the spectral response of the optical elements and detector. Moreover, the dual

beam TL setup can be used to record TL spectrum unlike in the case of single

beam setup.

2.5.2 Continuous wave thermal lens setup

Continuous wave (cw) thermal lens spectrometry has proved to be a valuable

technique to study thermal and optical properties of transparent materials. Eversince
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the earlier report of the TL effect the sensitivity of the technique has been improved

by changing the experimental configuration. [22-24]. The excitation source was 532

nm from a Diode Pumped Nd: YV04 laser or 488 nm radiation from an Argon ion

laser. The excitation beam was focused with a 400 mm foca/length lens.

cw laser

c Ll DM s F OF

850
~~~' 0000",

rororo "'0"'0"'0'"
4-.............~ 1:1 ~ IClI D

IBISES.. '" coo 0 0

Lock-in
amplifier

Figure 2.5 Schematic diagram of the cw thermal lens set up. L1, L2 - Lens; DM

Dichoric Mirror; C- chopper; S - Sample; OF - Optic Fibre; MPA 

Monochromator-PMT assembly.

The probe beam was focused by a 200 mm focal length lens. The sample cell was a

1mm / 3 mm optical path length quartz cuvette and was positioned at the optimum
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distance from the waist of the probe beam. The probe beam is made to pass

comneany through the sample using a dichroic mirror. A filter is placed in the path of

the emergent beams, which allow only the 632.8 nm wavelengths to reach the

detector system. An optical fibre mounted on XYZ translator serves as finite aperture.

The cente r of the probe beam is coupled to the monochromator • photomultiplier tube

(PMT) assembly using an optic fibre placed 2m away from the sample. The output

from PMT is connected to a 47 K () impedance matching circuit and then processed

using a dual phase digital lock-in amplifier (SR 850).

2.5.3 Fluorescence studies

"'.I1:0H ro 0 0 0 0 G
...... ... "'U G .. .. G

IC0 3 I tJ:J 0 0 0
. ..""....... .. G .. ..

HallE'.l - -e 0 0

cw laser

Sample Leas

C!::::JJ-i c l-- ~ ~Urrer

Lock-In amplifier

Figure 2.6 Schematic diagram of the fluorescence setup. The sample can be dye

solution /solid sample in the form of discs.
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Continuous wave laser source is used for the fluorescence study. Solution is

taken in the cell. In this configuration fluorescence emission from the front

surface of the cell is collected and focused by a lens to the entrance slit of a 1m

Spex / McPherson monochromator, which is coupled to a PMT having an S20

cathode. The PMT output is fed to a lock-in amplifier .The emission wave length

is scanned in the specified region (490-640 nm). Dye doped polymer samples

are moulded in the form of a disc.
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Study of thermo-optic properties of dye doped

polymer

This chapter describes the use of thermal lens technique as a quantitative

method to determine absolute fluorescence quantum efficiency and

concentration quenching of fluorescence emission from dye doped polymer.

Samples considered for the experiments are rhodamine 6G doped Poly(methyl

methacrylate) (PMMA) prepared with different concentrations of the dye. The

fluorescence quantum yield strongly depends on the concentration of the dye.

The accurate measurement of thermo-pnysicel properties of materials, such as

thermal diffusivity, is an integral part of heat transfer and thermal processing.

This chapter also presents a laser-based thermal lens technique to measure the

thermal diffusivity of dye doped PMMA. Thermal lens technique is also used to

study the photodegradation of the dye.
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3. 1 Introduction

From the mid 60s, dye lasers have been attractive sources of coherent tunable

visible radiation because of their unique operational flexibility. The salient

features of dye lasers are its tunability with emission from near ultraviolet to the

near infrared. High gain, broad spectral bandwidth enabled pulsed and

continuous wave operation {1, 2]. Although dyes have been demonstrated to lase

in the solid, liquid or gas phases, liquid solutions of dyes in suitable organic

solvents have been the most frequently used laser media. This is because the

active medium can be obtained in high optical quality, the cooling is achieved by

using a flow system and the medium is self repairable to a certain extent.

Nevertheless, the use of liquid solutions in dye lasers entails a number of

inconveniences, mainly related to the need of employing large volumes of

organic solutions of dyes that are both toxic apart from being expensive.

Furthermore, each dye has a limited range of tunability from 5 nm to 20 nm so

that the dye has to be changed for different wavelength regions. This, together

with the need of complex and bulky cell designs for the continuous circulation of

the solution has restricted the use of these laser systems outside the laboratory.

From the early days of development of dye lasers, attempts were made to

overcome the problems posed by dye solutions, by incorporating dye molecules

into solid matrices. A solid state dye laser avoids the problems of toxicity and

flammability and they are compact, versatile and easy to operate and maintain.

The first observations of stimulated emission from solid matrices doped with

organic dyes were reported as early as 1967 and 1968 by Soffer and Mctarland

[3] and Peterson and Snavely [4] respectively. Since laser dyes were in most

cases merely dispersed, the results were not very encouraging due to the low

lasing efficiencies and fast dye photodegradation. In recent years, the synthesis
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of high performance dyes and the implementation of new ways of incorporating

the organic molecules into the solid matrix have resulted in significant advances

towards the development of practical tunable solid-state laser [5-36]. The use of

a synthetic polymer host presents advantages as these materials show much

better compatibility with organic laser dyes and are amenable to inexpensive

fabrication techniques. Furthermore, new modified dye doped polymers have

been developed with laser radiation threshold comparable to or higher than that

of laser- damage resistant inorganic glasses and crystals. These polymers

provide an opportunity for the production of polymer elements that can effectively

control the characteristics of laser radiation. Hence, adequate knowledge of

thermal and optical properties of dye doped polymers is important in identifying

suitable laser media. Apart from its use as active laser media dye doped

polymers find many applications in the modern photonic technology [37-44]. In

the present investigation, the absolute value of fluorescence quantum yield, the

effect of concentration of the dye on its fluorescence efficiency in the matrix and

thermal diffusivity of the medium are evaluated. The mechanisms responsible for

the photostability of the dye in the matrix are also studied. Details of these

studies are presented in this chapter.

3. 2 Materials

3.2.1 Polymer (PMMA)

The basic requirements imposed in a polymeric host for laser dye molecules are

its good optical transparency at pump and (asing wavelengths, good solubility of

the dye in the material and resistance to pump laser radiation. The polymer (poly

methly methacrylate) (Figure 3.1) has been most frequently used for laser dyes
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due to its excellent optical transparency in the visible region and its relatively high

laser damage resistance [7,10].

Figure 3.1 Structure of PMMA

3.2.2 Dyes (Rhodamine 6G)

Present work in dye doped polymer has been carried out with dyes of the

Xanthene family. Rhodamine dyes, with emission in the yellow-red region of the

spectrum, are known for their excellent lasing performance in liquid solution.

Hence they are the obvious candidates for the development of dye lasers in solid

state. For the present investigations, the well-known dye Rhodamine 6G chloride

(Exciton) (structure is given in figure 3.2) [45] is used. Numerous studies on this

dye in liquid medium as well as incorporated into different matrices have been

reported in the literature [2, 46-59]. The rigid planar molecular structure of

rhodamine 6G favours high fluorescence efficiency. It has monoethylamino

groups, methyl substituents adjacent to the two amino substituents and the

carboxyl group on the pendent 9-phenyl substituent is esterified [58, 59,60]. The

methyl substituents have no influence on either absorption or emission spectrum

of the dye.
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Figure 3.2 Structure of Rhodamine 6G

Since the amino groups are not fully alkylated the absorption maximum depends

on the solvent and their fluorescence spectra resemble the mirror image of the

long- wavelength absorption band [2].

3. 3 Method of preparation of dye doped polymer samples

Methyl methacrylate (MMA) (Merck) is washed three times with (2 vol %)

aqueous sodium hydroxide to remove the inhibitor and then twice with distilled

water. An accurately weighed amount of rhodamine 6G chloride is dissolved in a

mixture of MMA and ethanol taken in the ratio 4:1 to give a concentration of

1.5x10-3 mol r'. Since rhodamine 6G has limited solubility in MMA ethyl alcohol

is added, it being a good solvent for the dye and enhances the optical damage

threshold. Apart from being a good solvent ethyl alcohol enhances the value of

dielectric constant, which increases the conversion efficiency. From the stock
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solution, sample solutions with different concentrations ranging from 1.5 x 10

3 mol r' to1 x10-4 mol 1-1 are prepared. Then 1.5 gm/I of benzoyl peroxide (CDH

chemicals) (0.15% by weight), which is a free-radical initiator, is added to each

sample solution. The mixture is then taken in glass bottles and is kept in a

constant temperature bath maintained at 50° C for polymerisation. After about 48

hours completely polymerized samples are taken out and kept for one week for

drying. Care is taken to see that dye is homogeneously distributed in the polymer

matrix. The dried samples are then cut into pieces of 2 mm thickness. The disc

shaped samples thus obtained are initially lapped using different grades of silicon

carbide to obtain a smooth surface quality. This is followed by the polishing

process employing fine grade Alumina (A12 0 3) powder. The various grades for

polishing include 1,0.5, 0.3 microns on TEXMET polishing cloth. All these

ensured minimum loss due to scattering as all the samples are made to good

optical finish. Plain undoped PMMA samples are also prepared under the same

experimental conditions and this is used as a reference sample to record the

optical absorption spectrum.

3. 4 Measurement of fluorescence Quantum yield

3.4.1 Methods using a standard reference

Fluorescence quantum efficiency is one of the most important optical properties

of fluorescent materials and it is the essential parameter in determining the lasing

characteristics of the active laser medium. The fluorescence quantum yield rjJ is

the ratio of the total energy emitted per quantum of energy absorbed.

Most methods presently followed using conventional technique for

determining the absolute quantum yield of fluorescence by comparing emissions

from fluorescent solutions with radiations scattered by a the standard scatterer
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magnesium oxide plate [61], under conditions of identical geometry. But relative

scattering methods are tedious and suffer from poor reproducibility [62]. Another

method for determining absolute fluorescence quantum yield given by Weber and

Teale [63] was based on a comparison of the radiation emitted by fluorescent

solutions with that scattered by a solution of macromolecules, attenuating the

incident radiation to the same extent. The macromolecules behave as pure

dipolar scatterers of the incident radiation, and after correction for the polarization

of the scattered radiation, are equivalent to a material of unit quantum efficiency.

By comparing fluorescent solutions with solution of the standard scatterer under

identical conditions the quantum efficiency can be written as (62]

t/J = (dF I dE )Ao (3 + ~) f(Ao )

(dSldE)l.o (3+pJf(~A)
(3.1)

where dF / dE is the slope of the plot of fluorescent intensity vs absorbance of

the compound under investigation, dS / dE is the slope of the plot of intensity of

scattered radiation against apparent absorbance for the standard scatterer, p,

and P, are the polarization of fluorescence and scattered radiation respectively

and j(Ao)/ j(L\A) is a correction factor for the difference in detector response to

the wavelength of scattered radiation and fluorescence radiation. In these kinds

of measurements it is necessary to introduce corrections for the spectral

sensitivity of the detection system. Pure optical measurements also demand

calibration of the detector. The use of fluorescence lifetime is also inadequate,

especially for multilevel energy systems, as it depends both on the value of

nonradiative lifetime and fluorescence decay time. Even after the various

corrections for system geometry, re-absorption, polarization etc, the accuracy of
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the quantum yield values obtained from photometric measurements is rather

poor [64]. It is in this context that an alternate technique using photothermal

effect is employed to evaluate absolute quantum efficiency of luminescent

samples.

The introduction of photothermal techniques to measure the quantum

efficiency has brought new perspectives to obtain more accurate values for this

parameter. These methods are based on the principle that light absorbed and not

lost by subsequent emission results in sample heating and are therefore

complementary to the purely optical procedures [65- 74].

3.4.2 Quantum yield measurements using thermal lens technique

The application of photothermal rensing effect for the measurement of quantum

yield was first introduced by Brannon and Madge [75]. Since then, the technique

has been used to determine this parameter in fluorescent solutions [76] and

fluorescent polymers [6]. In these experiments single beam configuration has

been used to evaluate this parameter. In the present experimental setup dual

beam thermal lens technique is used to ·find the fluorescence quantum efficiency

of dye doped polymer since this method is more sensitive than single beam

configuration [77].

3.4.3 Theory

The method to evaluate the fluorescence quantum yield of materials is based on

the principle of conservation of energy. Let Po be the power of the incident pump

beam and ~ the power of the transmitted beam. The absorbed power is the sum

of the laser power degraded to heat, ~h' and luminescence emission ~ I

provided there occurs no photochemical reaction. Hence,

';4
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Po =F:h + ~ + p,
so that the transmission ratlo is given by

T = P,
r;

Absorbance is given by

A =l-T

Thus the absorbed power is given by

Ap" = P'h +~

Then,

The emission quantum yield by definition

PI/ < VI>
QI =----"'---"--

(Po-P,)/Vo

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

Here Vo is the laser frequency and < VI > is the mean luminescence emission

frequency, evaluated as [73J

(3.8)

(3.9)

The quantity dn (V,) in photons/sec is the number of photons emitted in an

incremental bandwidth centered at V,. Rewriting the expression for emission

quantum yield, eq. 3.7 becomes

QI == Va (l - P'h )
< VI> APo
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The ratio ~ takes into account of the stokes shift, which entails some
< I>

deposition of heat in the sample even for 100% fluorescence quantum yield. The

absorption A may be measured with an ordinary spectrophotometer. Brannon

and Madge (76] developed a comparison method in which thermal lensing

measurements are made on both the fluorescent sample and nonluminescent

reference absorber. The concentrations of sample's' and reference 'r' are

carefully adjusted to give identical photometric transmission. With identical

incident light levels, the fluorescent sample, of course, produces solution heating.

For the reference sample,

Hence we can v,·:.,..,

Q = Vc> (1- A
r

pr r::)
f < V > ASps P:

I th

(3.10)

(3.11)

where N is the absorption coefficient of the luminescent sample, A( is the

absorption coefficient of the nonluminescent reference, P th is the thermal power

generated in the sample and P'th is the thermal power generated in the

reference absorber. The absorption coefficient A may be measured with an

ordinary spectrophotometer and Pth can be measured using thermal lens

technique. Eqn. (3.11) assumes that the same solvent and the same excitation

laser wavelength are used for the sample and the reference.

I . th' h d b k .. h . A
r
P'n usmg IS met 0 ,care must e ta en to maintain t e ratio -- nearASps

unity and to work with reasonably dilute solutions. Otherwise a systematic error

occurs when the sample and reference solutions are of considerably different

optical densities [76]. Another problem encountered in measuring light absorption
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coefficient N using spectrophotometer is high apparent transmittance, which

results from the low fluorescence, received by the detector from measurements

on a fluorescent sample. This causes uncertainty in the quantum yield values.

