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Preface

The invention of lasers in 1960 marked the beginning of a new era in the

fields of science and technology. Within very few years, lasers have proved their

immense potential and possibilities in almost all areas of science like Physics,

Chemistry, Biology, Medicine, Geology and Space Science. The advancements

triggered by lasers are also remarkable in areas like communication, information

technology, industry and other entertainment and consumer devices which we

encounter in our day to day life.

In the search for efficient laser gain media to meet the enormous

requirements of the different fields, the organic dyes came to the forefront with

their ability to emit coherent radiations in a wide spectral range. With the

availability of good number of organic dyes, laser emission can be tuned from

near UV to near IR regions. These highly tunable sources emit radiations in a

variety of regimes: from femtosecond pulses to continuous wave oscillations and

from high energy pulses to high average powers. In the generation of high energy

and high average powers in the visible region, the dye lasers are unparalleled.

This great fiinctional ability makes them quite attractive among laser sources. In

addition to tunability and versatility, with their unique level of high performance,

the dye lasers have made enormous impact in the fields of science, technology and

industry.

Development of solid state dye lasers which could solve the different

functional. problems faced by the conventional liquid dye lasers gave a new thrust

in the field of dye lasers. Intense research is going on for the effective

incorporation of dye molecules into solid matrices with different host materials to

get a gain medium of high optical quality and photostability. Over the years, a good

number of materials have been tried as solid hosts for organic dyes and among them

inorganic glasses, organically modified glasses and transparent polymers were found

to be promising materials. Development of several novel organic compounds and



their derivatives which can be tailored according to the applications makes the

research on dye lasers still growing.

Fluorescent dyes and fluorescence spectroscopy are attracting much

interest in the areas of research and development in basic and applied sciences like

molecular biology, biochemistry, genomics, bioengineering, medical diagnosis

and industrial microbiology. Fluorescent based techniques are now widely used to

address the fundamental and applied questions in the biological and biomedical

sciences. Extreme selectivity of fluorescent labels that can target specific

organisms opens new methods to resolve industrially and medically relevant

problems in areas such as public health, safety of foods and environment

monitoring.

Nonlinear optical characterization of organic dyes is another area which

currently draws the attention of many research groups due to its widespread

applications. There are different mechanisms such as two photon absorption,

reverse saturable absorption and nonlinear refraction observed in organic dyes

which could lead to optical limiting behaviour. On the other hand saturable

absorption exhibited by dyes can have application in passive Q switching or mode

locking of lasers.

The proposed thesis presents the details of the characterization studies

conducted in certain laser dyes, mainly focusing on Coumarin 540, covering the

different areas of applications. The thesis is organized into seven chapters.

Chapter 1: An overview of the recent developments in laser dyes and its

applications is discussed in Chapter 1.A brief historical background of dye lasers

and the developments in areas like pulsed dye lasers, continuous dye lasers and

ultrashort dye lasers are described. The recent development of dye lasers in solid

state matrix form, the dye doped waveguides, optical amplifiers and lasers for

telecommunication applications and integrated optics, and the microcavity dye

lasers which can be integrated with the lab-on-a chip microsystems are also briefly

discussed. The importance of fluorescence studies in different biological and



related fields and the nonlinear characterization of organic dyes are also

mentioned.

Chapter 2: The performance of an organic dye as a laser gain medium could be

fully understood only in terms of its fundamental photophysical properties. The

different decay mechanisms of the excited state of the dye molecules and their

timescales have a key role in determimng the lasing efficiency of the gain

medium. In Chapter 2, the photophysical properties of Couarnrin 540 (C 540) in

different solvents which comprises of polar protic, dipolar aprotic and nonpolar

are discussed in detail. The different photophysical parameters like quantum yield,

lifetime, radiative and nonradiative decay rates, solvent polarity function and its

control over stokes’ shift are compared in these different solvent environments.

The quantum yield of the dye is found be significantly high, even close to unity in

polar and certain dipolar aprotic solvents. The features of amplified spontaneous

emission (ASE) and laser emission observed in C540 dye solution are also

discussed in this chapter. The role of pump energy and the excitation length of the

gain medium on the observed ASE are also presented. At sufficiently high pump

energies, laser emission with well resolved, equally spaced resonant modes are

observed even in the absence of any external mirrors. These modes are found to

originate from the subcavities formed by the parallel walls of the cuvette

containing the high gain medium. The observed mode patterns highly varied with

the different solvents used for the study. While the quantum yield remains a

decisive factor, a clear correlation between the refractive indices of the solvents

and the number of lasing modes exhibited by the emission spectra of the

respective samples has been demonstrated. A detailed discussion of the solvent

effect, which determines the reflectivity at the end faces of the cuvette, in the

lasing characteristics of C 540 is also given in this chapter.

Chapter 3: Many of the functional drawbacks met with liquid dye lasers could be

effectively handled by solid state dye lasers. For this reason, solid state dye gain



media have attracted considerable interest in recent years. Here, in Chapter 3 the

light amplification of C 540 dye, doped in different polymer matrices like PMMA,

polystyrene and polyvinyl chloride (PVC) is studied. Different solid state polymer

matrices are prepared both by the bulk polymerization and free cast evaporation

techniques .The ASE and lasing behavior are studied both in the bulk and thin film

dye doped samples. In free standing films of micrometer thickness, laser emission

and mode structure with equally spaced, well resolved resonant modes are

observed in the absence of any external mirrors. The partial reflections from the

broad lateral surfaces of the free standing films provided the optical feed back for

the laser emission. The occurrence of the well —resolved equally spaced resonant

modes is due the Fabry- Perot like optical cavity formed between the film

surfaces. The mode spacing is related to the thickness of the film.

Chapter 4: The main concems with the solid state dye lasers are their

photochemical and thermal stability and a high damage threshold for laser

radiation. In chapter 4 we present a very sensitive and accurate photothennal

method to study the photostability of the dye (C 540) doped polymer samples. The

photostability of the different dye doped polymer samples is compared with the

photoacoustic technique using a minimum volume open cell configuration. In this

method, the quantity measured is the nonradiative part of deexcitation. The

photostability is studied under different pump powers, various concentrations of

the dye, different excitation wavelengths and different chopping frequencies. The

excitation radiation used is 488 nm taken from an Argon-ion laser.

Chapter 5: The investigations made on the ASE and fluorescence energy transfer

phenomenon from the donor Coumarin 540 to the acceptors Rhodamine 6G and

Rhodamine B in different solvent environments under pulsed optical excitation

are reported in chapter 5. Study of fluorescence energy transfer is a powerful

technique to unravel the photophysical processes and this method has acquired

increased acceptance in recent years with its applications in the fields like



biological analysis, biochemistry, diagnostics etc. This method is highly being
used for the measurement of nanometer scale distances and investigations of

molecular interactions. The energy transfer mechanism is also proved to have

significant applications in the area of laser materials to control light emission.

Energy transfer studies of both d-a pairs are performed in four different solvent

environments. Efficient transfer of energy is observed in all the donor-acceptor

(d-la) pairs, with the solvent medium profoundly influencing the energy transfer

process. While an efficient transfer of ASE intensity to the acceptor is observed

in one solvent, the acceptor is found to act as a dark quencher for the same d~a

pair, in another solvent. In the case of C 540- RhB d-a pair in methanol, a

complete transfer of ASE is observed with an enhancement in acceptor emission

while in dimethyl fonnamide environment, the donor emission is completely

quenched without any emission in the acceptor side. The possible mechanism

responsible for the quenching of acceptor fluorescence is also discussed. The

critical transfer distance (R0) calculated for the d-a pairs varied between 5.8 nm to

6.7 nm. This indicates the possibility of energy transfer due to long-range dipole­

dipole interaction between the excited donor and ground state acceptor molecules.

Due to pulsed optical excitation, the quenching rate constant is found to be

significantly high.