The problem can be solved if a quenched luminescent sample is used as

the reference absorber because the quenched sample has the same light

absorption coefficient as the luminescent sample. In the case of a totally

fluorescent quenched sample we can consider that the entire excitation energy is

converted into nonradiative relaxation process. Hence the fluorescence quantum

yield is given by [75],

PAP A
Q. = .u::« = (1- ~)---.L (3.12)

J APo A »; A

where Pa = APo and hence this can be rewritten as

Q = [l_!L)Af

f n, A

Here the ratio of the fluorescence peak wavelength A, to excitation wavelength A

takes into account of the stokes shift. Pth is directly proportional to TL signallJa

corresponding to the concentration at which the fluorescence intensity is

quenched completely. The thermal lens signal lJ has been measured as the

variation of light intensity at far field at the centre of the probe beam [78].

3.4.4 Experimental

The details of the experimental setup are given in chapter 2. Laser radiation at

532 nm wavelength from a Diode Pumped Nd: YV04 laser is used as the pump

beam to generate the thermal lens in the medium. Radiation of wavelength 632.8

nm from a low power (1 mw) intensity stabilized He-Ne laser source is used as

the probe beam. The pump beam is intensity modulated at 5 Hz using a
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mechanical chopper. Sample in the form of disc having a thickness of 2 mm is

kept in the pump beam path. The probe beam is made to pass collinearly through

the sample using a dichroic mirror. An optical fibre mounted on XYZ translator

serves as the finite aperture. The other end of the fibre is coupled to a

monochromator- PMT assembly that is set at 632.8 nm. The signal output from

PMT is processed using a dual phase lock-in amplifier.

The absorption spectra of the sample having different concentrations are

recorded using a UV-VIS-IR spectrophotometer. For the fluorescence study, the

front surface emission is collected and focused by a lens to the entrance slit of a

McPherson monochromator, which is coupled to a PMT. The PMT output is fed

to a lock-in amplifier. The emission wavelength is scanned in the specified region

(500-640 nm).

3.4.5 Results and discussion

The absorption spectra of the solid sample at different concentrations are given

in figure 3.3. At low concentration dye-dye interaction is negligible because of the

large average distance between them. As we increase the concentration,

absorption spectra contain contributions from monomers and aggregates which

make the spectrum broader at higher concentrations. Fluorescence of a molecule

depends on the structure and environment of the molecule. Figure 3.4 shows the

fluorescence spectrum of the polymer sample for different dye concentrations. At

low concentrations, dyes dissolve completely into monomers and obviously the

dye-dye interaction and the intermolecular interactions between dye molecules

and macromolecules are negligible. Hence, at very low concentration,

fluorescence intensity increases linearly with increasing concentration.
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At higher concentrations fluorescence intensity reaches a limiting value and then

decreases with further increase in concentration. Several factors are responsible

for this behaviour.

This can be related to the phenomenon of re-absorption and re-emission,

which ultimately reduces fluorescence emission. With increasing dye

concentration the formation of dimers and higher aggregates decreases the

fluorescence emission by a combination of monomer-dimer / higher aggregates

energy transfer and absorption of radiation by non-fluorescent dimers / higher

aggregates [60J. This transfer of energy between molecules by collisional

mechanism makes the nonradiative part prominent and hence fluorescence

decreases.

•

•
•

•

•
•

o 3 6 9

. -1-4
Dye concentratiom (moll ) x I0

Figure 3.5 The concentration dependence ofpeak fluorescence wavelength of

rhodamine 6G doped PMMA.
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However, in the present case, re-absorption and emission are the probable

causes for the reduction in fluorescence intensity at higher concentrations. The

observed shift in the fluorescence emission peak (figure 3.5) follows the same

profile. Figure 3.5 gives the variation of peak fluorescence wavelength as a

function of concentration. It can be seen that peak fluorescence wavelength

increases with concentration. The low frequency tail of the absorption spectrum

of the dye molecule overlaps with the high frequency end of its fluorescence

spectrum. The fluorescence from the excited state dye molecule is reabsorbed

by the ground state molecule. This process increases with increase in

concentration, which results in decrease in fluorescence and shifts the

fluorescence peak to smaller energies [2,60,75-78].

----.
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Dye concentration (moll ) x 10

Figure 3.6 Variation of quantum yield of dye doped PMMA with concentration for

a power of 5 mW.
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The variation of quantum yield with concentration obtained using equation (3.13)

is shown in figure 3.6. The laser power is kept constant at 5 mW in this

.experiment.

The quantum yield closely depends on the environment of the fluorescing

molecule and on processes like internal conversion, intersystem crossing, solute

solute interaction (71,78 79-94] these parameters strongly depend on the

excitation source, solvent characteristics and concentration of the dye.

The plot clearly reveals a decrease in fluorescence quantum yield at

higher concentrations. This is a direct indication of the fact that nonradiative

processes become significant at higher concentrations, which contribute to

enhanced thermal lensing. One of the factors, which .reduces fluorescence

quantum yield is the re-absorption of emitted radiation by ground state

molecules. This also enhances nonradiative relaxation processes between

various vibronic levels of the dye molecules. Generation of dimers, excimers and

other aggregates will also contribute to the decrease in fluorescence quantum

yield. Dimers and higher aggregates can quench monomer emission by

collisional or long-range nonradiative energy transfer [59,78,79-94].

3.4.6 Conclusion

Since dye doped polymers are interesting for many optical applications including

active medium for solid-state lasers, it is desirable to have a quantitative and

accurate method to determine the absolute fluorescence quantum yield.

Conventional fluorescence quantum yield measurements require the use of

accurate luminescent standard samples and its comparison with a standard

sample. In the present investigation quenched luminescent sample is used as the

reference absorber since it has the same light absorption coefficient as the

luminescent sample. In solid media, the rhodamine chromophore shows a
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photophysical behavior similar to that in a liquid solution. Further more, this

method is very sensitive and simple to perform. Where as recording fluorescence

emission from samples of large dye concentrations is difficult. The TL technique

is suitable for measurements even in the vicinity of complete fluorescence

quenching.

3.5 Thermal diffusivity of rhodamine 6G doped polymer Matrix

3.5.1 Introduction

Thermophysical parameters such as thermal diffusivity, is a very important

characteristic property of any material. Accurate values of thermal diffusivity of

materials are crucial for practical engineering design as well as theoretical

studies and analysis, especially in the fields of heat transfer and thermal

processing. Since both thermal diffusivity and thermal conductivity are properties

that characterize the heat transfer behavior of materials, applications including

conduction and convection heat transfer, heat exchanger design, insulation

problems, etc. rely heavily on these two parameters. Meanwhile, with the rapid

development of numerical simulation techniques, thermal diffusivity and

conductivity also play an important role in computational fluid dynamics as they

appear in the governing equations that describe the flow and temperature

distributions. Accurate measurement of these parameters is thus of primary

importance to the heat transfer community.

The measurement of thermal diffusivity (D) was vigorously pursued in the

1950's and 1960's by various researchers. All these techniques, however,

usually made direct use of the transport equations by measuring physical

quantities such as heat flux and temperature gradients. These measurements

are rendered difficult due to heat losses at boundaries and convective or
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radiative effects in the test liquid, which are the main sources of error. A

technique related to the present work was reported by Kim and Irvine [95] (1991).

in which the thermophysical properties of liquids were determined using a

thermal pulse technique. The time for thermal energy from a multilayer-heating

element to traverse a known distance between two points in the liquid was

measured by monitoring temperature peaks at the two points using

thermocouples. However, this technique is limited by the finite size of the

thermocouple, which causes uncertainties in the temperature measured at the

two points.

The transient hot-wire technique [96,97) which is a typical method, has

been widely used to measure liquid thermal conductivity and thermal diffusivity.

A thin wire, usually platinum, is immersed in the test liquid. Phe wire is electrically

heated and the heat is then radially conducted into the liquid. The time variation

of temperature of the wire depends on the properties of the surrounding liquid.

Thermal cond...:ctivity and thermal diffusivity of the liquid are then determined by

measuring the temperature change history of the wire. Although hot-wire method

has been widely used in practice, it has some shortcomings that are very difficult

to overcome. One major difficulty is the effect of natural convection which occurs

due to buoyancy effects as the wire is continuously heated. In addition,

temperature variation of the wire is measured using a bridge circuit in which the

wire acts as one bridge. Accuracy in temperature measurement is decreased by

electrical noise and drift problems within the bridge circuit. The lack of precision

in the determination of heating time also contributes to measurement errors.With

the invention of laser in 1960, further research on liquid thermophysical

properties has been accomplished with the development of many new

techniques by taking advantages of the unique characteristics of laser light.
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Compared with conventional experimental methods, laser-based techniques are

fast, easy to operate, and have high sensitivity [98-100].

A laser flash method introduced first by Parker et al. (1961 )[101] has

been widely applied for the measurement of thermal diffusivity of solids. A high

energy pulsed laser beam strikes the front surface of a specimen and energy is

absorbed. Thermal diffusivity of the specimen is determined by measuring the

time-dependent temperature variations at the back surface [102]. But heat loss in

the test liquid container, which could not be completely avoided, makes this

assumption invalid and appears to be a major disadvantage of this method.

Opto-thermal methods are devoid of these difficulties. Calmettes and Laj

[103] measured thermal diffusivity of certain liquids and solids using single beam

TL technique. Gupta et al [104] developed double beam TL technique for

measuring 0 of transparent solids and liquids. Bailey [105] successfully

introduced TL technique for the determination of 0 of liquids. Bindhu et al [106,

107] using pulsed TL technique calculated 0 values of certain organic solvents

and carried out the thermal diffusivity measurements in sea water.

The details of the experimental setup are same as that used for the

measurement of quantum yield. Instead of the chopper a high-speed shutter is

used in the measurement of thermal diffusivity. The signal output from PMT is

processed using a digital storage oscilloscope. The concentration of dye in the

matrix is 4 * 10.4 mol 1'1 and this trace amount of dye enhances absorption.

3.5.2 Theory

The magnitude of the effective thermal lens produced by propagation of a cw

Gaussian laser beam of spot size (tJ is governed by the steady state balance

between laser heating and solvent or matrix heat dissipation. If the beam is

suddenly turned on at time t=O, the lens approach to steady state governed by
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I(t) = loo{l + t. 12t), (3.14)

(3.15)

(3.16)

and the steady state focal length foo of such a lens is derived as [108]

skca 2

I; = PA(dn / dt)

where k is the thermal conductivity (W cm' K\ P is the laser power (W), A is the

sample absorbance, dnldt is the refractive index change with temperature and le

is the time response to attain the steady state focal length given by

0/
t =-.
c 4D

from which D can be calculated. The thermal diffusivity in the sample is detected

by its effect on the propagation of the probe laser beam aligned with the centre of

the lens. If, after passage through the sample, the laser beam intensity is

sampled in a small spot at the centre, the intensity observed is inversely

proportional to the beam area. The expression relating the intensity as a function

of time is given as [75,108, 109]

J - J [I B + (j ]
(/) - (0) -1+t)2(t) 2(I+t

c/2(t)Y

(3.17)

We have modified this equation for cw laser source as

I - I [I B + ff ]-1
(I) - (0) -1+t

c/2(t-to
) 2(I+t

cI2(t-to
)Y (3.18)

where to is the time at t=O, B is directly proportional to P'h by the relation

(3.19)
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where ~h is the laser power degraded to heat and 11 is the laser wavelength. For

a given solvent or matrix the experimental parameter of interest is e, which may

be obtained from the initial intensity 10 and the intensity after the steady state has

been established, I"" so that [75]

()= 1-(1+21)112,

1= 10 - loo
loo

The initial slope m of the decay curve m = 2fJ
IOle

from which the value of le and hence 0 is calculated.

3.5.3 Results and Discussion

(3.20)

(3.21)

(3.22)

The dye doped polymer in the form of disc is placed at one confocal distance

past the beam focus in order to get maximum signal. When the shutter is open

the pump beam generates thermal lens in the medium and as a consequence the

probe beam through it expands. The probe beam centre at far field is coupled to

the digital oscilloscope through monochromator-PMT assembly. The TL signal is

recorded from which the relative change in intensity and initial slope is measured.

The value of fJ and r.are determined and hence D is calculated. We have

verified the measured le with theoretical fit obtained from Eqn. 3.18 and figure

3.7 shows TL decay curve of the sample. The solid curve represents the

theoretical fit and points represent the experimental data. As can be seen from

the figure, the agreement between the theoretical and experimental data is good

(Table 3.1) [110,111].



3. Thermo opticproperties ofdje dopedpofymer

-------------1
I
I
I
I
I

0.0 0.4 0.8 1.2 1.6

Time (Sec)

Figure 3.7 Decay curve for solid sample for a power of 30 mW The solid curve

represents the theoretical fit obtained using the eqn. (3.19) and the points

represent the experimental data.

To eliminate the uncertainty in the determination of beam radius, a reference

sample with known 0 is used to determine the diffusivity of the sample. In the

present experiment, water is used as the reference sample. Therefore,
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In order to verify this method of calculation of 0, we have conducted the

experiment in MMA and water. Trace amount of rhodamine 6G is added (4 x 10.4

mol 1"1) to increase the absorption. Figure 3.8 (a)and (b) shows the decay curve

for MMA and water respectively. The 0 value obtained for PMMA using the

present setup is 15-20% less than the literature value where single beam TL

technique was used.However, Nonell et al [70] reported results that substantiate

our observed values. These observations help us to conclude that thermal

diffusivity has only weak dependence on matrix in polymer state. Table 3.2

shows the variation of TL time constant as a function of pump power. Results

show that time constant is independent of pump power.

Table 3.1 Thermal diffusivity values for different organic liquids studied using

dual beam cw thermal lens technique. Reported values are also given.

Sample le (s) Value of 0 (cm/sec2) Literature value

Calculated using TL [110,111]

technique

Water 0.16±0.01 1.43*10.3

Acetone 0.22±0.01 1.07±0.01 *10.3 1.07*10.3

MMA 0.20±0.01 1.18±0.01 *10.3

PMMA 0.26±0.04 0.90±0.04*10'3 1.08*10.3 (34)
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Table 3.2 Thermal/ens time constant (le) values for different pump powers.

Power (mW) le (s)

8 0.25±0.O2

10 0.30±0.01

14 0.25 ± 0.02

20 0.29±O.O1

25 0.30±0.01

3.5.4 Conclusion

Analyses of the results lead to the conclusion that the thermal diffusion

coefficient of the sample calculated using TL technique is comparable with the

reported literature value. The D value is essentially independent of the polymer

matrix as well as the power of the pump laser source.

3.6 Photochemical stability of rhodamine 6G molecules in
polymer matrix.