Chapter 6: This Chapter deals with the nonlinear properties of C 540 both in the

liquid and dye doped solid state polymer matrix forms. Organic molecules have

not only good absorptivity but also they possess good nonlinear absorption.

Polystyrene, PMMA and polyvinyl chloride (PVC) are the polymers used as solid

state host materials for the dye. The open aperture Z-scan technique is employed

to Study the absorptive nonlinearities in the dye samples. C 540 dye, both in the

liquid and polymer thin film forms exhibits reversible saturable absorption. The

nonlinear absorption coefficient, the irradiance for exhibiting nonlinearity and the

imaginary part of X0) are calculated for different dye doped polymer samples.

One of the very important applications of reverse saturable absorption is in



optical limiting. Details of the optical limiting property of the dye doped polymer

films are also discussed in this chapter.

Chapter 7: A brief summary of the experimental results and important findings

are included in Chapter 7. Further areas in which the work can be extended are

also discussed.

Most of the results included in this thesis have been published or communicated

for publication.
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Chapter 1

Laser Dyes and Their Applications:

Recent Developments
f

most Eeauttfiifsystem coulifoniji proceed from tfie dominion of an z'nte[[tgent and
po"weg‘u[ 5ez'ng". Issac Newton

Abstract

An overview of the recent developments in laser dyes and their applications is

concisely discussed. A general introduction to organic dyes, a brief historical background of

the development of dye lasers and the modifications and advancements made over the years to

meet the widespread applications in diverse fields of science and technology are presented in

this chapter. The importance of fluorescence dyes in the fields of biochemistry, molecular

biology and nonlinear optics are also included.

1.1 Introduction

The invention of lasers has added a new era in the fields of science and

technology. The applications and possibilities they have generated in the fields of

physics, chemistry, biology, medicine, industry, technology and for applications we

encounter in the day to day life are enormous. In the search for powerful and tunable



Laser dyes and its applications

sources which cover the entire visible, near ultraviolet and near infrared red regions,

the dye lasers have proved to be quite promising. The dye lasers have come into the

forefront with its versatility and ability to emit variable frequency coherent radiations

in the above ranges. In addition to tunability and versatility, the high performance of

the dye lasers in areas such as spectroscopy and photochemistry make them unique

among the laser sources. These sources emit radiation in a variety of regimes from

femtosecond pulses to continuous wave oscillations ,from high energy pulses to high

average powers and from near ultraviolet to near infrared regions. This unique

operational flexibility has made the dye laser an essential tool in numerous fields of

applications like physics, spectroscopy, photochemistry, biology, medicine and

communication [l].

With the almost unlimited number of dyes available and the ease with which

the structure of organic compounds and its derivatives can be modified ,the field of

dye lasers is still not matured and the intense research is going on to develop new

organic materials and to tailor them to suit different applications.

1.2 Laser dyes

Laser dyes are organic compounds defined as hydrocarbons and their derivatives.

Schafer explains the unique properties of large absorption and emission exhibited by

organic dyes in terms of their bond structure [2]. Among the saturated and unsaturated

organic compounds, organic dyes come under the unsaturated groups which contain at

least a double or triple bond. These multiple bonds use rt electrons for bonding. A rt

bond is formed by the lateral overlap of the ‘IE electron orbital, which is maximum

when the symmetry axes of the molecules are parallel. ln this position, bond energy is

minimum giving a planar molecular structure of high rigidity. If two double bonds are

separated by a single bond, the two double bonds are called conjugated bonds.



Chapter 1

Compounds with conjugated double bonds absorb light at wavelengths above 200 nrn.

All the dyes having a high absorption in the visible region of the spectrum possess

several conjugated double bonds. Dye molecules are planar in structure with all the

atoms of the conjugated chain lying in a common plane and linked by cr bonds." The rt

electrons have a node in the plane of the molecule and form a charge cloud above and

below this plane along the conjugated chain.The position of the absorption band of the

dye is determined by the chain length L and number of rt electrons N and is given by

the relation;

/imax =  (1.1)h N +1

where h is the Planck’s constant, m is the mass of electron and co is the velocity of

light. Stable dye molecules have an even number of electrons in the rt electron cloud

[3]. Since the TI electrons are free to move over a distance roughly equal to the chain

length L, dyes have a very large dipole moment (u) according to the relation it = eL.

Correspondingly the absorption cross section oa , which is proportional to if is also

large ( 10'“ cmz). The stimulated emission cross section is also found to be large

which is again proportional to the dipole moment.

Laser dyes are generally classified into three groups:(l) Coumarins- the most

common blue — green laser dyes.(2) Xanthene dyes which have emission in the 600

nm region among which the most studied members are Rhodamines and (3) the

Cyanines with emission in the red and near IR region. All these classes of structure

share the property of conjugation of TEbOI1dS to carbon. Chemical structure of a

representative of these 3 classes is given below [3].
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1.3 Development of dye laser: A brief historical background

The observation of stimulated emission from chloro-aluminum phthalocyanine by

Sorokin et al. in 1966 marked the entry of dye lasers into the scenario of lasers.

Stimulated emission of spectral width of 5cm'l at 755 mn was observed when the

phthalocyanine solution was excited by a powerful beam from a giant-pulse ruby laser

[4].Within a short period, different research groups could attain promising results with

advancements in different parameters like spectral width, tunable range, output power,

excitation sources, experimental arrangements etc.[5-7]. With its versatility, wide

range of tunability and high performance, the organic dye lasers are usually classified

into three main categories namely the pulsed dye lasers, continuous wave (cw) lasers

and ultrashort pulse dye lasers [1].

1.3.1 Laser pumped pulsed dye lasers

Following the development of first dye laser, Schafer et al. reported a liquid dye laser

with emission ranging from 730-870 nm with megawatt peak power and beam

divergence angle of 5 mrad.[8]. Efficient spectral narrowing and tunability over a

wide spectral range had been demonstrated in solid and liquid organic dye lasers using

diffraction grating as cavity reflectors by Soffer et al. [9]. Wavelength tunability being

the attractive parameter in dye lasers, great interest was shown in developing dye

lasers with wide spectral range. The operation of dye lasers in the wavelength range

440-700 nm was reported by Schafer in 1967 [10]. In all the early works on dye

lasers, the pumping sources were giant-pulse or Q-switched ruby lasers.

It was Kotsubanov who had experimented the potentiality of xanthene dyes as

a laser gain medium [ll]. He had reported the laser emission from solid and liquid

dye solution of xanthene dyes in the wavelength range 5"/0~640 nm which later
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became the most efficient dye laser gain media. Pumping was accomplished by means

of second harmonic of a neodymium laser. A versatile high spectral energy density

pulsed dye laser suitable for lidar application and high resolution spectroscopy was

reported by Franscis Bos et al. in198l [12]. Such experiments need very high power

lasers with narrow linewidth and low divergence. An efficiency of 55% was achieved

providing I65 mJ in a single longitudinal mode. A spectral range varying from

565-880 nm was achieved from different dye solutions.

The use of N; laser as a direct UV excitation source for dye laser was reported

by J. A. Myer et al. [13]. The system was capable of repetitive rate as high as 100 Hz

with reasonably good efficiencies. A N; laser pumped dye laser system is described

by ltzkan et al. which uses an oscillator-amplifier arrangement and fast flow dye cells

in order to achieve spectral narrowing and spatial coherence [14]. The resulting

system was capable of producing 50 kW, 0.5 ns pulses with a spectral width of 0.02

A. This is found to be a useful tool for studying atomic systems at visible

wavelengths. Tunable dye lasers have proven to be very useful in the fields of

spectroscopy and chemical kinetics. For many photochemical experiments including

isotope separation, a simple tunable source capable of shorter-wavelength operation is

highly desirable. A dye laser which could be used for applications in high resolution

atomic and molecular spectroscopy and generated power of 50 kW at a linewidth of

about 6 x 104 A and tunable up to 230 nm had been efficiently generated by

frequency doubling in a crystal of lithium fonnate monohydrate [15].

The pulsed dye lasers are now used as sources of tunable coherent radiation in

the visible, near ultraviolet and near infrared region. Although reliable high power

lasers like excimer and Nd:YAG lasers etc are now common, the dye lasers are still

characterized by a general group of parameters including efficiency of energy

A
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conversion from the pump source, tunable spectral range, spectral purity and narrow

spectral width.

1.3.2 Continuous wave dye lasers

Many spectroscopic, photochemical and biological studies require a coherent

tunable source in the UV wavelength regime. In numerous applications for which high

peak powers are not necessary, a tunable cw source may be more advantageous than a

pulsed radiation source. A cw laser source offers better amplitude stability and beam

quality. Another unique feature of cw dye laser is its ability to provide tunable single

-frequency oscillation. First cw dye laser using Rhodamine 6G in water was described

by O.G.Peterson [16]. Power output was 30 mW at 5 77 nm when excited with a 1-W

argon ion laser. A tunable dye laser operating continuously in the range 570-620 nm

was demonstrated with a single prism and an intracavity etalon [I7]. They could

achieve single mode operation with a bandwidth less than 35MHz. Blit et al. had

reported the generation of broadly tunable UV radiation from 285- 400 nm by SHG

and sum frequency generation [18].

Though single mode laser is an extremely useful device for many scientific

and industrial applications, the output power has been limited to 200-300mW. The

limited output power of single mode(SM) dye lasers is predominantly due to the fact

that most of the lasers were operated as standing wave lasers. In standing wave SM

lasers, spatial hole buming occurs. To suppress all modes but one, dispersive losses

are inserted into the cavity by prisms, Fabry-Perot etalons etc. which mainly restrict

the efficiency of SM lasers. Being non-ideal elements, they produce higher losses not

only for the undesired modes but also for the prime modes. In a traveling wave cw

laser, spatial hole burning does not exist, thereby eliminating the need for high

selectivity. A traveling wave cw laser was realized by unidirectional operation of a

'7



Laser dyes and its applications

ring laser, yielding single mode output powers of 1.2 W at 595 mn and of 55 mW in

the UV region with intracavity frequency doubling [19].

1.3.3 Ultrashort pulse dye lasers

Since the introduction of femtosecond laser systems in 1981 much progress has been

made towards the reductions of laser pulsewidths. Significant developments have also

been made in the generation of ultrashort dye laser pulses. Subtle changes in cavity

configuration resulted in dramatic variations in laser operation. W.Schmidt et al. had

reported mode locking in a dye laser using an organic dye as a saturable absorber and

a commercial flash lamp as pumping light [20]. Later a direct production of pulses as

short as 0.3 ps by employing a cavity configuration, incorporating an optically

contacted saturable absorber was achieved by Ruddock et al. [21].

It is generally believed that the introduction of dispersive elements will

produce significant pulse broadening. But Dietel et al. had reported the generation of

short pulses of width 53 fs with a 2 mm thick BK7 glass inserted in the cavity [22].

Advances in the generation of ultrashort pulses have used either passive mode locking

in a colliding pulse laser or soliton like shaping in a laser containing an optical fiber.

Some groups had shown that a combination of an optical fiber and a diffraction

grating can be used to generate ultrashort optical pulses. Fork et al. could achieve

ultrashort pulses of duration 8 fs by a combination of prism and diffraction grating

[23].

Distributed feedback dye laser (DFDL) was found to be a convenient tool to

generate ultrashort pulses in a wide spectral range. For their operation, they need a

perfect high-visibility interference pattern to be created in the dye solution. In the

earliest DFDLs this was achieved by using a beam splitter in a laser beam to obtain

two interfering partial beams, a method which necessitates a laser beam of high spatial

and temporal coherence. In a later version, a grating was used as a beam splitter. Here,
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the period of the interference pattern can be made independent of the pump

wavelength, decreasing considerably the requirements for the temporal and spatial

coherence; but the position of the interference pattern is still wavelength dependent.

Later it was shown that this drawback could be avoided by introducing a second

grating to create an image of the first grating. With the latter arrangement,

subpicosecond pulses could be generated. Szatmari et al. had reported widely tunable

distributed feedback dye laser which made use of a microscopic objective which

images a transmission grating into the active medium to generate subpicosecond

pulses [24]. N.Takeysau et al. had designed a distributed feedback dye laser with a

quenching cavity which generated tunable picosecond pulse of 60 ps with a narrow

spectral linewidth of 9.4 pm [25].

1.4 Recent advancements in dye lasers

The outstanding potentials of dye lasers necessitate the modifications of these

systems in order to be used in practical applications. From the early days of

development of dye lasers, attempts were carried out to miniaturize the laser system

so that it can effectively be used to meet the requirements of different fields. A brief

discussion of the developments is given below.

1.4.1 Introduction: Solid state dye lasers

The various technical and handling problems faced with the conventional

liquid dye lasers prompted intensive research to replace the liquid dye lasers by their

solid counterpart. Solid state lasers have obvious advantages such as compactness,

low cost and they are non-flammable and non toxic. The first solid state dye lasers

were reported in the late 1960s by Peterson and Snavely [26]. They demonstrated

stimulated emission from polymeric materials doped with organic dyes. Though the

attractions of solid state dye lasers were many, the work on solid state dye lasers was



Laser dyes and its applications

not pursued much due to their low lasing efficiency and fast degradation [27]. The

incorporated dye had a limited lifetime due to photo-degradation. It was in 1980s,

efforts to incorporate the organic dyes in solid matrices regained momentum.

Intensive research was done by different groups for the synthesis and development of

new and efficient solid state host materials for dyes to attain laser gain media of high

optical quality and photostability. The other basic requirements imposed on a solid

matrix to be used as a host for lasing dye molecules are a low level of scattering and a

wide range of transparency covering both pump and lasing Wavelengths. They should

have high thermal conductivity, good thermal and chemical stabilities and a high

damage threshold such that it can withstand high power laser radiations. The high

thermal conductivity provides an efficient mechanism for uniform heat distribution

and dissipation within the sample. In addition, the technology of incorporating the

various organic dyes to different host materials is also simple [28]. Over the years, a

good number of materials have been experimented as solid hosts and among them

inorganic sol-gel glasses, organically modified silicates (ORMOSILS), silicate nano

composites and transparent polymers were found to be promising materials. In recent

years the synthesis of new high performance dyes and the implementation of new

ways of incorporating the organic molecules into the solid matrices have resulted in

significant advances towards the development of practical tunable solid state dye

lasers. Exploring the physics and chemistry of various organic and inorganic

materials, enormous research is going on to develop high performance solid state dye

lasers to implement them in various fields of applications.

1.4.2 Inorganic sol-gel glass matrices

In the search for efficient materials with good optical quality and high laser damage

resistance threshold, the inorganic glasses gave the first promising results. They

present better thermal properties and a higher damage threshold than polymers. Lots

10
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of work have been done in silica based inorganic polymers such as aluminosilicates,

titania-silica and silica —zirc0nia materials. Zirconia is found to be a suitable material

as solid host for laser dyes with its high damage threshold, superior mechanical

strength and high refractive index which is barely affected by thermal expansion [29].

By the combination of silica-zirconia hosts the refractive index of the material can be

varied.

In 1990s, work with silica gels had indicated that sol-gel materials show

higher photostability and better thermal properties than that based on organic

polymers [30]. D.Lo et al. had demonstrated narrow linewidth laser emission in the

yellow, blue and near UV region from three dyes incorporated with sol-gel silica [31].

These dye doped sol-gel samples were chemically stable under repetitive laser

excitation. These results show the versatility of sol-gel derived materials as solid hosts

for dyes. Very limited choice of blue or UV emitting laser dyes was found to be

chemically compatible with polymer matrices. Inorganic glasses of silica gel present

better thermal properties and a higher damage threshold than polymers and the

incorporation of dyes into inorganic materials by the sol-gel process has allowed one

to obtain relatively photostable materials with acceptable laser eff1ciency[32].