3.6.1 Introduction

Apart from using as active laser media dye doped polymer composites have

been considered as candidates for new electra-optic materials, logic gates,

photo-detectors, holographic recording and solar concentrators (37-44]. In this

regard it is highly desirable to study the photostability of doped sample. The

study of photochemical stability of rhodamine 6G doped polymer using TL

technique is discussed in this section. Investigations are carried out using both
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cw and pulsed laser sources at different pump intensities. The effect of

concentration of the dye on photostability is also studied using this technique.

During the fast two decades several studies on photo-induced bleaching

of organic dyes embedded in solid matrices have been reported [24, 25, and

27,112-114). Several theoretical models have been developed to explain photo

bleaching of the dye under pulsed and continuous-wave irradiation. Dyumaev et

al [14) have developed a theoretical model for the photo-destruction of lasing

dyes by correlating the dye concentration and photostability. Newel! et al (115)

have developed a model to explain their observation on dye photo-bleaching

using transmission studies under cw irradiation.

The experimental setup is similar to that used for quantum yield

measurements. In order to record the photostability of t"e sample, radiation at

532 nm wavelength from a Diode Pumped Nd: YV04 laser is used as the pump

beam. The pump beam is intensity modulated using a chopper. For pulsed

experimental studies, the laser source used is the 530 nm radlatton from Optical

Parametric Oscillator (OPO). The probe used in both cases is the 632.8 nm

wavelength from an intensity stabilized He- Ne laser. For cw experimental setup,

lock-in amplifier is used for recording the spectrum. But in pulsed setup, digital

oscilloscope is used.

3.6.2 Results and discussion

Figures 3.9 and 3.10 describes the time evolution of TL signal for cw and pulsed

excitation sources respectively. The variation of thermal lens signal with time for

excitation laser powers ranging from 3mW to 42 mW is shown in figure 3.9.

Increase in TL signal at low powers (3 and 6 mW) is due to residual thermal lens

signal of the previous cycles of intensity modulation.The lens decay during

previous cycle is not completed due to characteristic signal response time 1<:. The
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characteristic time constant for the sample is ~260 rns.The time dependent

decrease in the TL signal (figure 3.9 and 3.10) is obviously .due to the photo

induced chemical changes in the present sample. It can be seen that the dye

molecules embedded in the PMMA matrix does not undergo any change in its

chemical properties at very low laser powers such as 3 mW and 6 mW (figure

3.9), But the gradual decrease in the TL signal for laser powers of 15 mW and

above reflects the photodegradation of rhodamine 6G molecules. From the

figures (3.9 and 3.10) it is very clear that the rate of this reaction increases with

increase in pump power.
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This is in accordance with the earlier reported photoacoustic measurements on

dye doped PMMA [118J. The saturation in the TL signal is an indication of

complete destruction of the dye molecules in the pump beam path. Absorption

spectrum also confirms this result (fig. 3.11). The photobleaching of the dye

results in a permanent colour change, which indicates that the reaction is an

irreversible one. The completely bleached portion of the sample is almost

transparent as an undoped PMMA sample (figure 3.11).

This implies that the photochemical reaction product of rhodamine 6G does not

absorb in the visible region. The photochemical degradation of rhodamine 6G

occurs only in the presence of a suitable optical radiation, which produces large

local increase in temperature and thermal destruction of the dye molecules.

Again, laser power, used for the present study, will excite the molecules only to

their first excited singlet or triplet states.
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Although there is no general consensus concerning the mechanism responsible

for laser damage of polymeric materials, there is already enough evidence to

establish that the laser damage of polymers is energy dependent and that the

viscoelastic properties of the matrix determine damage resistance [31J. The

variation of photobleaching with concentration of the dye molecules is studied at

four different concentrations and is shown in figure 3.12. In all these

measurements the laser power is kept constant at 10 mW and from the

observation it is clear that no photobleaching has occurred at this laser power.

Pure polymers with saturated chains do not absorb in ultraviolet-visible

region of the spectrum (300-700nm) (figure 3.11).
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Figure 3. 11 Absorption spectra of rhodamine 6G doped PMMA sample

(a) plain PMMA (b) after bleaching (c )before bleaching
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Hence it is evident that the impurities act as photo sensitizers. It is believed that

the dye molecules in any of these excited states react with the polymer

molecules, or with the free radicals or with any other impurities in the sample

(traces of transition metals, hydroperoxides, etc.), which are introduced during

the synthesis or processing to give a colourless product. Dissolved oxygen and

concentration of dye in the sample may also contribute to the reaction [21].
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Figure 3. 12 Plot of TL signal versus time for different dye concentrations

3.6.3 Conclusion

From our experimental results we can conclude that the rate of photo-bleaching

is directly proportional to the incident power and it decreases with increase in the

concentration of the dye molecules. The intermolecular interaction of the dye with

polymer plays a significant role in the process responsible for photostability.

A solid host for lasing dyes is an attractive alternative to their liquid

solutions, with obvious technical advantages such as compactness,
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manageability, lack of toxicity and flammability, suppression of flow fluctuations,

solvent evaporation etc. The two main problems found in polymeric solid-state

dye lasers are usually the low laser damage threshold of the material compared

to other solid state laser media and photodegradation of the dye. If these

problems are properly addressed, the above mentioned advantages would make

polymers very attractive as host materials in solid state dye lasers.
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4

Energy transfer mechanism in dye mixtures using

Thermal lens technique

Transfer ofexcitation energy between molecules is an important controlling factor

in various fields, ranging from radiation physics to biology. For example

photosynthetic process in plants takes place through electronic energy transfer

between macromolecules. The energy transfer study has become a powerful

spectroscopic tool for obtaining information about molecular excited states not

obtainable by conventional spectroscopic methods. Almost a/l the works reported

earlier analyzed the mechanism of energy transfer in mixtures by using

fluorescence measurement method. This chapter describes the usefulness of

thermal lens technique to study the electronic energy transfer in two types of

organic dye mixtures viz., fluorescein- rhodamine B in ethanol using an Optical

Parametric Oscillator and rhodamine 6G-rhodamine B in methanol using Ar ion

laser as the excitation source. pH dependence of fluorescence quantum yield of

fluorescein dye is also investigated, results of which are included in this chapter.
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4.1 Introduction

When a molecule is excited to higher energy levels, energy transfer (ET) is one

of the different ways to divest itself ot its excess energy. ET between SImilar

molecules in liquid solutions results in the depolarization and self-quenching ot

the fluorescence of such solutions. Between unlike molecules, the corresponding

transfer process results in the quenching of the fluorescence of one species and

the sensitization of the fluorescence of the other. The first observation of energy

transfer was made by Cario and Frank in 1923 [1]. In their experiments on

sensitized fluorescence of a mixture of mercury and thallium vapour, when

irradiated with the light of mercury resonance line (2537A), showed the emission

spectra of both atoms. Since thallium atoms do not absorb the exciting light, it

gets excited only indirectly by an excitation transfer from mercury atoms. Since

the transfer of energy by reabsorption is impossible and hence this transfer may

be non-radiative with a mercury atom as the donor or sensitizer and the thallium

atom as the acceptor.

Even though first observation of sensitized fluorescence in solution was

made by Perrin and Choucroun in 1929 [2] only recently have extensive

discussions of its applications to various fields such as photodynamics of

multichromophoreic assemblies [3. 4], interlayer and intralayer excitation

transport in langmuir-Blodgett films [5], storage and migration of energy in

photosynthetic systems [6] determination of molecular architecture [7] been

published. Most of the works published earlier analyzed the energy transfer effect

in mixtures by fluorescence resonant energy transfer. We have demonstrated the

usefulness of thermal lens technique to study the energy transfer mechanisms in

fluorescein-rhodamine B and rhodamine 6G-rhodamine B mixture. This chapter
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deals with the detailed description of this method to study ET in these dye

mixtures.

4.2 Phenomenological description of electronic energy transfer in
solutions.

Intermolecular energy transfer between two molecular species separated by a

distance in the condensed phase has been observed in numerous molecular

systems [8-34]. Main mechanisms involved in the electronic energy transfer in

molecular systems are

• Radiative or trivial transfer

• Nonradiative energy transfer

• Excitation migration

4.2.1 Radiative transfer

___-« Coulombic interaction

Exchange interaction

In radiative transfer of electronic energy the light emitted by the excited state

donor (0") travels through the solution and is absorbed by the acceptor (A). The

process requires two steps with the intermediacy of a photon

D· ~ D+hv

hv+A~A'

(4.1 )

(4.2)

No direct interaction of the donor and acceptor is involved. Obviously only

energies corresponding to that part of the emission spectrum of the donor which

overlaps with the absorption spectrum of the acceptor can be transferred. The

efficiency of the transfer is governed by the Beer-Lambert law. This transfer can

occur over very large distances (relative to molecular diameters) and the
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probability that an acceptor molecule reabsorbs the light emitted by a donor at a

distance Rvaries as R"2. Radiative energy transfer is characterized by the

invariance of the donor emission lifetime and a change in the emission spectrum

of the donor [35,36). The transfer efficiency does not depend upon

the viscosity of the medium.

4.2.2 Nonradiative energy transfer

The radiationless energy transfer from excited state donor molecule can occur

due to Coulombic and / or electron exchange interaction between O· and A.

Nonradiative transfer of electronic energy involves the simultaneous de-exciation

of the donor and the excitation of the acceptor, a one step process that does not

involve the intermediacy of a photon. In the mechanism of radiationless excitation

transfer close resonance between the initial (D' + A) and final (D + A') states is

required.
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Figure 4.1 Coupled or resonant transition for a donor-acceptor pair.
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This condition is fulfilled if the transfer in the donor (D" ~ D) and the transition

in the acceptor (A" ~ A) involve the same energy, the excitation transfer being

the simultaneous occurrence of the two coupled or resonant transitions as shown

in figure 4.1 {36- 38]. Several theories have been established to explain the

energy transfer phenomenon. Forster [38] was the first to develop a theory of ET,

taking into consideration of dipole-dipole interaction between molecules. Later on

Dexter [39] developed a theory of sensitized luminescence in solids and

discussed dependence of transfer efficiency in donor and acceptor

concentrations and temperature. Robinson and Frosch [40] pointed out the

similarities and differences among the various types of radiationless transitions

which can occur in a dense medium. Inokuti and Hirayama [41] generalized

Forster's theory and applied it to the case of multiple and exchange interactions.

In these theories, molecule is assumed to be stationary during its excited state.

Yokota and Tanimoto [42] explained diffusion effect on energy transfer process.

Briks and Georghiou [43] discussed the Forster kinetics and Stern-Volmer

kinetics and developed an intermediate kinetics, which obey partial mixing of

excited state donor and acceptor by diffusion during the energy transfer.

Burshtein {44] gave a theory to explain the effect of rapid energy migration on

energy transfer process and Loring [45] et al has given one of the most general

theories of transport and trapping of excitation energy. Blumen and Klafter [46}

explained the restricted geometries on the direct energy transfer. In all these

theories the conditions necessary for nonradiative energy transfer are

• the donor molecule must be a fluorophore which has sufficiently long

fluorescence lifetime.

• the emission spectrum of the donor and the absorption, <,;pectrum of the

acceptor must overlap partially.
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• the transition dipole moments must have a suitable orientation to each

other.

• the distance between the donor and the acceptor must be within a limiting

range (usually smaller than 10 nm).

4.2.2.1 Coulombic interaction- Froster kinetics

The Coulombic interaction represents a classical interaction between charged

particles and electric field. In the Coulombic mechanism an excited molecule (an

oscillating dipole) may cause the electrons of a given ground state molecule to

oscillate in the same way as does the electric field of a light wave. For light

absorption the resonance condition is M(A --t A*) = ltv and for energy transfer

the resonance condition is M(D* --t D) =M(A --t A*). In the case of light, the

coupling occurs between the electrons of A and the oscillating electric field of the

light wave. In the case of energy transfer, the coupling occurs between the

oscillating electrons of 0* and the electrons of A. Coulornbic resonance energy

transfer occurs via electromagnetic field and does not require physical contact of

the interacting partners and is dependent on the inverse sixth power of the

intermolecular separation [38]. The probability of such transfer is large if the

emission spectrum of the donor overlaps with the absorption spectrum of the

acceptor partially.

Forster had developed a quantitative expression for the rate of electronic energy

transfer due to dipole-dipole interaction as [38]

(4.3)
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The spectral overlap integral is given as [36, 38, 47]

<;)

J = fFD(V)GA(V)dv
o

(4.4)

in which FD(v) is the spectral distribution of the donor emission, GA(v)is the

spectral distribution of the acceptor absorption, v is the wave number of the

excitation radiation, N is the Avogadro's number, r is the intrinsic or radiative

lifetime of the excited sensitizer, n is the refractive index of the solvent, k2 is the

orientation factor and R is the mutual distance between both molecules.

The efficiency of Forster-type energy transfer is expressed in terms of

critical radius Ro. the distance of separation of donor and acceptor at which the

rate of intermolecular energy transfer is equal to the sum of the rates for all other

de-excitation processes (38]. The expression for Ra is given as

(4.5)

A useful relation between the radius of the quenching sphere R and the

concentration of the acceptor is given by

(4.6)

where Co is the critical concentration at which the transfer is 50% efficient (the

donor fluorescence is half quenched) and ~ and Co do not depend on the

donor transition strength.

87



4 tEnergy transferin tfye mixtures

4. 2.2.2 Exchange interaction - Stern-Volmer kinetics

The exchange interaction is a diffusion controlled collisional transfer that requires

close approach of the donor and acceptor, which is of the order of collisional

diameters [36-38J (5-10 A"). This mechanism is dependent on solvent viscosity

and temperature. The theory of energy transfer by electron exchange was

worked out by Dexter [39] that considered transfer to nearest acceptor molecule

only. The application of this method of obtaining bimolecular fluorescence

quenching constants has been provided by Stephenson and eo-workers [48].

The rate of change of concentration of 0* is given by [47]

(4.7)

(4.8)

where [01 is the concentration of the excited state solute 0, I is the intensity of

radiation and f is the efficiency of light absorption, k 1, kz and k3 are the rate

constants for decay of 0" by fluorescence, by quencher A and all other processes

other than fluorescence and quenching by quencher A.

The fluorescence quantum yield in the presence of quencher is [47J

(4.9)
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and in the absence of quencher

(4.10)

(4.11)

(4.12)

1
where T = is the lifetime of 0* in the absence of quencher. Eqn (4.12)

(kl + kz)

is called Stern-Volmer expression [49}.

4.2.3 Excitation migration

Radiative migration is due to the absorption of a fraction of (0*) fluorescence by

other molecules of the same species {47]. Radiative migration is of particular

importance in concentrated solutions and its presence modifies the fluorescence

spectrum, fluorescence quantum yield, the fluorescence lifetime and its influence

on the efficiency of any competing radiationless processes [47].

4.3 Fluorescein-Rhodamine B system

The study of energy transfer is important owing to the numerous applications in

biochemical research, especially because of the dependence of transfer rates on

the distance between the donor and the acceptor. The mechanism of energy

transfer in laser dye mixtures is also used to improve the efficiency and to

broaden its spectral range of dye lasers [15, 25-27, 32, 50]. Fluorescence Energy
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transfer is a technique now widely applied to probe biological and other complex

systems for the determination of fluorophore separation and structure [51]. In this

technique donor molecules are excited in the presence of acceptor molecules

and the luminescence yield of donor and or acceptor are measured as a function

of concentration.

However, photothermal methods measure the photon energy which has been

converted into heat while fluorescence observes the re-emitted photons and

hence both thermal and fluorescence spectroscopy are complementary to each

other. Except the work of Rai et al (photoacoustic method) [52] not much works

have been reported in which energy transfer phenomenon is monitored using

nonradiative measurement techniques. During the last three decades energy

transfer mechanism using numerous donor-acceptor organic dye pairs have

been reported by various investigators [53-60). In this chapter TL method is used

to determine the distances within and between molecules in fluorescein

rhodamine B system at different rhodamine B concentrations. The thermal lens

signals, which arise due to the nonradiative de- excitation of donor and I or

acceptor, are measured.

Optical characterization of dyes depends on various factors like chemical

environment, concentration of the dye etc. One of the important parameter, which

influences fluorescence quantum yield, is the pH value of the dye solution.

Dependence of pH on fluorescence quantum yield for fluorescein has been

studied. Details are given in section 4. 5 of this chapter.
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4.3.1 Experimental

An accurately weighed amount of rhodamine B is dissolved in spectroscopic

grade ethanol to give a concentration of 1.79 m mol r'. From this stock solution,

sample solutions with different concentrations ranging from 1.79 m rnol l' to

0.0798 m mol 1-' are prepared. Donor (fluorescein) having a concentration of

0.24m mol r' is mixed with the different concentrations of rhodamine B

(acceptor).

The experimental setup is same as pulsed thermal lensing method

described in chapter 2. The excitation radiation employed in the present

investigation is 470 nm radiation from an Optical Parametric Oscillator with

tunable output in the range 450-650 nm. This wavelength of excitation is used

since it lies widely separated from the absorption spectrum of the acceptor

molecules. Radiation of wavelength 632.8 nm from a low power (1.5 mw)

intensity stabilized He-Ne laser source is used as the probe heam. Samples in a

quartz cuvette (1 mm) are kept one confocal length past the beam waist. TL

signal is processed using a digital storage oscilloscope. The present work is

done at a temperature of 26 0 C. The absorption and fluorescence spectrum of

the sample are recorded.

4.3.2 Results and discussion

Forster showed that electronic excitation transfer by dipole-dipole interaction is

diffusive at all times. Recently Haan and Zwanzig [61] considering the effect of

disorder, found that the transfer is nondiffusive at early times in dilute solution

and conjectured that diffusive behavior is attained only at long times or at higher

concentrations. Stern-volmer eqn., (4.12) modified by Inokuti and Hirayama [41]

can be written as

01



4 f£nergy transferin cfye mixtures

.t =; (1 + .£...)-1
sPo Co

(4.13) .

o

Th' b' 'h __ l __cIS eqn. can e rewntten as A

'h Co
(4.14)

where 17/ is the thermal lens signal measured for donor alone, 17L A is the TL

signal in the presence of acceptor and Co is an arbitrary reference concentration.

Substituting the value of Co in the eqn (4.6) the distances between the molecules

for each acceptor concentration are evaluated. Figure 4.2 gives the absorption

spectrum of fluorescein at a concentration of 0 .24 m mol r'.
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o
'"
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Figure 4.2 Absorption spectrum offluorescein.
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The emission spectrum of fluorescein (donor) and absorption spectrum of

rhodamine B (acceptor) in ethanol is shown in figure 4.3.

Considerable overlap between emission of donor and absorption of acceptor is

evident. The excitation wavelength, ex =470 nm, is practically not absorbed by

rhodamine 8. The absorption spectrum shows twin peak since fluorescein can

exist in different ionic forms. Florescence spectra of fluorescein (concentration

2.4x10·4 mol 1"1) in presence of various concentrations of rhodamine 8

(concentration varying from 7.98 x 10.5 mol 1"1 to 1.79 X 10-3 mol 1"1) are shown

in figure 4.4.
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Figure 4.3 Emission spectrum offluorescein (a) and absorption spectrum of
rhodamine B (b).
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The successive quenching of fluorescein emission accompanied by

enhancement in the intensity of rhodamine B fluorescence is due to energy

transfer from f1uorescein to rhodamine B, since contribution to acceptor

fluorescence due to direct excitation is very small as can be seen from figure 4.3.

The observed red shift in the acceptor fluorescence with increasing acceptor

concentration is due to Stoke's shift and also may be due to radiative migration

among acceptors [47].

----C/J 0.04.....
'2
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.0
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.-:::
C/J
~
Cl)

0.02..... a.5
Cl)
o
~
Cl)

o
C/J
Cl) b.....
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I:.t..
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Figure 4.4 Variation of fluorescence lntensities of f1uorescein-rhodamine B

system in ethanol. Fluorescein concentration is fixed at 2.4x10-4 mol r f (a) and

rhodamine B concentrations in m mol rf are (b) 0.0798 (c) 0.120 (d) 0.449 (e)

1.20 (t) 1.79
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At low acceptor concentration (below 4.49x10-4 mol r1
) due to fast donor

donor transport/ translational diffusion, donor fluorescence decay is exponential.

Decay of fluorescein (concentration 2.4x10-4 mol r1
) in presence of acceptor

concentration higher than 4.49x10·4 mol r' deviate from exponential behavior

(Forster kinetics). Various observed energy transfer parameters, reduced

concentration and distance between the molecules (Ro) for each acceptor

concentration calculated using eqn. 4.6 are given in table 4.1.

Table 4.1 Observed values of reduced concentrations and distances between the

molecules at different acceptor concentrations.

- --- - .,--
Acceptor Reduced

conce ntration TL-Ratio concentration Ra A
(mol r1

) Co (m mol r1
)

7.98 x 10-5
-

_ ••_. ___ , _. ___ 0'______ , ____ • ___

0.504 0.161 135

1.20 x 10-4 0.435 0.218 123

4.49 x 10-4 0.206 0.565 89

1.20 x 10-3 0.172 1.446 65

1.79 x 10-3 0.153 2.119 57

The higher calculated valued of Ro is due to the influence of diffusion on direct

energy transfer [43,57,58]. When the distance between the molecule is, Ro =57

A, long-range dipole-dipole interaction (Forster kinetics) is the dominating

mechanism and at this acceptor concentration (1.79 m mol r1
) the fluorescence

of donor is completely quenched. When fluorescein is excited with blue light (470
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nm), it will normally give off green light. However, if fluorescein is in close

proximity to rhodamine B (57 A), it will transfer its total energy to the rhodamine B

in a radiationless transfer. Now rhodamine B will give off red fluorescence. TL

measurement method is an effective tool to measure the distance between the

non-fluorescent molecules.

4.4 Rhodamine 6G - Rhodamine B system

Rhodamine 6G and rhodamine B are xanthene derivatives that cover the

wavelength region from 460-700 nm. These dyes have excellent lasing results in

dye laser applications.

4.4.1 Experimental

The experimental setup is the same as that given in 4.2.1. For the

present work, 488 nm radiation from an Ar-ion laser is used as the pump beam to

generate the thermal lens in the medium. Radiation of wavelength 632.8 nm from

a low power (1.5mW) intensity stabilized He-Ne laser source is used as the

probe beam. Solution of the mixture in a quartz cuvette (3mm) is kept in the

pump beam path. The absorption spectra of donor, acceptor and their mixture in

methanol are recorded with a UV-VIS-IR spectrophotometer. Fluorescence

spectra of donor, acceptor and their mixture are recorded using the technique

described in chapter 2 section 2.5.3.

An accurately weighed amount of rhodamine 6G (Exciton) was dissolved

in spectroscopic grade methanol to give a concentration of 4.1 x 10'3 mol r'. From

this stock solution, sample solutions with different concentrations ranging from

1.3 x 10'3mol r' to 4.1 x 10-5 mol 1-1 were prepared. The different concentrations

of rhodamine B in the same range were also prepared. Donor (rhodamine 6G)
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having a concentration of 4.1 x 10-4 mol 1"1 was mixed with the different

concentrations of rhodamine B (acceptor). TL measurements are carried out with

donor alone and mixture with the acceptor concentration ranging from 4.1x 10.5

mol 1'1 to 1.3 x 10.3 for different excitation powers. The same measurement was

performed by keeping rhodamine B constant at 4.1 x 10-4 mol 1'1 and donor

concentration varied

4.4.2 Results and discussion

The energy transfer by exchange interaction has been neglected in the present

case because (a) no new fluorescence peak were detected in the mixture to

indicate any fluorescence exciplex formation, (b) the concentrations of donor and

acceptor were taken to be less than 2 x 10-3 mol 1"1 and hence collisional

encounter due to short range would be very rare [36-38]. In the concentration

range we used, the dependence of quantum efficiency of radiation less transfer

from D" to A" on acceptor concentration is insensitive to the kinetics (Forster and

Stern-Volmer) [58]. Since the intensity of fluorescence is

proportional to fjJf ' eqn. (4.12) can be rewritten as

1°
-.L = l+K JA]t: ftL

f

(4.15)

1° andf lJ are the fluorescence intensities in the absence and

presence of acceptor respectively. Since I;< IJ ' their ratio increases with [A)

as is clear from eqn. (4.15). Thermal lens method measures directly the

nonradiative decay of excited species and the TL signal,ll, is complementary to

that of fluorescence signal. Hence, equation (4.15) can be modified for TL signal

as
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o

lh
A
=l-K

L
z{AJ

n.
(4.16)

where 'lL () and 'lL A are the TL signals for donor alone and with the acceptor

respectively.

Theory and experiment have shown that the various mechanisms

involved in energy transfer in mixtures may be distinguished by evaluating the

energy transfer rate and critical transfer radius [38,47]. Figure 4.5 Shows the

absorption and emission spectra of donor and acceptor. The figure clearly shows

the overlap between emission spectrum of rhodamine 6G (b) and absorption

spectrum of rhodamine B (c) in methanol which satisfies the important condition

necessary for the electronic energy transfer.
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Figure 4.5 Absorption and emission spectra of donor and acceptor. (a) and (b)

absorption and emission spectrum of donor (c) absorption spectrum of acceptor.
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Figure 4.6 shows the absorption spectra of the mixture with acceptor being kept

at a constant concentration while donor concentration is varied. (Figure 4.6)

shows blue shift to the shorter wavelength side of the absorption peak in the

visible region.

300 400 500

Wavelength (nm)

600

Figure 4.6 Absorption spectra for constant acceptor concentration and

concentration of donor varied in m mol r1 (1) 4.1 (2) 1.3 (3) 0.75 (4) 0.42 (5) 0.(6)

0.07 (7) 0.04.

This is due to the enhanced excitation of the rhodamine 6G molecules as the

donor concentration is increased. This is also evident from figure 4.8, in which

When donor is kept constant and acceptor varied the absorption shows a red

shift. This is due to enhanced optical absorption in the acceptor molecules as

the concentration of the acceptor concentration is increased.
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300 400 500

Wavelength (nm)

600

Figure 4.7 Absorption spectra for constant donor concentration at O. 24m mol r1

and concentration of acceptor varied in m mol r1(1)4.1 (2)1.3(3) 0.75 (4)

0.42(5)0.13 (6) 0.07(7) 0.04 (8) 0.013

Figure 4.9 describes the variation of peak fluorescence wavelength with

concentration, when the concentration of the donor is kept constant while varying

the acceptor concentration. Peak fluorescence wavelength follows a similar

profile ie. red shifted. the peak fluorescence wavelength shows a blue shift.

Figure 4.7 shows the absorption spectra of the mixture with donor concentration

is kept constant and the concentration of the acceptor is varied.
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Figure 4.8 Variation of peak fluorescence wavelength:

acceptor concentration constant and donor concentration varied.
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Figure 4.9 Variation of peak fluorescence wavelength:donor constant,acceptor varied.
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In order to calculate the energy transfer rate constants in the mixture, the

ratio of the TL signal of donor alone at a concentration of 4.1x 0-4moll -1 to the TL

signal of the mixture with acceptor concentration ranging from 4.1 x 10.5 mol r1 to

1.3x 10.3 mol 1-1 are investigated (figure 4.10). The plot is a straight line obeying

Stern-Volmer equation, and from the slope, the value of K L is determined. By

considering the lifetime r of the excited donor in the absence of acceptor [62] as

- 3.7 ns, the value of K L is obtained as 1.44 x 1011 I mol" s' [63] which is in

good agreement with the results obtained by earlier workers [19,24,55,59]. We

have also calculated the nonradiative energy transfer rate using equation (4.15).
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•
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~
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...J

1.00
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•
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•
0.00120.0006
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Dye concentration mol r J

Figure 4.10. The Stern-Volmer plot for rhodamine 6G - rhodamine B pair
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Figure 4.11 shows the variation of the ratio of the fluorescence intensity of donor

in the absence and in the presence of acceptor with latter concentration ranging

from 4.1 x 10-5 mol r1 to 1.3 x 10'3 mol t'. The results obey Stern-Volmer

equation and from the slope we have calculated the transfer rate as 1.7 x 1011 I

rnol' S·1 [63] and which is in close agreement with value obtained using TL

technique, The Value of K L calculated using TL technique is slightly lower than

that from fluorescence studies. This is because, apart from energy transfer

process, TL signal can also be arised due to direct excitation - deexcitation

process of acceptor.
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Figure 4. 11 The Stern-Volmer plot using fluorescence measurement method.
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From figure (4.10) and (4.11) the value of Ra' the critical transfer radius, is

o
calculated using the eqn (4.6) Ro:::: 7.35([A]1/2t

I / 3
A. where [A]1!2 is the half

hi . f h hl h I A 1lOA 1 0quenc rng concentration 0 t e acceptor at w IC f ~ 2" f or 'lL :::: 2. rh .

o a
Thus the calculated value obtained is 62 A and 65 A respectively [63]. The

observed value agrees well with that obtained in resonance transfer for other

donor-acceptor pairs reported earlier using other techniques [18. 24, 56, 64-66],

Using this technique we concluded that although radiative and collisionat

processes probably contribute to the energy transfer in the rhodamine 6G

rhodamine B laser dye mixture, resonance transfer due to long range dipole

dipole interaction is the dominating mechanism responsible for the efficient

excitation transfer.