The high porosity of sol-gel derived glass is an undesirable factor for lasers.

Eli Yariv et al. had demonstrated that organically modified silicates (ORMOSILS)

could be better solid host materials than porous glasses. Compared to inorganic

glasses ormosils are characterized by improved mechanical and optical properties due

to relatively high flexibility and low porosity [33]. Ormosils modified by different

organic compounds were studied by many groups and the conclusions drawn were

that the incorporation of organic chains in the porous glass could increase the laser

efficiency. By using organically modified silica which is less polar compared to pure

ll
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inorganic silica, the monomeric form of incorporated dye is favoured which will

increase the lasing efficiency [29].

1.4.3 Polymer matrices

Among the variety of materials experimented as solid state matrices,

transparent polymers are found to be the most promising materials both from the

economical and technical point of view though the first results were not so attractive.

They have high optical transparency, superior homogeneity, good compatibility with

organic dyes, inexpensive fabrication technique and control over medium polarity and

viscosity. There are vast possibilities in polymer synthesis by which the structure and

the chemical composition of the polymers can be modified which allows one to

introduce controlled changes to optimize their properties [34]. The polar

characteristics of a given polymer can be changed by introducing the appropriate

groups directly into the polymeric chain, for instance, by copolymerization of methyl

methacrylate with hydroxy—methacrylic polymers [28]. Understanding the advantages

of polymers, extensive work has been done to explore the potential of polymers as

host materials for laser dyes [35]. In general the polymers used are polyacrylics,

polyurethanes (PUA), polycarbonates etc. In polyacrylic class the most commonly

used polymeric hosts are polymethylmethacrylate (PMMA). These polymers have

excellent optical transparency in the visible region. They possess high optical

homogeneity and have relatively high laser damage threshold [34].

Although the polymer matrices are found to be quite attractive with its unique

properties, they have the limitations of low damage threshold and limited lifetime

[36]. Polymers are poor thermal conductors and have large time of heat dissipation .A

large number of laser dyes are insoluble in PMMA The laser damage of polymeric

materials are found to be energy dependent and the matrix viscoelastic properties

12
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determine the damage threshold resistance. Out of the conclusion that the laser

damage resistance can be significantly improved by changing the viscoelastic

properties of the medium in an appropriate way, a great amount of work was done by

many research groups. Costela et al. have done extensive work in this line by the co­

polymerization of different monomers. They have incorporated different dyes like

Rhodamine 6G,Coumarins and Pyrromethene in homopolymer PMMA or in a variety

of co-polymers of methylmethacrylate with monofunctional monomers 2­

hydroxyethyl methacrylate (HEMA), 2-hydroxyethyl acrylate (HEA) ,2-phenoxyethyl

acrylate (PEA) and 2,2,2 -trifluoromethyl methacrylate (TFMA). They have also tried

cross linking monomers like ethyleneglycol dimethacrylate (EGDMA)
trimethylolpropane trimethacrylate (TMPTMA),pentaerythritol triacrylate (PETA) etc.

These modifications resulted in solid state dye lasers which lase efficiently and have

remarkable photostability [34].

1.4.4 Hybrid materials

The sol-gel based silica showed superior mechanical, thermal and optical

properties. Nevertheless, these solid state dye lasers have limited lifetime due to

photodegradation of the incorporated dye caused by the high local intensity of the

pumping light. As the photostability of dyes embedded in a solid matrix is dependent

on the dye as well as on the host, the problem may be solved by changing either the

dye structure or the host structure [27].

The methods of sol-gel chemistry have represented a real breakthrough in the

use of molecular chemistry to design new materials. They allow the synthesis and

development of hybrid organic-inorganic matrices based on Si-O-Si networks, which

are very attractive mainly due to the relative high stablility of the Si-C bond. The

quality of Si-O-Si network is excellent in terms of transparency, thermal and chemical

13
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stabilities resulting in stable materials with chemical and physical properties well

defined and which can be modified by choosing suitable organic-inorganic

components. Synthesis of new materials of hybrid character in which excellent

thermal properties of the inorganic glasses and the excellent optical properties of the

polymeric materials could be combined was reported [36].

Laser action of Rhodamine 6G is reported which is incorporated into a hybrid

matrix of poly(2-hydroxyethyl methacrylate ) (HEMA ) with different weight

proportions of TEOS and TMOS. Costela et al. has incorporated Rh6G dye intolzl

v/v copolymer of MMA and 2-hydroxyethyl methacrylate (HEMA) with different

weight proportions of tetraethoxysilane (TEOS) and tetramethoxysilane as inorganic

component. Significant enhancement of the laser action of Rh6G has been reported by

the incorporation of the above mentioned hybrid materials and lasing efficiency of

upto 28% and high stabilities were demonstrated [37].

1.4.5 Dye doped waveguides

The advances in the fields of fiber optics communication and integrated

optoelectronics increased the interest in guided wave optics in which optical

waveguides and optical fiber are the significant components. The demand for compact

visible lasers has accelerated the research in the field of planar waveguides. Due to the

long gain length and optical confinement, waveguide structures can reduce the lasing

threshold which is a requirement for efficient lasing. The ease of fabrication of planar

waveguide makes devices based on dye doped waveguides more attractive.

Polymer waveguides doped with laser dyes rhodamine 6G, rhodamine B and

coumarin dyes, which exhibited significant superradiance and amplification of guided

beams, were reported in the early 1970s [3 8-40]. Organic polymers however have the

disadvantage of relatively low refractive indices which limit the variety of suitable
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substrates and high dependence of the refractive index on temperature, compared to

the low value of dn/dT for inorganic glasses[4l]. Considering glass substrates, the

conventional method of glass waveguide preparation does not allow the incorporation

of organic materials because of the high temperature involved. The sol-gel method

could resolve this problem which enables the preparation of waveguiding films made

of hybrid organic-inorganic glasses at ambient temperature. Sorek et al. was

successful in developing planar glass waveguide at room temperature by the sol-gel

method [42-43]. They have prepared several glass waveguiding films from titania and

modified silica using sol-gel method doped with the laser dye, Rhodamine B. They

could achieve stimulated emission and spectral narrowing of fluorescence from

rhodamine B doped waveguides with a maximum gain of 54dB/cm. Xiang Peng et al.

have realized ASE wavelength control and tuning in organic dye (DCM) doped

polymethyl methacrylate (PMMA)/silica hybrid material planar waveguide [44]. A

supemarrowing laser spectrum and mirrorless emission are 1'6pOI‘t€Ci from rhodamine

B cored dendrimers at a fluence level of 2mJ/cmz by Otomo et al.[45].

1.4.6 Dye doped optical fibers: Lasers and Amplifiers

Optical fibers play a key role in the fast advancing optical communication

system and information technology. In communication systems conventional wire

cables are being replaced by single mode silica fibers for the high speed data

transmission. Though silica fibers are the first member of this class to be approved

universally, the polymer optical fibers (POP) have already proved their merits and

potentials to be utilized in data communication applications. The high data

transmission bandwidth of POF, the low loss of the graded index POF and its large

core diameter make them very promising in communication systems [46-48].
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The data communication in graded index (GI) POF is carried out at visible

wavelengths because they have low loss regions around 570-690 nrn. Therefore

optical amplifiers, couplers, and optical switches are necessary for GIPOF network.

Laser dyes as a gain medium are powerful candidates for high power light

amplification because of extremely large absorption and emission cross sections. The

availability of different organic dyes makes light amplification possible in the above

wavelength region [46]. Among the various applications possible with dye doped

polymers, fiber amplifiers and fiber lasers are the most studied components.