4.5 Study of fluorescence quantum yield of dyes

This section describes the use of TL technique to study fluorescence quantum

yield of dyes taking fluorescein as the representative dye because it is one of the

most commonly used fluorescent dye today. It is an important xanthene dye with

large variety of technical applications. It has a very high molar absorptivity in the

visible region, a large fluorescence quantum yield and a high photostability

making it very useful in applications where high sensitivity is needed.

Furthermore, due to the availability of a variety of chemistries that can be used to

conjugate it to functional biomoJecules, fluorescein is widely used as ffuorephore

in the biosciences [67], Recently it is also employed to label primers used in

automated DNA sequencing [68]. It can be effectively used in energy transfer

measurements to determine distances within and between molecules [64, 69].
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Because of these reasons it is desirable to study the effect of environment on the

fluorescing efficiency of this dye.

Fluorescence quantum yield (rPf)' one of the important photophysical

parameters, is a measure of the rate of nonradiative transitions that compete with

the emission of light. The application of TL effect for the measurement of

quantum yield was first introduced by Brannon and Magde [70]. Since then, the

technique has been used to determine this parameter in fluorescent solutions

(71] and in fluorescent polymers (72]. Usually fluorescence quantum yield is

measured by comparing the relative fluorescence intensity of the sample under

study with a standard reference sample, for which the fluorescence quantum

yield is known. In this kind of measurement it is necessary to introduce

corrections for the spectral sensitivity of the detection system. Even after the

various corrections for system geometry, re-absorption, polarization etc, the

accuracy of the quantum yield values obtained from photometric measurements

is rather poor (73]. In order to evaluate the absolute quantum efficiency both the

radiative and non-radiative relaxation processes taking place in the medium are

considered. Since the contribution from non-radiative processes is not directly

measurable using the traditional optical detection methods. thermo-optlc

methods have been adopted for this purpose. In this section, we describe the use

of thermal lens method to study the variation of fluorescence quantum yield of

fluorescein as a function of pH and concentration of the dye.

The fluorescence quantum yield rPj is given by [70]

(4.19)
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The ratio of the peak fluorescence wavelength Af to the excitation wavelength

A takes account of Stokes shift. 7Jr and A' corresponds to the TL signal and

absorbed power respectively for the sample pH at which the fluorescence

intensity is quenched completely. The thermal lens signal 'Is has been measured

as the variation of light intensity at far field at the centre of the probe beam and

AS corresponds to the absorbed power of the sample.

4.5.1 Experimental

The experimental setup of dual beam thermal lens technique employed in the

present investigation is shown in chapter 2. Laser radiation at 488 nm

wavelength from an Argon-ion laser (Lyconix) is used as the pump beam to

generate the thermal lens in the medium. Radiation of wavelength 632.8 nm from

a low power (1 mw) intensity stabilized He-Ne laser source was used as the

probe beam. The pump beam was intensity modulated at 7 Hz using a

mechanical chopper (EG&G 192). Sample in a quartz cuvette (3mm) was kept in

the pump beam path.

First, the sample pH was adjusted to 2 using cone. H Cl and then an

accurately weighed amount of f1uorescein was added to make the concentration

to be 2.4 x 10 -4 mol r'. Then samples having different pH ranging from 4 to 9

were prepared by adding appropriate amount of Na OH solution. This procedure

was repeated for another concentration of 1.59 x 10 -4 mol r'. pH of the solution

was measured using pH-meter (pH scan Merck)with accuracy of ± 0.2. Ethanol

was used as the solvent since it has no absorption in the specified wavelength

region.
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4.5.2 Results and discussion

Figure 4.12 depicts the absorption spectrum of fluorescein at different pH values

using spectrophotometer. Fluorescein exists in several ionic and neutral forms

such as (a) cationic (b) neutral (c) monoanionic and (d) the dianionic (figure 4.14)

[74-76J. At each pH chosen, one particular form of the dyes predominates. In

acidic solutions cation is present. Around neutral pH the mono- and dianionic

species are present and they have quiet different spectroscopic properties.
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Figure 4.12 Absorption spectra of fluorescein, for different pH values for a

concentration of 2.4 x 1er' mol r'

The monoanion absorbs at 454 nm and 472 nm and dianion absorbs at 490 nm

[74, 75]. In the molecule of fluorescein the carboxyl phenyl is almost
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perpendicular to the xanthene ring and therefore is not conjugated to the

xanthene group.
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Figure 4.13 Variation of peak absorption as a function of pH. Dye shows

enhanced absorption in the alkaline media.
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Figure 4. 14 Different protolytic forms of f1uorescein
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Thus the ionization and alkylization of the carboxyl is not expected to influence

the absorption spectrum in the visible region.

Figure 4.15 shows the variation of TL signal amplitude with pH for different

excitation powers. The figure indicates that nonradiative de-excitation is

enhanced as the medium becomes more and more basic. Martin and Lindqvist

[75] argued that hydrogen bonding plays a central role in the nonradiative

deactivation of fluorescein and that equilibrium is established in the excited state

between fluorescent H- bonded dyes and nearly non-fluorescent free dyes.

Figure 4.16 represents the peak fluorescence wavelength as a function of pH.

The auxochrome 'OH attached to the chromophore shifts the peak fluorescence

wavelength to longer wavelength.
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Figure 4.15 Variation of TL signal amplitude with pH for three different powers

109



4 t£nerB) transferin dye mixtures

E
I::
'-"

..s 520 /tlll
s::
~
~

;>
03

~ 515 /~

u
s::
~

o
Vl
(1)....
0 510
~

c::
~
CIl
~

0..

505
5 6 7 8 9

pH

Figure 4.16 pH dependence ofpeak fluorescence wavelength of fluorescein for

a concentration of 2.4 x 10-4 mol r

The variation of quantum yield with pH is shown in Figure 4.17. Fluorescein

dissolves in alkali to give a reddish brown solution, which on dilution gives a

yellowish-green fluorescence. Following the absorption of radiation, the

relaxation process of each form occurs mainly by vibrational relaxation, internal

conversion and fluorescence. The various forms may also undergo intersystem

crossing to the triplet state, but this process can be neglected owing to the low

quantum yield. Bowers and Porter [77] found the triplet yield to be t/Jr = 0.05 and

Soep et al [78J found it to be tPr =0.03.

The low fluorescence yield of fJuorescein in neutral and slightly acidic

solutions is due to the formation of lactonic form of the dye from the excited state
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of the quinonoid form which does not absorb in the visible [74, 75, 79, 80].

Drexhage [81] reported that the fluorescence efficiency depends on the character

of the end groups of the chromophore and in alkaline medium the anionic form

attains the rigidity introduced by 0- bridge makes the molecule highly fluorescent.
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8.0 8.8

Figure 4.17 Variation of quantum yield of f1uorescein with pH corresponding to

two concentrations ( 2x 10-4 mol/I, 1.5x 10-4 moll I).

The plot clearly reveals a decrease in fluorescence quantum yield at

higher concentrations. This is a direct indication that non-radiative processes

become significant at higher concentrations and contribute to enhanced thermal

lensing [82]. Internal conversion rate is said to depend exponentially on the 81-80
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energy gap [83]. The Forster type energy transfer between fluorescein molecules

results in the depolarization and self-quenching of its fluorescence [84J. Innerlilter

effect can be expected to result in the decrease of quantum yield with increasing

concentration. Dimers or higher aggregates formation can be neglected since we

have used low concentration of the dyes.

4.6 Conclusion

The thermal blooming technique offers a novel method for the investigation of the

energy transfer in organic molecules. We have evaluated the energy transfer rate

and critical transfer radius for Rhodamine 6G-Rhodamine B mixture. Using this

technique we confirmed that resonance transfer which takes place between two

well separated dye molecules due to Froster type dipole-dipole interaction is the

dominating mechanism responsible for the efficient excitation transfer. In the

case of fluorescein - rhodamine system, at low acceptor concentration diffusive

mechanism dominates while at higher concentration energy transfer takes place

through Forster type dipole-dipole mechanism. The technique is simple and its

high sensitivity indicates that it can be applied for a wide range of non-fluorescent

materials.

A dual beam TL technique was successfully employed for the

determination of the absolute value of the fluorescence quantum yield for

different pH values. The photophysical parameters of fluorescein strongly depend

on its environment. In different media, fluorescein exists in different structure

forms and I or gives varied absorption spectra, fluorescence spectra and

quantum yield. The variation of quantum yield with the concentration of the dye

solution showed a decreasing tendency irrespective of the pH of the solution

used.
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5

Thermal lens spectra of aniline

and certain organic dyes

Thermal lens spectra of aniline and certain organic dyes are described in this

chapter. Two photon absorption spectrum of aniline are recorded using

thermal lens technique with Optical Parametric Oscillator as the pump source.

The C-H and N-H stretching overtones of aniline in liquid phase are

investigated using this technique. A local mode model based on uncoupled,

anharmonic X-H oscillators is used to analyze the observed spectra. The

wavelength dependence of thermal lens signal of organic dyes such as

rhodamine B and crystal violet are also recorded using this technique and

details of which are given in this chapter.
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5.1 Two photon absorption spectrum of aniline

5.1.1 Introduction

Albert Einstein in his famous discovery of the photoelectric effect reasoned

that photons might ionize an atom only if they had energy greater than a

particular threshold energy corresponding to the ionization energy of the

atom. In 1931, Maria Goppert-Mayer [1] predicted theoretically that an atom

or a molecule might absorb two or more photons simultaneously, thus

allowing an atom or a molecule to be excited to states unreachabfe by single

photon absorption. Since any observable effect of this phenomenon of

multiphoton absorption could not be possible without a very intense beam of

radiation, her prediction could not be investigated in detail until the invention

of the first laser in 1960. Again it received relatively little consideration for

practical applications because of the relatively small size of the effective

cross-sections of the phenomenon for available materials. The interaction of

intense monochromatic laser radiation with atoms and molecules opened a

new field viz., nonlinear optical absorption spectroscopy. Two-photon

absorption (TPA) is one of the important nonlinear optical phenomena which

helps us in obtaining details about the excited states of molecules which are

unobservable in one photon absorption (OPA) process. In this process a

molecule absorbs two photons instantaneously and achieves an excited state

that corresponds to the sum of the energy of the incident photons. There

need not be an intermediate state for the atom to reach before arriving at the

final excited state (as if it were moving up two stair steps by stepping one at a

time). Thus through two-photon absorption one can populate high energy

levels that are otherwise unreachable by single photon transitions from the

ground state.

Kaiser and Garrett in 1961 [2] first observed TPA from Eu2
+ by monitoring

fluorescence emission resulting from radiative relaxations by excited state
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molecules. An important step in this regard made by Cagnac et al [3] in 1973

showed that TP excitations can be induced by relatively low power but narrow

line lasers. Numerous investigations of TPA in various samples using

fluorescence measurement method have been published [4-8]. Recently

Brich (2001) published an excellent review on multiphoton excited

fluorescence spectroscopy of bimolecular systems [9]. However, this method

cannot be applied for molecules, which are nonfluorescent or those with low

fluorescence quantum yield. Studies using the observation of direct optical

absorption by molecules [10, 11] are also not a viable method since the

magnitude of TPA cross-section is very small as compared to that in one

photon absorption (OPA). Recent advances in synthesis and design of TPA

materials and the advent of pulsed high power lasers have motivated a great

deal of research into new technologies based on TPA induced processes [12

19). Johnson and coworkers studied TP spectrum of substituted benzene

using multiphoton ionization [20-25]. Recently Fisher and Tran reported the

two photon induced fluorescence of dyes usinq cw TL technique with IR

radiation from Ti: sapphire laser [26]. But there is serious drawback that all

most all the solvents for the laser dyes have absorption in the near IR region.

Measurements using thermo-optic effect is an alternate method to

identify multiphoton phenomena in nonlinear media where nonradiative de

excitation is monitored. Of the various thermo optic phenomena, optoacoustic

spectroscopy and thermal lens spectroscopy are the two widely employed

tools to detect very weak absorption processes [27-31).TL effect is reported to

be advantageous for investigating multiphoton absorption processes in liquids

since (1) this method is very accurate in measuring weak absorption in

solution (2) analysis can be done for light scattering liquids also. TL method to

study TP absorption was first used by Twarowoski and Kliger to record the TL

spectrum of benzene [32. 33]. Thermal lens effect has also been used to

detect TPA in laser dyes by monitoring TL signal at a fixed pump beam
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wavelength [34, 37]. In certain cases, TP spectra were recorded using

tunable dye lasers but each dye has only a narrow tuning range of about 5 to

20 nm in the visible part of the spectrum. [38-42].

Vibrational overtone spectrum of molecules involving X- H stretching

vibrations (X=N, 0, Cl etc) is now a well-established tool for information

regarding molecular structure. dynamics and higher vibrational states in

polyatomic molecules. Several investigations of the overtone spectra of the N

H stretching in aniline using fluorescence measurement method have been

reported in the literature [43-46]. Ellis [47] performed some of the earlier work

in liquid benzene by photographing the absorption spectrum. Later Martin and

Kalanter [48], Hentry and Siderband [49], and Hayward and Hentry [50] have

investigated the overtone spectra of substituted benzene by conventional

spectroscopic technique. However this technique failed to investigate the

overtone spectrum of the higher order harmonics. A higher vibronic transition

has been reported in gaeous benzene by Bray and Berry [27] and in solids by

Perry and Zewell [51J. Burberry and eo workers using the technique of TL

have identified overtones in liquid benzene and aromatic liquids (52, 53].

Rasheed et al [54] recorded fifth CH overtone of some organic molecules

using thermal lens method. This chapter describes the use of TL effect to

record the TP induced thermal lens spectra of aniline using tunable radiation

from Optical Parametric Oscillator (OPO) as the excitation source. Optical

parametric devices provide wide and continuous wavelength coverage, easy

and rapid wavelength tunability, high-energy output and the advantage of

being all solid -state. The sensitivity of TL technique is suitable to investigate

TP induced overtone spectra of substituted benzene like aniline, toluene etc.
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5.1.2 Materials

Among the benzene derivatives, the simplest amine, the aniline molecule has

received particular attention because its spectroscopy is well known. Organic

compounds with simple or conjugated unsaturated groups like aniline

(C6H sNH 2) show characteristic bands in the UV spectrum. NH2 group is

planar with the benzene ring [55]. Electronic transitions in aniline are often

affected by the change in the intermolecular hydrogen bonding In suitable

solvents or at low temperature. Hydrogen bonding enhances internal

conversion. It has been noted that interaction between lone pair electron of

nitrogen atom in NH2 group with ring x-electrons imparts n1t' character to

excited electronic states and nonradiative processes like intersystem crossing

are influenced by such interaction.

5.1.3 Theory- Two photon absorption-Local mode model

The process of TPA is similar to ordinary single photon absorption but the

selection rule is different [56]. To an electric-dipole approximation, two

photon transitions are allowed between states of same parity whereas single

photon transitions are allowed between states of different parity

f

-----=;F------S

Figure 5. 1 TP excitation of a system from i to f via virtual intermediate state s.



Various theories based on perturbation theory as well as tensor theory have

been made for the TPA studies [56-61]. The transition probability of two

photon process was first derived by Goppert-Mayer [1] using second order

perturbation theory. The two photon propagating in a nonlinear absorbing

medium have the attenuation governed by the equation [61]

(5.1)

(5.2)

where two photon absorption coefficient rand /1 and /2 are the beam

intensities at 0)1 and (02 respectively.

The usefulness of the local mode (LM) model in describing the

higher overtone hydrogen based vibrational stretching states of benzene and

several other polyatomic molecules has been recognized by many workers

[51-54, 62-65]. Progressions in the ground electronic state of overtones

involving stretching motion of bonds containing hydrogen are seen to follow

closely the one dimensional Birge-Sponer eqn for an anharmonic oscillator

[66]. The transition energies for the prominent peaks in the overtone

absorption spectra of molecules which contain X-H bonds are given as [51

53]

~Eo~v =v(A - Bv) (5.3)

where AEo_
H

• is the observed energy difference between the ground state

and v lh quantum level. A-B =Xl is the mechanical frequency and B =X2 is

the anharmonicity of the X-H bond.
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5.1.4 n - photon induced TL effect

Thermal lens is formed by the deposition of heat via a nonradiative decay

process after laser energy has been absorbed by the sample and the focal

length of the lens formed is given as [32,33]

~ = _1 (1 + 2ntJ-2
I lu t,

0)2

t =-
c 4D'

D=~
rL

p
'

I

H = fP{t)dt
u

(5.5)

(5.6)

(5.7)

(5.8)

where I is the time-dependent focal length of the thermal lens, 10 is the focal

length just after heating pulse, t, is the characteristic time constant of decay,

I is the sample length, D is the thermal diffusivity, N is the number of

molecules.er is the cross-section of absorption, v is the frequency of the

heating laser, h is the Planck's constant, n is the number of photons, H is the

total output energy of the laser, k is the thermal conductivity, J is the Joule's

constant, eo is the beam radius, p is the density, C; is the specific heat and

p(t)is the intensity of the heating laser. The probe beam interacting with the

TL will be affected and the TL signal is usually measured as the relative

change in the intensity at the probe beam center and is given as [34]
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where

s = 5In(1 0)AEo dn
([=0) 2'1 C dTeo AP p

For n photon process (32,33]

(5.9)

(5.10)

(5.11)

TJ = Ell (5.12)

where E is the energy of the incident photon n is the number of photons

involved in the absorption process. A plot of log " vs log E will give n as its

slope.

5.1.5 Thermal lens Spectrum of Aniline

5.1.5.1 Experimental

Experimental setup used for the recording of thermal lens spectrum of organic

compounds like aniline and dyes are described elsewhere [67]. The pump

beam used for the present study is the radiation from an Optical Parametric

Oscillator with tunable output in the range 450-650 nm. Freshly distilled

aniline (Merck) in a quartz cuvette (1 mm) is kept one confocallength past the

beam waist. The TL signal output is processed using a digital storage

oscilloscope. The present work is done at a temperature of 26 C. The

thermal lens spectra are normalized to account for the spectral profile of the

OPO output. The absorption spectrum of the sample is recorded using a UV

VIS-IR spectrophotometer.
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5;1.5.2 Results and discussion

The present studies deals with the two photon absorption process in liquid

aniline using pulsed TL technique. Absorption spectrum of aniline in the UV

VIS region recorded using a UV-VIS-IR spectrophotometer is given in figure

5.2. The spectrum does not have any peak in the visible region indicating

absence of any resonant OPA. Two prominent peaks in the UV region at 220

nm and 290 nm correspond to So -+ S2 and So -+ SI related to IAt -+ I B 2

and I A I -+ I B I transitions respectively.

The TL spectrum of aniline is given in figure 5.3 which shows a

sharp peak around 470 nm and prominent shoulder around 490 nm. In order

to confirm the number of photons involved per absorption, log- log plot of TL

signal strength to the pump laser power is made (figure 5.4).

3.0

j
~ 1.5

200 400 5:Xl

Wavelength (run)

700

Figure 5.2. The absorption spectrum of aniline.

Log-log plot of TL signal, 17 vs E gives a slope n corresponding to the number

of photons taking part in the multiphoton processes. At low pump power the
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slope of log-log plot is around 1 while at higher laser power the slope is

around 2. This means that at lower pump beam power, the phenomenon

involved is OPA. However, spectrophotometric record shows absence of any

such OPA 'processes. Hence only phenomemon responsible for OPA is

overtone excitation.

Using data (Table 1) from a recent study of overtone absorption of

aniline [68] it can be found that sixth and seventh overtones of ring CH

stretching (!1 v = 7,8) lie at 531 and 475 nm while !1v = 7 and !1v =8 bands

due to NH oscillator lie at 488 and 438nm. These overtone absorptions

overlap with the wavelength region of TL spectrum recorded in the present

experiment. Thus at lower laser power, overtone excitations corresponding to

CH and NH oscillators lead to the TL spectrum in the 460-500 nm region.

480 510 540
Wavelength (nm)

570

Figure 5.3. Thermal lens spectrum of aniline
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./
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Figure 5.4 Log-log plot of thermal lens signal amplitude against laser power

At higher pump intensity, slope of log-log plot in figure 5.4 is around 2

indicating the existence of two photon absorption. The TL spectrum shows a

sharp peak around 470 nm and prominent shoulder around 490 nm. As

mentioned before, the absorption spectrum of aniline in the UV region (figure

5.2) shows two peaks at 200 - 250 nm and 250 - 350 nm regions matching to

So ~ 52 and So ~ SI transitions. TP absorptions corresponding to these

transitions will be observed at 400-500 and 500-700 nm regions. Of these we

get TL spectrum only in the 400-500 nm region equivalent to TPA

corresponding to So ~ S2 transitions. This means that transition So ~ S2

corresponding to I A I ~ IB 2 is TPA allowed while 1Al ~ IB
I

is not. This

imply that I AI and I B I are of opposite symmetries and hence only OPA

will be observed matching to I AI ~ I B 2 transition. The fact that we get OP

and TP absorptions corresponding to IAI~ 'B I transition implies that IB2 will
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also acquire certain symmetry characteristics of I A. state through vibronic .

coupling [69-72].Results obtained are presented in the figure 5.5.

Tablet. Local mode parameters and transition energies of the C-H and N-H

oscillators in aniline [68]

Local mode parameters

C-H overtone N-H overtones

(ern")

X1 =3136.33

X2=-55.83
(nm)

M 0 4 6 = 607.1

M O 7 =531.1

I1EO 8 :::: 474.6

(ern")\VI I

X1 = 3549.56

X2 =- 77J6
(nm)

M 0 4 6 = 553.9

M 04 7 = 487.7

M 04 8 =437.8



J %enna{ rens spectra

Energy

51

So

A~

A~

...
T

I
A~

TPA OPA OPA

-
~

45500

34500

21070 (7th
overtone)

o

Figure 5.5 Schematic energy level diagram showing relevant two photon and

one photon absorptions (TPA, GPA) along with the overtone absorption in the

case of Aniline. The level S2 acquires the symmetry character of Soby

vibronic coupling so that both GP and TP absorptions are possible.
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5.2 Thermal lens spectrum of organic dyes using Optical
Parametric Oscillator

5.2.1 Introduction

Eversince the discovery of photothermal lensing effect by Gordan et al [73]

this technique of monitoring nonradiative relaxation in excited molecule has

been refined by various researchers to suite for the study of various

phenomena related to light-matter interactions [73-82]. Most important

modification of the thermal lens technique is the dual beam method

developed by Long et al [83] so that one can record the thermal lens

spectrum of samples. Detection of thermal lens signal has been improved

later on by incorporating optical fibre so as to introduce flexibility in the

experimental configuration [84].

In this section we have studied the changes in the TL signal which

results from the wavelength-dependent heating of the sample by absorption

of the pump beam. A plot of these intensity changes therefore provides a

characteristic signature of the absorption mechanisrr. of the samples. Most of

the studies reported earlier used tunable dye lasers as the pump beam. As

mentioned before one of the drawbacks of dye lasers is the limited range of

tunability. Recently Kawasaki et al recorded TL spectrum of N02 using OPO

[85]. The present investigation describes the use of TL effect to record

absorption spectrum of organic dyes in methanol using Optical Parametric

Oscillator as the excitation source.

5.2.2 Materials and methods

Rhodamine B

Rhodamine B (RB) is a xanthene dye containing a carboxylic and quaternary

ammonium group. RB is well known for their high fluorescence quantum
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yields. This dye has been used in different solvents as.an active medium for

tunable lasers. Therefore, the optical properties of RB in solution have

attracted great attention. Molecular structure and environmental effects such

as nature of solvent, pH, temperature etc control the photophysical properties

of organic dyes in solution [86-105J. This compound exists in a number of

neutral and ionic forms [85]. Figure 5.6 shows the structure of RB.

Figure 5.6 Stri-cture of rhodamine B

The experimental setup is same as that used to record the TL spectrum of

aniline. The absorption spectra of the sample having different concentration

are recorded using a UV-VIS-IR spectrophotometer. Fluorescence spectra

are recorded as described in chapter 2 section 2.5.3.

An accurately weighed amount of Rhodamine B is dissolved in

methanol to give a concentration of 1.87 mill; mol r'. From this stock solution,

sample solutions with different concentrations ranging from 2.68 micro mol r
1 to 460 micro mol 1-1 are prepared. Investigations were carried out in crystal

violet dye also.
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5.2.3 Results and discussion

The absorption. Tl and fluorescence spectra of Rhodamine B in methanol at

a concentration of 2.68 micromol 1'1 are given in figure 5.7. Absorption

spectrum shows the peak absorption at 18315 ern" and a shoulder at 19380

ern" which reveals two prominent vibronic levels at 546 nm (18315 ern") and

516 nm (19380 ern") with intensity variation as determined by Franck Condon

principle. As is clear from the figure. Tl spectral peak and absorption peak do

not coincide. The fact that these peaks do not coincide reveals the unequal

magnitudes of radiative and nonradiative transition probabilities from the

excited vibronic levels.

480 520 560 600
Wavelength (nm)

640 680

Figure 5.7 Spectra of Rhodamine B for a concentration of 2.68 micro mol /-1

in methanol (a) absorption spectrum (b) thermal/ens spectrum (c)

fluorescence spectrum.
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Excitation to 19380 ern" level is followed by nonradiative de-excitations to a

large number of Iow-lying vibronic levels. One can conclude that probability of

nonradiative de-excitatlons from 19380 ern" is more than that from 18315cm-1

level so as to get the TL spectral peak at 19380 ern". This conclusion is also

supported by the fact that fluorescence emission (and hence radiative

relaxation cross-section) from this level is almost zero, as one would expect

from the complementary nature of nonradiative and radiative relaxation

processes. The fluorescence peak at longer wavelength accounts for the

Stokes shift [90, 91]. Figure 5.8 shows the spectra of Rhodamine B in

methanol at a concentration of 460 micro mol 1"1. As is evidently observed

from the figure, at higher concentration there is a relative enhancement in the

TL signal as compared to that in the fluorescence spectrum.

4

1.2-- ,--..

.J!3 3 !!3
'§ '§

~ ~
'-" 2 0.8 '-'
~ ~
~ 1 OAf
~ 1....

0 tr:

0.0

450 500 550 600 650
Wavelength (run)

Figure 5.8 Spectra of Rhodamine B for a concentration of 460 micro mol J-1 in

methanol (a) absorption spectrum (b) thermal/ens spectrum (c) fluorescence

spectrum.
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Red shift in the fluorescence spectral peak at higher concentration is also

observed in the figure. With increasing dye concentration the possibility of

transfer of energy between molecules by collisional mechanism makes the

nonradiative part to become more prominent. Hence it is obvious that

fluorescence quantum yield decreases as the concentration increases [35].

Increased nonradiative de-excitation processes are revealed by the relative

enhancement in the 1L spectrum. Enhancement in nonradiative processes

with increase in concentration will also take place due to reabsorption of

fluorescence emission, thereby causing the red shift in the fluorescence peak

(figure 5.9). Concentration dependence of TL signal (figure 5.10) from

rhodamine B at various pump wavelengths also revealed same intensity

results.

590 -,------------ .__._.~

~

],585
~
I::
~580
~

~575
5
~570

~
~565

~ 560 "'&'-'---.--.~.--.-.-~_..----.---.-.-r-r-r~-.....----.-...,...........""""""'"

1E-6

Figure 5.9 Concentration dependence of peak fluorescence wavelength of

Rhodamine B.
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In solutions of low concentration, dyes dissolve practically completely into

monomers. It should be mentioned that basic dyes like Rhodamine B may

dissociate at high dilutions into cations and anions [85]. The absorption

spectra are determined by the intrinsic absorption of the dye molecules and

the dye - solvent interaction. At this concentration dye-dye interaction is

negligible because of the large average distance between them. The

absorption spectra (figure 5.8) contain contributions from the monomers and

the aggregates. which makes the spectrum broader at higher concentration.

For highly soluble dye like rhodamine B the solute - solute interaction

becomes prominent at high concentrations since the mean distance between

them becomes small (35].

1.2 .--.-- ?~¥l
'§ ..:::------:~
~

0.8

~1---_2'-"

-a
51 0.4.....
rJ)

.~~P~

0.0

1E-6 1E-5 1E-4 1E-3

Dyeconcentration (rml r' )

Figure 5. 10 Variation of TL signal amplitude with concentration for different

pump wavelengths in nm t») 520 (.) 540 (.&) 560 (D) 570 (+) 574 and

(y)580.



On increasing the concentration of dye solution, the aggregate formation and

reabsorption of fluorescence emission will result into the enhancement in

absorption and nonradiative relaxations at higher wavelengths. This will

enhance the TL signal.

5.3 Thermal lens spectrum of Crystal Violet (CV)

Crystal violet dye is derived from triphenylmethane are usually salts with OH

or NH2 in the pra positions with respect to the methane carbon. This dye is

fairly reactive and can be easily converted to the free base on treatment with

alkali or reduced to leuco form in a variety of ways. This dye is blue-violet in

colour and broad absorption around 590 nm. The structure of the dye is

shown in figure 5.11. This dye has many interesting features, which depends

on its structure such as (1) the influence of concentration on the spectra and

(2) the effect of interaction with a substrate and photochemistry. The

absorption spectra of dilute aqueous solutions of cv (10-7 M) consists of a

single absorption maximum around 594 nm (a band).