The first report of optical amplification in dye doped polymer optical fiber

was presented by Tagaya et al.[49]. In their experiment using Rhodamine B doped

gradient index POF, maximum gain of 27 dB was achieved at 591 nm with a short

fiber length of less than 0.5m.This was achieved with a pump power of 690 W and

with a conversion efficiency of 10-15%. Peng et al. had reported the development of

step index polymer optical fibers of good optical quality. Both high gain and high

efficiency optical amplification have been achieved in a rhodamine B doped polymer

fiber[48]. Though lots of work were done in GIPOF as fiber amplifiers, the

commercially available fibers are step index POPs. Recently H.Liang et al. had

developed a preform technique of fabricating step index (SI) POFs and reported

optical amplification using Rhodamine B doped SI POF [50]. A high gain of 23 dB

was achieved for a SI POF with 60 cm length and 400 um diameter. The launched

pump power was l0kW. The signal wavelength providing the highest gain for a 60 cm

SI POF is around 630 nm which is closer to the low loss window of PMMA POF.

Providing the pump power through an optical fiber is an efficient way of

utilizing it. Here the light is well confined in the core area and propagates diffraction

free. Therefore, it is expected that the pump power requirement will be substantially

reduced because of possible long interaction length and small core cross section. The
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reduction in pump power is significant in practical applications since photostability of

solid state gain media is a main concern where higher pump intensity could cause the

quicker degradation of dye molecules. Fiber lasers are quite attractive in this regard.

R. Gvishi et al. had demonstrated a Rhodamine 6G doped sol-gel derived fiber laser

lasing at ~ 568 nm with a full width at half maximum of ~7 nm [51]. Efficient lasing

from commercially available dye doped graded index polymer optical fiber was

demonstrated by Kobayanshi [52]. K. Kuriki et al had fabricated a GI POF containing

rhodamine 6G in poly (methyl methac1ylate—co-2-hydroxyethyl methac1ylate)[53].

Lasing behaviour of the fiber was studied by pumping with a frequency-doubled Q­

switched Nd:YAG laser. A slope efficiency of 43 % and a lifetime of ll0 O00 shots at

a repetition rate of l0 Hz have been observed. With a pump energy of 1.5rnJ, an

output energy of 640 ll J was produced.

1.4.7 Microcavity Lasers

For the high performance of lab-on-a-chip microsystem it requires the integration of

lasers and other active optical components. Compact, efficient, and on-chip light

sources are of considerable interest to use in these systems. In most cases fabrication

of the lab-on-a-chip systems is based on silicon and polymer micro fabrication.

Currently the most commonly used miniaturized laser sources in the visible to infrared

wavelength regions are made from III-V semiconductor crystals. These types of

devices cannot be easily integrated with the silicon or polymer based microsystems.

Microcavity dye laser is a novel technique to solve this problem of integration. Dye

molecules are used as the active medium dissolved in liquid solution or cast into a

solid matrix. The first report of a microfluidic dye laser designed using the standard

micro-fabrication technique is by Helbo B et al. They have successfully designed and

realized a miniaturized liquid dye laser-a microcavity fluidic dyer laser which can be

integrated with the lab-on-a-chip microsystems [54]. Rhodamine 6G dissolved in
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ethanol was the laser gain medium. The micro-fluidic dye laser consists of a micro­

fluidic channel fitted with mirrors forming the laser cavity. The laser dye is pumped

through the Ch8.I1I18l and it is optically pumped by an external laser source. Dye laser

output is emitted vertically from the device. In the design, the micro-fluidic channel

structure is defined in a layer of photodefinable polymer (SU-8).

Later a tunable microfluidic dye laser was fabricated by Helbo et al. in SU­

8[55 ].The tunability is achieved by integrating a microfluidic diffusion mixer with an

existing micro-fluidic dye laser design. By controlling the relative flows in the mixer,

the concentration of the dye in the laser cavity was adjusted allowing the wavelength

to be tuned. In this report lasing wavelength was tuned from 568 -5 74 nm.

Spherical designs of microstructure resonators are also implemented for

compact miniature laser devices. This combines effective coupling of the emission to

the resonator modes within a microstructure and with the resonant modes being ring

modes along the characteristic circumferences In the search for low cost

microfabricated lasers which may find numerous applications in interference based

sensors and lab-on-chip microsystems, polymers are the preferred choice of materials

due to their low cost and easy way of fabrication. A variety of methods have been

demonstrated for the microfabrication of dye lasers. Among the various approaches,

the distributed feedback (DFB) techniques have been proven to be successful in

obtaining single mode lasing. Balslev et al. had reported a solid state single mode

DF B polymer dye laser fabricated by the standard UV lithography in dye doped SU­

8[56]. They have obtained laser emission in the chip plane at 551.39 nm with a

FWI-IM linewidth below I50 pm.

1.5 Fluorescence related applications

Fluorescent dyes and fluorescence spectroscopy are attracting much interest in

the areas of research and development in basic and applied sciences like molecular
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biology, biochemistry, genomics, bioengineering, medical diagnosis and industrial

microbiology. Fluorescent based techniques are now widely used to address the

fundamental and applied questions in the biological and biomedical sciences. This is

due to the high sensitivity of fluorescence detection [57]. Only few biogenic

substances show adequate inherent fluorescence. Therefore fluorescent dyes are used

to tag the substances of interest. In this way it is possible to determine the presence of

molecules such as enzymes, proteins, DNA or antibodies even in a very low

concentration down to single molecules [58]. Molecular methods for the early

diagnosis of malignant disease have been considerably improved by employing
fluorescence.

Multicolor staining with fluorescent dyes is actively used to observe the

distribution of biological materials like proteins in the field of tissue and cell research.

Fluorescence lifetime imaging microscopy is a new technology which can be used to

visualize the factors that affect the fluorescence lifetime of the dye molecules that is,

the state of the environment around the molecule. This technique also makes it

possible to obtain information on the molecules while observing a living cell. The

factors that affect the fluorescence lifetime include ion intensity, hydrophobic

properties, oxygen concentration, molecular binding and molecular interaction. The

extreme selectivity offered by fluorescence measurement is invaluable.

Fluorescence resonance energy transfer (FRET) is another technique which

has found wide applications in biological analysis and biochemistry. The transfer of

energy from a donor to an acceptor is significant only over distances of a few nm.

Hence it can be used as spectroscopic ruler and as a means of detecting molecular

interactions and conformational changes [59]. FRET makes it possible to measure the

interactions between two proteins that are labeled with a pair of fluorescent dyes.

Measurement of energy transfer can provide intra or intermolecular distance data for
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proteins and their ligands in the range l-10 mn. Green fluorescence protein (GFP)

based fluorescence resonance energy transfer is widely used in investigations of

intermolecular and intramolecular interactions in living cells [60]. Extreme selectivity

of fluorescent labels that can target specific organisms opens new methods to resolve

industrially and medically relevant problems in areas such as public health, safety of

foods and environment monitoring.

1.6 Nonlinear properties of organic dyes

Studies of optical materials with large nonlinearity have received increasing attention

of the researchers over the last two decades due to their potential applications in the

area of optical communication, optical data processing, optical limiting, optical

switching and many other related fields. The search for novel materials to realize the

various needs of the photonics world has gained utmost importance. Variety of

materials have been investigated for different NLO applications among which

molecular crystals, semiconductors, organic molecules, liquid crystals, conjugated

polymers and metallic nanocluster materials have yielded good results[6 I ].

Since there are no symmetry requirements to observe third order nonlinearity,

the organic materials are mostly studied for their third order nonlinearity. An intensity

dependent refractive index variation and nonlinear transmission are the signatures of

third order nonlinearity. The applications of organic materials are also classified

accordingly: one which depends upon two photon absorption (TPA) or multiphoton

absorption and the other which utilizes the nonlinear refractive index change.