..

~{Me~

..

Figure 5. 11 Structure of Crystal violet.
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Figure 5.12 Absorption (a) and thermal lens (b) spectra of crystal violet for a
concentration of 65 micro mol t'.

Figure 5.12 shows the absorption and TL spectrum of crystal violet dye. In

contrast to the TLS of rhodamine B dye, absorption and the TL spectra of CV

have the same profile and their peak coincides. This indicates that unlike In

the case of rhodamine B, there are no intermediate vibronic levels from which

nonradiative de-excitation becomes prominent. CV has very low fluorescence

quantum efficiency so that the nonradiative relaxation is the major channel by

which molecules relax to the ground state.

5.4 Conclusion

We have demonstrated the efficiency and usefulness of pulsed TL technique

to study the multiphoton process in nonfluorescent materials. TL spectrum of

aniline has been recorded in the 460-500 nm region using radiation from an

OPO as the excitation beam. The C-H and N-H stretching overtones of aniline

are investigated using this technique. Results show that IB 2 acquires same



OJ 'liUimat te1U spectra

symmetry characteristics of I A I through vibronic coupling. The nature of

variation of TL signal amplitude with laser power clearly confirms the

occurrence of two photon absorption in aniline. One of the important features

of TL-based investigations is its effectiveness to study weak optical

absorption arising due to weak phenomena like overtone absorption, singlet 

triplet absorption, multiphoton absorption etc.

Our studies using optical parametric oscillator on organic dyes show

that the slrnultaneous analysis of TL, absorption and fluorescence spectra

will be helpful to understand relative magnitudes of nonradiative and radiative

de-excitation probabilities from the excited states. TL signals from higher

wavelength region (560-590 nm) get enhanced at higher concentration. This

is due to increased nonradiative de-excitation probability on increasing the

concentration.
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Realization of optical logic gates

using thermal lens effect

This chapter describes how Optical logic gates can be implemented using

thermallensing technique. A dual beam thermal lens method using low power cw

lasers in a dye-doped polymer is used as an alternate technique to perform

logical functions such as NAND, AND and OR employing appropriate modes of

data deduction.
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6.1 Introduction

Computers have modernized human life to a great extent. The first practical

computer based on vacuum tubes was large in size but small in computing

capacity. The invention of transistors in 1947 provided smaller, faster and more

efficient circuit elements. The speed of conventional computer is achieved by the

development of the Very Large Scale Integration Technology and this has

revolutionized the electronics industry and established the zo" century as the

computer age. But further miniaturization of lithography introduced several

problems such as dielectric breakdown, hot carriers and short channel effects.

Since electronic circuits reached this limit, the speed of computers has now

become a pressing problem. The rapid growth of internet demands faster speeds

and larger bandwidths than electronic circuits can provide. In this situation,

optical interconnectlcns and optical integrated circuits provide a way out of these

limitations to computational speed and complexity inherent to conventional

electronics [1-6J.

Optical computing received a great advancement after the invention of

lasers in 1960. The characteristics of this light source allowed numerous

computations to be realized by optical means. Optical computing represents a

very stimulating challenge for optics that is better suited than electronics for

highly parallel computing. The fact is that through a large number of small optical

processors tied together by a powerful connecting network, optical signals can

travel as light rays in free space. Optical computers use photons instead of

electrons to perform appropriate functions. Optical interconnections and optical

integrated circuits have several advantages over their electronic counterparts.

Optical computing has inherent advantages such as massive connectivity, fast
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speed and freedom from electromagnetic interference over electronic computers.

Optical components do not need insulators because they do not experience

cross talk. They are free from electrical short circuits. They have low loss

transmission and provide large bandwidth. They are compact, lightweight and

inexpensive to manufacture and more facile with stored information than

magnetic materials. Another benefit of optical methods over electronic ones for

computing is that optical data processing can be done by much easier and less

expensive methods. Another advantage results from the fact that photons are

uncharged and do not interact with one another as in the case of electrons.

Hence, unlike electrical signals, light signals can cross paths without affecting the

information that is to be received at their destinations. Information can also be

multiplexed, with possibly as many as 1,000 separate channels in a single pulse.

At present most of the photonic devices are based on hybrid technology,

which is an amalgam of optical and electronic hardware components [7-11). In a

typical hybrid configuration, the optical system performs its function efficiently

and all other decisions and interfacing are done by flexible electronic

components. This will limit the capabilities of optical processors. Hence most of R

& 0 activities are concentrated on identifying proper photonic materials and

optical signal processing techniques to develop all-optic computing elements [12,

13).

According to their functionality, optical computing systems can be

divided into two categories: special purpose analog and general purpose digital

systems. Recently, digital optical computing has been emphasized more because

of the advances in photonic materials, which make energy- efficient ultra fast

digital switching. They are based on nonlinear optical effects and they mimic the

existing electronic computers having logic gates and memory elements.
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Logic operations are nonlinear and hence nonlinear optics plays a vital role in the

realization of a digital optical computer. Availability of coherent optical sources

along with the realization of various nonlinear optical phenomena has made it

possible to implement optics based computing and memory elements. It is now

possible to control a light beam with another using nonlinear optical effects.

Usually the method of implementation of binary logic elements uses nonlinear

effect, where the nonlinearity consists of a threshold located at some input level

[14-17]. This has helped in developing various types of optical logic elements

based on optical phase conjugation [18, 19], optical bistability [20-26], optical

interference [27], image subtraction [28], shadow casting logic or Spatial light

modulators [29], etc.

Logic elements built from a four-wave mixing_optical phase conjugator are

based on the dependence of the output on three input beams. Pump beams

represent two inputs. The probe is the readout beam and its conjugate the

output. The conjugate beam is created as a result of the interaction of all three

input beams in a nonlinear medium.

Optical bistability characterizes an optical system with two possible output

states for a single input. The phenomenon of changes in refractive index due to

the variation of the intensity of light, have been used to fabricate optical bistable

devices. They are of two types (1) all-optical type and (2) the hybrid type. In the

former type of Fabry-Perot resonator bistable device a nonlinear optical material

is placed in the cavity and refractive index varies as light intensity varies. When

the intensity is increased, constructive interference takes place and the intensity

buildup occurs inside the resonator cavity. Even if the intensity falls, the device

again approaches the resonance condition and the intensity goes up which is the

high transmission state. When the intensity is lowered it does not immediately

affect the intensity buildup in the resonator. When the input intensity is lowered
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far enough, the intensity in the resonator is not sufficient to maintain constructive

interference, and there fore the intensity in the resonator decreases sharply and

the system switches back to the low-transmission stable state. Since the

nonlinear coefficient is too small, large optical power is required to confirm

bistability. In the hybrid type configuration an electro-optic controlled element is

inserted in a Fabry-Perot resonator and the transmitted optical power is

converted into voltage through the optical detector. This type does not require

large optical power. Recently nonlinear guided waves to obtain bistability has

developed in which an optical waveguide can be considered as very thin

resonant cavity whose thickness is of the order of light wavelength. Such optical

devices that utilize intensity-dependent index changes are expected to operate at

high bit rates not attainable by electronic elements.

Another way of implementing optical switches is to shift and combine

optical inter'erence fringes [30]. In these studies, nonlinear optical materials are

utilized to generate necessary phase changes, which in turn induce the shifting

operation and interference fringes. Unfortunately efficient nonlinear materials that

can respond at low power levels are not presently available.

An alternate approach is the one that does not require nonlinear optical materials

or shifting operation of interference fringes, but simply utilizes a well-known

photothermal phenomenon called thermal lens (TL) effect, which introduces

intensity dependent refractive index [31-33]. In TL effect, thresholding

phenomenon [14] is achieved due to the aberration of thermal lens. Above a

certain threshold laser intensity, refractive index gradient in the medium becomes

so large that thermal lens is created and the probe beam through the lens gets

diverged to form a bottle like shape [34] with a central dark region surrounded by

bright regions as shown in the figure 6.1. The central rays are deflected more
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than the peripheral rays. From the figure it is clear that the appearance of dark

central part depends both on the pump power as well as the position of detector

along the beam axis. In the present experiment, the position of detector is fixed

so that the variable parameter is the pump power. Such modifications of the

probe beam shape can be used to implement optical logic gates due to the

existence of threshold like phenomenon. Changes in the optical intensity at the

center of the probe beam at far field due to thermal lens effect can be used as

the thermal lens signal. The exact level of the threshold determines which

Boolean function appears at the output. One can modify the scheme of data

detection to realize various types of logic gates. [35].

Intensity..
---~
:::

Incident
beam

Absorbing medium

Figure 6.1 The ray diagram representing the distortion of beam cross

section due to thermal lens effect
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Figure 6.2 Cross section of the probe beam showing rt. for I < I,trel/l

Figure 6.3 Cross section of the probe beam undergoing thermal blooming

for I > 1''''flSh
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6.2 Materials

6.2.1 Polymers

Organic materials can perform functions such as switching, signal processing

and frequency doubling using less power than inorganic materials. Polymers are

familiar materials found throughout everyday life. Polymer molecules consist of

many repeat units and the enormous range of possible repeat units give an

almost unlimited variety of polymeric materials. This gives great diversity and

applications of polymers, ranging from compact disks to car tyres. Biological

polymers such as DNA, proteins and cellulose form the basis of life itself. Some

other polymers show conducting or semtconductinq electrical properties thus

providing the basis for a new approach to electronics [35, 36]. One of the key

reasons for the wide spread use of man-made polymers is the ease with which

they can be processed into any desired shape or form. A further advantage of

polymers is that modifying their chemical structure can control their properties. A

number of solid organic polymeric matrices have been described in literature [37.

38}. Of these, the use of poly methyl methacrylate (PMMA) host presents

additional advantages such as better compatibility with organic laser dyes and

inexpensive fabrication techniques. These characteristics when combined with

their lightweight would facilitate miniaturization and the design of integrated

optical systems [23,39-42J. The optical medium selected for the present

investigation is chemically stabilized Rhodamine 6G doped PMMA, due to its

best optical transparency and resistance to laser damage [43-45}. Details of the

method of preparation of the material are given elsewhere [46}.

14R
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6.3Experimental

The experimental setup for dual beam thermal lens method for realizing logic

gates is shown in figure 6.4. Laser radiation at 532 nm wavelength from a Diode

Pumped Nd: YV04 laser (Uniphase BWT-50) is split into two beams I, and 12•

These pump beams are later spatially overlapped in the medium and modulated

using a chopper to generate thermal lens effect. The excitation beam was

focused using a 400 mm focal length tens.

BSI BS2 Lt DM S F PD

11.~::::~. I, I~ 1-+·"1
12

Lz

~
,/

/"'"M

Figure 6.4 Schematic diagram of the experimental set up for realizing logic gates.

B51, B52- Beam Sputters, C - Chopper, L1, L2 - Lens, DM - Dichroic Mirror,S 

Sample, F- Filter, PD·Photodiode, D-Detector.
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A low power (1 mW) intensity stabilized He-Ne laser source of wavelength 632.8

nm is used as the probe beam which was focused by a 200mm focal length lens.

Sample in the form of a disc (thickness 3 mm and 1 cm diameter), is kept in the

path of the pump beam. The probe beam is made to pass calli nearly through the

sample using a dichroic mirror.

A filter is placed in the path of the emergent beams, which allows only the 632.8

nm wavelength to reach the photodiode. The signal is measured using a power

meter (Liconix 55PM)

6.4 Results and discussion

For the realization of digital optical computing, the 'fiery basic building block is an

optical gate capable of performing universal logic functions such as NAND, AND

and OR gate.

-·--·---------------------··----1

320

§?240
S
~
g 160

.g
~ 80.c
g.,

o
o 4 8 12

Input power (mW)

16

Figure 6.5 Power dependence of TL effect (sample concentration: 4 x 10.3 mol (1)
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All other functional devices can be built by employing different combinations of

such basic gates. A simple implementation of these optical logic gates is

achieved using nonlinear effect (TL effect), where the nonlinearity consists of a

threshold located at some input level. The threshold like behavior of aberrated

thermal lens effect monitored by the photodiode output is shown in the figure 6.5.

6.4.1 NANDgate

In the experiment to realize NAND gate. when the both pump beams (1 1 and 12)

are absent, the output corresponds to the intensity of probe beam itself. This is

detected by the photodiode and is represented by the first condition in Table 1.

Table 1. NAND gate

(monitoring the photodiode output; 11. 12 < Is, 11+b > Is,)

11 (input) b (input) Photodiode

output

0 0 1

0 1 1

1 0 1

1 1 0

1'"
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If the input of either beam is below the threshold, there is a high output (second

and third conditions of Table 1). If both inputs are present and the input is above

threshold, thermal blooming is so strong that aberration of thermal lens takes

place, In this condition, the output of photodetector is low, which is taken as zero.

The input-output relations of the TL experiment, using the photodetector output

as the signal, satisfy NAND gate type relation as shown in Table 1. Similar

experimental setup using pthalocyanine film is described in a work done by

NASA in 2000 [47].

6.4.2 AND gate

In order to implement AND gate, the thermal lens signal for different pump

powers is obtained and is shown in figure 6.6.

305 l
I

:> 244
.-.~.

I
I

S ----------
I... 183 -: I".g

0.
E 122

/ I,

C<l

(;j
l:eo

61'en
-l
f-o

0 •

o 5 10 15

Input power (mW)

Figure 6. 6 Input-output characteristics for AND gate.
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From the figure it is clear that when both pump beams (inputs) are absent, there

occurs no thermal lens phenomenon, and hence the thermal lens signal is zero,

which gives the first condition of Table 2. If the inputs are below the threshold Is,

l.e., either 11 or 12 is less than Is, the thermal lens signal is low and can be

considered as zero. 11 and b together produce aberrated thermal lens, which

gives maximum thermal lens signal that corresponds to the last condition of

Table 2. Saturation of intensity, Is, depends on the concentration of the dye in the

matrix.

Table 2. AND gate

(monitoring the TL signal; I" 12 < Is, 11+1 2 > Is,)

11 b TL output

0 0 0

0 1 0

1 0 0

1 1 1

6.4.3 OR gate

By adjusting the pump powers we can implement the OR gate also. When both

the inputs are low, the TL signal is low. Adjust the inputs such that 11 or 12 is

greater than Is and the out put is high, as is evident from Table 3.
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Table 3. OR gate

(monitoring the TL signal; 11 & 12 > Is,)

I, la TL output

0 0 0

0 1 1

1 0 1

1 1 - 1

Absorbed power must not be so large to introduce photodegradation of the dye. It

is a well-established fact that the PMMA matrix does not undergo any change in

its chemical or any other physical properties at very low laser powers as we have

used in the present investigation [45-47].