Materials with large TPA cross section are important for various applications in

photonics and biophotonics like frequency up-conversion for lasers, optical power

limiting, two photon excited fluorescence microscopy and two photon dynamic

therapy [62-63]. Different forms of organic materials are investigated for these two
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applications which include organic crystals, organic dyes, dye doped polymers,

organic composites etc. The dye doped materials form an important class of materials

for use in low power optical devices such as optical power limiters, low power optical

phase conjugated mirrors and optical logic gates. The main attractions of organic

materials are the ease with which these materials can be tailored by structural

modifications and their chemical and optical stabilities.

1.7 Conclusion

The enormous potentials of organic dyes as a laser media are presented in this chapter.

The various laser systems developed over the years and the developments and

modifications achieved in device forms to satisfy the various needs of the photonics

era are briefly discussed. The availability of a good number of organic dyes, the ease

with which structural modifications can be made and the compatibility of dyes with

many solid state host materials make the field wide open for further research. The

scope of fluorescence dyes in the fields of biochemistry, molecular biology and

diagnostics is also highlighted. Yet another field, the nonlinear optical properties of

dyes, which could be tailored for different photonics applications, is also discussed

very briefly.

1.8 Present work

Observing the wide possibilities of fluorescent dyes, an exhaustive investigation is

done in laser dyes mainly focusing on Coumarin 540 which has a very strong

emission in the green region. The photophysics of the dye is studied in detail in a good

number of solvent environments. The results of the amplified spontaneous emission

and lasing behaviour in both dye solution and different polymer solid state matrices

and the ptotostability of the these matrices are investigated using the photoacoustic
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technique and the same are also included in this thesis. The energy transfer behaviour

in dye mixtures which could be utilized for laser studies and bio-analysis are also

presented. The nonlinear characterization of C0umarin540 forms the last part of the

experimental investigations presented in the thesis.
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Chapter 2

Photophysical, ASE and Lasing

Properties of Coumarin 540

“Ifwe linow wfiat we were doing it woufcfn ’t 6e researc/i ”.
95z'n.stez'n

Abstract

The results of a detailed investigation of the various photophysical properties of

Coumarin 540 laser dye in various solvent environments are reported. The effect of

solvents on the quantum yield, lifetime, radiative and nonradiative decay rates,

stokes’shift etc. is analyzed. Amplified spontaneous emission exhibited by the dye

solution in methanol is studied in terms of excitation length and pump energy. Coumarin

540 dye solution contained in a quartz cuvette exhibits laser emission with well-resolved,

equally spaced modes which originates from the subcavities formed between the walls of

the cuvette. While the quantum yield remains a decisive factor, a clear correlation between

the refractive indices of the medium which determines the reflectivity at the end faces of

the cuvette, and the number of modes exhibited by the emission spectra of the respective

samples has been demonstrated.

2.1 The Photophysics of Laser dyes

The significant properties of organic dyes which make them very attractive in

the photonics world of application are the large absorption and emission cross sections

which they exhibit in the visible part of the spectrum over a wide range of

wavelengths. They constitute a large class of polyatomic molecules containing long
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chains of conjugated double bonds. The large absorption cross section 0'0 is due to the

presence of large dipole moment u originating from the rt electrons of carbon. These rt

electrons are free to move over a distance roughly equal to the chain length L. Since

the chain length L is quite large, correspondingly }.L is also large. The absorption cross

section 0'“ which is proportional to if is of the order of l0"6cm 2 [I]. Compounds

with conjugated double bonds absorb light at wavelengths above 200 nm. The large

number of conjugated double bonds present in organic dyes also increases the

absorption in the visible part of the spectrum [2]. The dyes display strong broadband

fluorescence spectra under excitation by visible or UV light. With different laser dyes

the overall spectral range extends from 300 nm to 1.2 /J rn.

2.1.1 Energy level diagram

The photophysics of laser dyes can be well explained by considering the

energy level diagram. A schematic energy level diagram for laser dyes is shown in

Fig.2.l. It consists of singlet states S0, S1, S; ...etc. with total spin zero and triplet

states T0.T1...ete. with total spin one. Each electronic level has a manifold of

vibrational states due to the many internal degrees of freedom of a complex molecule.

Even more finely spaced are the rotational sublevels of each vibrational state. The

total manifold of states is so dense that the absorption and emission spectra of a dye

forms a continuum. Following light absorption, a sequence of different processes

occurs. Optical excitation occurs in the singlet manifold. A fluorophore is usually

excited to some higher vibrational levels of either S1 or S2. From these excited states

they can relax to lower energy states through internal conversion or intersystem

crossing. Intemal conversion is the radiationless process by which a molecule
transfers itself from one electronic state to another electronic state of the same

multiplicity or within the same electronic state while in intersystem crossing the

energy transfer occurs between electronic states of different multiplicity. The rate of
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intemal conversion between excited singlet states is extremely high, of the order of

I0“-1013 s'l and consequently the lifetimes of upper excited singlet states are very

short ( l0‘“-10'” sec.). The deactivation to the S1 state takes place before any radiative

transitions or photo-reactions involving the upper state can take place. The lowest

vibrational state of SI decays to the ground state by radiative emission or by the

nonradiative pathway of internal conversion and by intersystem crossing to the triplet

manifold. Normally the radiative emission is between the lowest level of S1 and the

various levels of the S0 state. The transition from the excited singlet state to the

ground state is quantum mechanically allowed as this does not require a change of

spin orientation. The lifetime of this fluorescence emission is typically a few

nanoseconds. Intemal conversion is generally complete before this emission.
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Intersystem crossing between the singlet and triplet state is spin forbidden.

Though the transition from S1 to T1 is radiatively forbidden, for organic dye

molecules, the interaction of electron spin and orbital motion leads to inter system

crossing. Radiationless transfer can also occur by extemal perturbations like

collisions. The rate constant [C57 of intersystem crossing usually occurs at a much

lower rate(~ 107 s'.I). Since the triplet — singlet transition is spin forbidden, the lifetime

of the triplet state is large. While the molecule is in the lowest level of T1 , it can also

absorb radiation and optically allowed T, to T; transition may occur. This absorption

tends to occur in the same wavelength region where fluorescence emission occurs and

this may even quench the laser emission [3].

The rates of internal conversion and intersystem crossing processes are

dependent on the energy separation between lowest vibrational levels of the states

involved; the larger the separation, the slower the rate. The large energy separation

between the lowest vibrational levels of S1 and S0 states and T; and S0 states reduces

the decay rate of the S1-S0 intemal conversion and T1-S0 intersystem crossing which is

of the order of 106 to l0‘2s" and l0‘2 to 106 s" respectively [4-5]. The decay from T1

to S0 state can be radiative or nonradiative and is termed as phosphorescence when it

is radiative.

The process of dye fluorescence must compete with nonradiative decay of

excited states by internal conversion to the ground state or by intersystem crossing to

the triplet state. The long lifetime of the triplet state of the dye not only allows buildup

of a species that may be chemically reactive but also provides a competitive absorber

at lasing wavelengths. There is also a possibility of further excitation from the S1

manifold to higher-lying singlet states. However, the cross section of the excited state

absorption is I00 times smaller than that for ground state absorption [6].
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2.1.2 Absorption and fluorescence spectral characteristics

The absorption spectra of organic dyes have a large spectral Width which usually

covers several tens of nanometers. In the general case of a dye molecule which

consists of a large number of atoms, many normal vibrations of different frequencies

are coupled to the electronic transition. The collisional and electrostatic perturbations

caused by the surrounding solvent molecules further broaden the individual lines of

such vibrational series. Every vibronic sublevel of electronic state has been further

superimposed by rotationally excited sublevels. These are highly broadened by the

frequent collisions with the solvent molecules and there is a quasi~continuum of states

superimposed on every electronic level. Thus the absorption is practically continuous

all over the absorption band. The same is true for the fluorescence emission

corresponding to the transition from the electronically excited state of the molecule to

the ground state. This results in a mirror image of the absorption band displaced

towards higher wavelengths [3-4].

2.1.3 Solvent effect on fluorescence spectra

It has been shown that solvents play a decisive role in laser dye photophysics. The

active medium of dye laser consists of typical organic dye concentration of l0'2 -l0'5

M dissolved in a certain solvent. For this reason the dye solvents have a major role in

the design of dye lasers. Lasing wavelength and energy are very sensitive to the

choice of solvents. The interaction between the solvent and the fluorophore molecules

affects the energy difference between the ground state and the excited states. This

energy difference is attributed to the refractive index n and the dielectric constant e of

the solvent and is described by the Lippert equation
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_ _ ~2 5-1 n2—~l (,u'~—,u)2
V“"v’:hcl2@+1_2n2+1l at +00%!‘ (2.1)

Here h is the Planck’s constant, c is the speed of light, u*—u is the change in

dipole moment and a is the radius of the cavity where the fluorophore resides. The

wave numbers in cm'1 of the absorption and emission are 170 and Ff respectively and

the difference between them is the Stoke’s shift [3].

Most laser dyes are polar ones and excitation into their low lying excited

singlet state will be accompanied by an increase in the dipole moment. The solvent

polarity have a decisive role in shifting the lasing wavelength. In most of the cases,

increasing the solvent polarity will shift the gain curve towards the longer wavelength

side which is known as the Stoke’s shift. In high polar solvents the shift can be as high

as 20-60 nm. Some solvents cannot be used in the longer wavelength side due to

vibrational overtones of the solvents which will interfere with the lasing process.

Solvents like water, methanol and ethanol which would appear optimal solvents for

many dyes are not useful for the near-IR and IR dyes [2, 4].

2.1.4 Stoke’s shift and solvent polarity function

The Stoke’s shift is a property of the dielectric constant (8) and refractive index (n) of

the solvent. They have opposite effect on the Stoke’s shift. An increase in n will

decrease this shift, whereas an increase in s results in an increase in the shift. These

different effects are a result of F rank- Condon principle. An increase in n allows both

the ground and excited states to be stabilized instantaneously by movements of
electron within the solvent molecules. This electron redistribution results in decrease

in energy difference between the ground and excited states. An increase in e also

results stabilization of the ground and excited states. However, the energy change of
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the excited state occurs only after reorientation of the solvent dipoles. The Stoke’s

shift is related to the orientation polarizability term Af which is also known as solvent

polarity function which is given by

6-1 n2—lA = — 2.2f (25+l Znz +1) ( )
The first term accounts for the spectral shifts due to both reorientation of the solvent

dipoles and to the redistribution of the electrons in the solvent molecules. The second

term accounts only for the redistribution of the electrons. The difference of these two

terms accounts for the spectral shifts due to reorientation of the solvent molecules.

Thus only solvent reorientation is expected to result in substantial Stoke’s shifts [3].

2.1.5 Fluorescence quantum yield

The fluorescence quantum yield is the ratio of the number of photons emitted to the

number of photons absorbed by the sample.

photonsem<1> = i (2.3)
photonsabs

The quantum yield (D can also be described by the relative rates of the radiative and

nonradiative decay pathways, which deactivate the excited state.

lcCD = ——’i (2.4)
1;, + Z/<,,,

where k, is the emissive rate of the fluorophore and kn, is the rate of radiationless

decay. Here Zkn, describes the sum of the rate constants for the various processes that

compete with the emission process. These processes include photochemical and

dissociative decays, where the latter includes nonradiative transitions namely
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intersystem crossing and internal conversion. The rate constants k, and k,,, both

depopulate the excited state. Quantum yield gives the probability of the excited state

being deactivated by fluorescence rather than any other nonradiative mechanism. The

important competition between dye fluorescence, intersyatem crossing and internal

conversion is reflected in quantum yields. Laser dyes show a high quantum yield for

fluorescence emission. (Rhodamine 6G ~0.95)[5-6].

2.1.6 Fluorescence lifetime

The lifetime of the excited state is defined by the average time the molecule spends in

the excited state prior to return to the ground state which is denoted by 1:. The lifetime

of the fluorophore in the absence of nonradiative processes is called intrinsic lifetime

1

or natural lifetime and is given by 2'0 = }c— (2.5)
This leads to the relationship for quantum yield

<1: = 3- (2.6)
To

The quantum yield is the fraction of the excited fluorophores which decay by emission

(k,) relative to the total decay (k, +k,,,) and thus by the ratio in equation 2.4. The

lifetime of a fluorophore is determined by the sum of the rates which depopulate the

excited state. In the absence of other quenching interactions, the lifetime is given by

T = (kr + km)" (2-7)
The lifetime of a fluorophore is increased or decreased by the change in the value of

k,,,. Almost invariably, the lifetimes and quantum yields increase or decrease together

[7]. The lifetime 1' alone is insufficient to distinguish changes in radiative rates from

changes in non radaitive rates. Measurements of fluorescence quantum yields are
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needed to distinguish the two contributions. The radiative rate k, and the nonradiative

rate k,,, are calculated by the equations

k,=9r
l — (Dkn, = Ll (2.8)

1'

Of course kn, represents the sum of different processes.

2.2 Structure of Coumarin 540 (C 540)

Coumarin derivatives with an amino group in the 7-th position are very efficient laser

dyes in the blue-green regions of the spectrum. Coumarin 540 is 3-(2-Benzothiazolyl}

7-diethylaminocoumarin (C 540) whose molecular structure is given in Fig.2.2

Substitution of coumarin with an amino group in the 7“ position generates a

merocyanine chromophore characterized by the conjugation of push pull substituents

(amine electron donor and carbonyl (C=O) electron acceptor groups). This pattern of

substitution gives rise to an intramolecular charge transfer (ICT) transition for which

there is large oscillator strength for absorption (S0-S1) and a high rate of fluorescence

emission. A much higher dipole moment is predicted for S1 [2]. The details of the

investigations carried out on the photophysical properties of the laser dye C 540 along

with its lasing characteristics are given in the following sections.

SQX\ N
C2H5\If O O

CzHs

Fig 2.2 Molecular Structure of Coumarin 540 (C1QH13NQO2S)
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2.3 Experimental details

2.3.1 Absorption and fluorescence spectra

The photophysical properties of Coumarin 540 are investigated in detail in different

solvent environments by selecting 10 different solvents which comprise of polar

protic, dipolar aprotic and nonpolar solvents. Laser grade Coumarin 540 is obtained

from Exciton. All the solvents used for the experiments are of spectroscopic grade.

The absorption and fluorescence spectra are recorded using UV-VIS
spectrophotometer (Jasco V-570) and Cary Eclipse spectrofluorimeter respectively.

The typical form of absorption and fluorescence spectra of the dye Coumarin 540 in

three different solvents is given in Fig.2.3 and Fig.2.4.
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Fig.2.} Absorption spectra of C 540
in dioxane, ethanol and
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Fig.2.4 Fluorescence spectra
of C 540 dioxane, ethanol and
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Both the absorption spectra and fluorescence spectra exhibit wavelength shift with

solvent polarity and the St0ke’s shift is also different correspondingly. Since

absorption is a property of the ground state and fluorescence that of the excited state

with greater dipole moment, both the shifts ‘need not be the same. For a better

comparison, the solvent polarity function is calculated taking dielectric constants and

refractive indices of pure solvents from literature. The absorption and emission

maximum in different solvents are included in Table 2.1. Fig 2.5 shows the Stokes’s

shift vs Af. Three different regions are observed in the plot. Almost a linear relation is

found for dipolar aprotic solvents. For polar solvents and dipolar aprotic solvents with

high polarity, there is significant red shift in the fluorescence maximum. Upon

excitation, the dipole moment of the dye molecule is increased and the dipole —dipole

interaction between the solvent and solute molecules will result in the reduction of

excited state energy. It is reported that coumarin dye may be quite polar in nature both

in the ground and excited states due to the planar intramolcular charge transfer (ICT)

state [8-10]. For the non-polar solvent toluene, a deviation is observed from the linear

behavior and a blue shift is observed in the peak value of absorption and fluorescence

compared to the observed values in other solvents. In nonpolar solvents, the dye may

not exist in the polar [CT structure. It is known that the coumarin derivatives prefer to

exist in nonpolar structures in nonpolar solvents. Since the dye molecule is much less

polar in nature in comparison to the polar ICT structure of the dye, a less value is

expected for Stoke’s shift in toluene. But the plot of Stokes’ shift vs Af shows a

comparatively high value. The deviation in the Stokes’s shift of the dye is attributed to

a conformal change for the dye molecule at its 7-NEt2 group in nonpolar solvents. It

is inferred that C 540 exists in a non polar structure, when the 7-NEt2 groups adopts a

kind of pyramidal conformation [10-14].
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2.3.2 Quantum yield measurements