6.5 Conclusion

At present, all-optical digital computer is only at its infancy and there does not

exist any complete systems. Intensive research is currently being pursued to

attain this goal. Most of the optical devices and concepts of the present day are

based on hybrid technology. Newer advances have produced a variety of thin

films and optical fibers that make optical interconnections and devices practical.

The thermal lens technique has been successfully implemented for realizing

basic logic gates. The advantage of this technique is that basic logic gates can
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be realized with optical beams of moderate intensity. In contrast to other optical

logic gates, this method does not require any nonlinear optical materials, apart

from being sensitive. The sample used for the present work is Rhodamine 6G

doped PMMA, which is photochemically stable at moderate laser powers.
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7

Kinetics of chemical reactions-An application of

Thermal lens effect

This chapter explains the dual beam thermal lens technique employed to investigate

reaction kinetics of chemical reactions in solutions. Concentration dependence of

rate of reaction of potassium iodide and potassium dioxy persulphate is monitored

using this technique. 532 nm radiation from a diode pumped Nd:YV04 (cw) is used

as the excitation source to generate thermal lens in the medium and the lens is

probed using 632.8 nm from a He-Ne laser. The time dependence of thermal lens

signal strength provides the reaction rate. The rate of reaction is found to be

proportional to the concentration of the reactants or products of the reaction. Studies

show the enhancement of reaction speed with concentration of the reactants as is

well known in the field of chemical kinetics.



71(jnetus ofchemicalreactions

7.1 Introduction

Kinetic studies provide very valuable information about reaction mechanisms and

this subject includes empirical studies of the effects of reactants or products

concentrations, temperature and hydrostatic pressure on reactions of various

types. The first kinetic measurement was done by Wilhelmy in 1850 for the rate of

inversion of sucrose. The important result to which he arrived was that the rate of

reaction at any instant was proportional to the concentration of sucrose remaining

at that time. A similar conclusion was reached by Berthelot and S1. Gilles in 1862.

In 1867 Harcourt and Eason investigated the reaction between potassium

permanganate and oxalic acid.

Conventional techniques such as stopped f1~w and temperature jump are

used to measure the kinetics of chemical reactions [1 t 2J. These techniques are

based on the measurement of the changes in the optical absorbance of the

reactants or the products. The absorbance measured by conventional method,

has relatively low sensitivity. To get a measurable signal, higher concentrations

of the reagents are needed. The use of high concentration accelerates the rate of

reactions.

Thermal lens effect which is one of the photothermal phenomena has

been demonstrated to be a sensitive method for low absorbance measurements

[3-8]. Haushalter et al demonstrated the usefulness of TL technique to study the

reaction of the enzyme catalysed oxidation of dopamine by polypheneyl oxidase

[9]. Franko and Tran (10~12] modified the theory of thermal lens effect and

showed that TL technique can be effectively used for the study of slow as well as

fast chemical reactions in liquids since the sensitivity of the technique is higher

than that of the conventional optical transmission Ireflection measurements

because in the former case the absorbed energy is measured directly.
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Let 10 be the intensity of the incident radiation and I the intensity of the

transmitted beam. Then the absorbed power is that degraded to heat, provided

that there occurs no photochemical reaction and luminescence emission. We can

write according to the principle of conservation of energy,

10 = ICh +1

Absorbance is given by

= 1-10-A ~ 2.303A

(7.1 )

(7.2)

(7.3)

In contrast to optical absorption, in which the time dependence of light

absorption by a sample is monitored, thermal lens technique monitor the time

dependence of heat evolution. As stated earlier TL effect is monitored as the

far-field change in the probe beam spot size, by sampling the power of the

probe beam that passes through a pinhole. The thermal lens signal is expressed

as the relative change in intensity at the beam center as

S = 10 -I = M
I I

where 10 and I are the transmitted intensity before and after the formation of the

thermal lens respectively.

Theory of TL effect gives

M = 2.303AP (_ dn)
I Ale dT

Above equation can also be written as

M = 2.303AE
I

E = P(-dn/dt)
Ale

(7.4)

(7.5)

(7.6)

1 "'Q
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E represents the enhancement factor, A is the absorbance, P is the laser power,

dn
'A. is the pump laser wavelength, k is the thermal conductivity and is the

dT

temperature coefficient of refractive index of the sample. For the same

absorbance, the relative variation of intensity If is increased by a factor E,

called the enhancement factor [3]. Hence for low absorbance measurements this

method has been demonstrated to be a sensitive technique.

7.2 Theory

The reaction rate of a chemical reaction is a quantity that defines how the

concentration of a reactant or product changes with time. It may be expressed as

the rate of decrease of concentration C of reactants (- de ), or as the rate of
dt

increase of products of the reaction (dx ) where x is the concentration of the
dt

products at time t (figure 7.1).

Products
l::::
o
.~

E
Cl)

g
o
U

Time

Figure 7.1 Reaction rate curve
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From figure 7.1, one can write

(7.7)

where v is the reaction rate.

In a kinetic study of a reaction there is no way of measuring the rate directly.

Van't Hoft suggested the differential method in which the actual rate of reaction

was determined by measuring the slope of concentration - time curve. The rate

of reaction may be related to the concentration of a reactant by the equation [13]

or V kc n (7.8)

where k is the rate constant and n is the order of. the reaction which is defined

as the manner in which the rate of reaction varies with the concentration of the

reacting substances or products of reaction. Thermal lens theories were derived

on the assumption that the concentration of the species to be measured is

constant with time [4, 14-17]. This is true for reactions whose rates are slow.

Franko and Tran modified the theory of TL effect for fast reactions since changes

in concentration are so large that they affect the thermal lens during excitation

[11,12]. As is pointed out earlier TL signal strength is proportional to the

concentration of the absorbing species in the medium. Hence, the time

dependence of thermal lens signal strength will provide some information about

the reaction rate.

7.3 Materials

An accurately weighed amount of potassium iodide is dissolved in water to give a

concentration of 1X1O'2 mol !"1. From this stock solution, sample solutions with

different concentrations ranging from 4.5x1O'3 rnol l' to 1x10·2 mol 1-1 are
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prepared. Potassium persulphate in water in the same concentration range is

also prepared.

7.4 Experimental

Experimental setup is same as that described in chapter 2. The excitation beam

from Nd:YV04 (cw) laser is modulated using a chopper. Equal concentration of

9.5*10'3 mol 1-1 of potassium iodide and potassium dioxy persulphate in water

was made. 2ml of potassium iodide was taken in the cuvette (10mm thick) and

1ml of potassium dioxy persulphate is micropipetted into the cuvette. Following

chemical reaction produces iodine

Kl + KzSzOg ~ I, +2KzS04 (7.9)

TL signal is monitored with respect to the concentration of iodine. Two drops of

starch was added as indicator so as to enhance the absorption. 01Jring the

reaction iodine is produced in the reaction cell. The absorption of 532 nm

wavelength by the ground state iodine molecules brings them to their excited

state from where several deactivation processes can take place during the

excitation. Since the sample is nonfluorescent the entire electronic energy is

converted into thermal energy. which is released in to the medium by

nonradiative relaxation process. The density variation in the medium mimics the

beam profile of the excitation beam and hence a refractive index gradient is

created in the medium. This modification of refractive index leads to the growing

of the effect of the virtual optical element called the TL. Since the lens formed is

a divergent one, thermal blooming occurs. The propagation of the probe beam

through the thermal lens results in spreading of the beam which causes the

changes in the intensity at the centre of the probe beam. The probe beam is
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coupled to a monochromator-PMT assembly using an optic fibre. The TL signal

is detected as the relative change in the intensity of the probe beam centre at far

field and data is detected and processed using a lock-in amplifier. The

temperature is kept at 20°C through out the experiment since the rates of

reactions are very sensitive to temperature.

7.5 Results and discussion

In the present study of the' reaction between potassium iodide and potassium

persulphate, as the concentration of iodine increases enhancement in the

absorption of pump radiation is observed resulting in the increase in TL signal.

When the reaction is complete, no more iodine is liberated and hence the TL

signal saturates. This is clear from the reaction rate curve shown in figure 7.2. It

is obvious that the thermal lens signal strength is proportional to the

concentration of the absorbing species in the medium. Since the concentration of

the products formed is directly proportional to the reaction rate (eqn. 7.8), the

time dependence of TL signal strength provides the reaction rate.

If Cl is the concentration of iodine liberated during the chemical reaction, TL

signal at time t is

Or

S(t) a: Cl (t)

ds dC,-a--
dt dt

(7.10)

Initially Cl (t) o: t

dC d
d/ =a constant or d~ = a constant K
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Figure 7.2 Thermal blooming curve for the reaction ofpotassium iodide and

potassium persulphate of concentration 6.65x10-3 mol (1
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Figure 7.3 Plot showing the variation of initial slope with concentration of the

reactants in the reaction cell. The plot shows the dependence of reaction rate K

(arb. Unitlsec.)as function of reactant concentration.
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At low concentration collision between the reactant molecules is low which leads

to low reaction rate. An increase in the concentration of reactants results in

enhanced collision probability between particles of the reactants. This results in

the increase of the rate of reaction. Table shows the reaction rate at various

reactant concentrations.

Concentration Initial slope
-I

mmoll

4.3 1.1

5.3 1.42

6.05 1.66

6.3 1.605

6.65 1.69

9.7 3.1

7.3 3.9

7.8 4.8

8.8 7.2

9.5 7.7

7.6 Conclusion

Compared to other conventional kinetic methods, the thermal lens technique

provides kinetic results, which are not only accurate and precise but also can be

obtained with reagents whose concentrations are about 100 times lower. The use

of thermal tensing in chemical and analytical studies is still not a mainstream

subject. However, it can be a very promising approach due to its special features
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as a sensitive method of molecular spectroscopy. This may combine both basic

and applied research, which undoubtedly expands the region of applications of

thermo-optical spectroscopy. This ultra sensitive technique can be used for the

kinetic determination of fast chemical reaction where reactants and or the

products have lowabsorptivities.

References

I. Zuman P. and Patel R. Techniques in organic Kinectics (Wiley, New York, I984)
2. Frost A. A. and Pears on R. G. Kinetics and Mechanism, 2nd ed. (Wiley, New York, 1961)
3. N.1. Dovichi and 1. M. Harris, Annal. Chem. 51,728 (1979).

4. Gordon JP, Lelte RC C, Moore R Sand Porto S P S. 1. Appl. Phys.36, 3 (1965).

5. C. Hue and J. R. Whinnery, Appl.Opt.12 (1973) 72.

6. A. Kurian, K. P. Unnikrishnan, P. Gopinath, V. P. N. Nampoori and C. P. G. Vallabhan, 1.
Nonlinear Opt. Phys. & Mats 10,415 (2001).

7. C. V. Bindhu, S. S. Harilal, A. Kurian, V P N Nampoori and C P G Vallabhan,

1. Nonlinear Opt. Phys.& Mats.7, 531 (1998).

8. H. L. Fang and R. L. Swofford,1. Chem. Phys., 73, 2607 (1980).
9. J. P. Haushalter and M. d. morris, Appl. Spect. 34,445 (1980).

10. M. Franko and C. D. Tran, Rev. Sci. Instrum., 62, 2430 (1991).
11. M. Franko and C. D. Tran, Rev. Sci. Instrum., 62, 2438 (1991).
12. M. Franko and C. D. Tran, Rev. Sci. Instrum., 67, 1 (1996)
13. K. J. Laidler, Chemical kinetics, Tata Mcgraw Hill Publishing (1990).

14. H. L. Fang and R. L. Swofford, J. Appl. Phys. 50,6609 (I 979).

15. S. J. Sheldon, L. V. knight and J. M. Thorne, Appl. Opt. 21,1663 (1982).

16. R. Vyas and R. Guptha, Appl. Opt., 27,4701 (1988).

17. J. A. Sell, Photothermal investigations of solids and fluids, Academic press (1988).

166



8

Conclusions and Looking Forward

General conclusions and future scope of the work described in this thesis form
the subject matter of this chapter



8 Condusions

Previous seven chapters of the thesis described the use of thermal lens effect to

characterize photonic materials. A schematic representation of the topics

covered is given in fig 8.1

Thermal Lens Effect

Materials
Development

I..
Dye doped
Polymers

Materials
Characterization

Applications

Logic gates

Reaction kinetics Nonlinear optics

n
Energy transfer in
dye mixtu res

Fluorescence Thermal Thermal lens
quantum diffusivitj spectrum
yield

Fig 8. 1 Schematic diagram of the work described in the present thesis



8 Conclusions

One of the important topics covered in the thesis is the preparation of dye doped

polymers. Dye doped polymers are suitable for solid-state laser media. Dyes

incorporated in solid matrices are also suitable for sensor applications. For

example, pH values can be measured by monitoring the colour of the

fluorescence light emitted by dye doped polymers. The effectiveness of thermal

lens effect to evaluate fluorescence quantum yield and thermal diffusivity of such

solid materials is discussed in this thesis. Energy transfer phenomena in dye

mixtures are also described in detail.

It has been found that the study of thermal lens spectra of dyes in a broad

spectral region can provide some information regarding the level selective

nonradiative de-excitation processes. For example unlike in the case of crystal

violet, rhodamine dye has a vibronic level from which nonradiatve relaxation is

predominant. We also saw how the TL technique can be used to study two

photon induces absorption using aniline as an example. Study of a time

dependent chemical reaction using thermal lens effect is another topic, which is

worth mentioning.

A work with an eye towards future viz., implementation of optical logic

gates using thermal lens effect is an important contribution of the present thesis.

Optical logic gates are essential components of optical computing and artificial

neural network.

Future scope

What is described in the thesis is just an eye opener. Dyes incorporated in a

matrix with appropriate physical, chemical and optical properties can be used to

represent as artificial neurons to implement optical neural network. Learning

mechanism can be incorporated by the proper choice of optical attenuators /
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8 Condusions

amplifiers so as to provide neural connection strength. Training of the neural

network can be done by modifying the connection strengths. Such work will be

possible by a coherent mixing of diverse subjects like optics, electronics.

chemistry, mathematics and information technology. Ability of free space

connections between artificial neurons using light is an important advantage of

optical neural network.

Another subject, which is worth pursuing, is the use of thermal lens

spectroscopy to monitor time dependent chemical reactions. This will be helpful

in understanding the kinetics of reaction as w~1I as in identifying instabilities and

chaos in complex chemical reactions. ~.

Development of novel materials, both dyes as well as polymers, is

another subject which will be of many applications in the field of Photonics. A

field called Plastic Photonics has started to emerge. For example, plastic LEDs

are already available commercially. Dye doped plastic fibres may work as fibre

amplifier in the visible region.

Some of the above mentioned works have already got initiated in our

laboratory. It is positive that there is the bright SUN in the horizon.

.' '
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