The most reliable method for recording (D is the comparative method of Williams et

al. which involves the use of well characterized standard samples with known (D

values [15]. Here, the assumption made is that the samples with identical absorbance

at the same wavelength can be assumed to absorb the same amount of photons. Hence

a simple ratio of the integrated fluorescence intensities of the two solutions will yield

the ratio of the quantum yields. Knowing the (D of the known sample, the (D value

for test sample can be calculated. The quantum yield of the test sample is calculated

from the following equation

Grad T72<I> = <I> ( ">e~;*:> <19)
X ST Grads?" 77sr
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where the subscripts ST and X denote the standard and test samples respectively, (D is

the fluorescence quantum yield, Grad is the gradient from the plot of the integrated

fluorescence intensity vs absorbance and n is the refractive index of the solvent.

Initially two standard COmpOUI1dS are cross calibrated using the above equation.

For the quantum yield measurements, the absorbance of the samples is

determined by taking the samples in a quartz cuvette with l cm path length. While

recording the absorption spectra care is taken to keep the absorbance of all the

samples below 0.1 in order to minimize the effect of re-absorption.

180
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Fig.2.6 The fluorescence intensity for various
absorbance of c540 (A<0.l cm”) in DMSO

used for Quantum yield calculation.

Rhodamine 6G in ethanol is taken as the reference sample for which the

quantum yield is 0.95[16]. For cross calibration, Rhodamine 6G and Rhodamine B in

AI
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ethanol are taken as the standard samples. Quantum yield of each sample is calculated

relative to the other and values of 0.95 :1: 0.01 and 0.65 i 0.015 are obtained which are

in quite match with the literature values of 0.95 and 0.65 for Rh6G and RhB

respectively [16]. For the reference sample and test samples the excitation wavelength

of choice is 485 1'Llf1'1. For all the fluorescence measurements, the absorbance is selected

as quite low (<O.l) at the excitation wavelength. The fluorescence spectra for C 540 in

DMSO for different absorbance are given in Fig.2.6. Correction for the background

fluorescence of the solvent is done by subtracting the emission spectrum of the solvent

from the emission spectrum of the sample and the corrected emission spectrum is used

for calculating the area under the curve.
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Fig.2.’? Linear plots for emission intensity of dye in two solutions
a)Ethanol b) MEK C) Reference sample Rh6G in ethanol

The quantum yield of C 540 in different solvents are calculated by plotting the

emission intensity vs absorbance which is obtained as straight lines passing through

/1")
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the origin (Fig.2.7). Fluorescence quantum yields estimated for the dye in different

solvents are listed in Table 2.1. Though there is no well-established theory to correlate

(D and Af, a linear relationship is found between (D and Af with some exceptions. The

quantum yield of the dye is found to be very high in highly polar solvents which

approach unity in ethanol. A clear deviation in (D is observed for non polar solvents

which are much less than the value in polar solvents.

index 7tm(nm) km(nm)
A if Solvent i Polarity Aibsorptidn Emission  ¢ W

Toluene

Dioxane

Butyl acetate

Dichloromethane

Cyclohexanone

Dimethyl sulphoxide

Methyl ethyl ketone

Dimethyl formamide

Ethanol

Methanol

2.4 440
4.8 452
3.9 452
3.4 461
4.5 462
6.5 469
4.5 458
6.4 464
5.2 456
6.6 458

483

486

487

498

500

509

497

505

501

506

0.7610015

0.8¢0.02

0.85¢0.0l5

0.98¢0.02

O.97:i:0.0l5

0.965=0.01

O.97:t0.0l 5

0.941002

O.99s=0.0l5

0.9l:i:0.0l

Table.2.l Solvent effect on different decay parameters
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2.3.3 Lifetime measurements

Fluorescence lifetime measurements are taken using a time-correlated~single -photon­

counting spectrometer (IBH-datastation-UK) with 440 nm nano LED as an excitation

source. Instrument response function for the setup is ~20O ps at FWHM with a

repetition rate of lMHz. For all the solvents studied, the fluorescence decay curves are

found to be double-exponential. For data fitting, the X2 values are close to unity and

the distribution of the weighted residuals is quite random among the data channels.
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Fig.2.8 Fluorescence decay curves of dye in two solvents
a)reference b) toulene c) ethanol

The fluorescence decay values estimated for different solvents are given in

Table 2.2. The lifetimes of the dye are comparatively high for solvents in which the

quantum yield is high. Fig.2.8 shows the decay curves for the dye in two sample
solvents.
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In order to understand more about the de-excitation process, the radiative and

nonradiative rate constants for the excited state of the dye are calculated using the

relations

k, =CD/2'

kn, = (1/z')—(<D/2") (2.10)
The k, and km values estimated for the dye in different solvents are given in Table 2.2

The radiative rates are found to be comparatively high for the dye in solvents which

exhibit high quantum yield. On the other hand for solvents having less quantum yield,

the nonradiative rates are found to be high. Usually the radiative rates are not much

different since these rates depend on the extinction coefficient of the dye.

Solvent 3 1; k, 2 8 km­
(115) (ns'l) (ns'1)

Toluene 2.4 3.06 0.248 0.078
Dioxane 2.2 3.1 0.258 0.064

Butyl acetate 5.1 3.13 0.272 0.048
Dichloromethane 9.1 3.32 0.295 0.006
Cyclohexanone 18.2 3.2 0.303 0.009

Dimethyl sulphoxide 47.2 3.1 l 0.308 0.013
Methyl ethyl ketone 18.5 3.3 0.294 0.009
Dimethyl formamide 38.3 3.14 0.299 0.019

Ethanol 24.3 3.41 0.290 0.0029
Methanol 33.1 3.2 0.284 0.028

Table.2.2 Solvent effect on different decay parameters
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Life time changes are usually caused by changes in the nonradiative rates

resulting from the additional decay routes possible in the solvent environments. The

nonradiative rate is found to be high for the dye in nonpolar solvent toulene whose

dielectric constant is 2.4. High nonradiative decay rates are also observed for dye in

dioxane and butyl acetate whose dielectric constants are low compared to other

solvents (2.2 and 5.1 respectively). A higher value of 1: will result in stabilization of

the ground and excited states of the dye molecule which may increase the quantum

yield [3].

2.4 Photochemical effect

The effect of molecular structure of coumarin derivatives with an amino group in

position 7 and the nature of the solvent on the solute/solvent interactions have

attracted much attention. The formation of specific hydrogen bonds between coumarin

dyes and protic solvents has been considered to explain the spectral shift and internal

conversion process. The photochemical aspects of C 540 have been investigated by

many researchers. The photochemical reactivity of C540 in halomethane solvents,

owing to their physiochemical properties, is also studied upon radiation at 254 nm

[l7]. Here, we report the photochemical reactivity of C 540 in dichloromethane and

chloroform under pulsed excitation at a wavelength of 475 nm.

C 540 dye undergoes a photochemical reaction in these two solvents.

Absorbance of the dye solution in the two solvents is taken after irradiating the

samples for different time durations which varied up to 3Omts. As the time of

excitation increases, a decrease in absorbance is observed for both of the samples with

the generation of a new band at higher wavelengths. The intensity of the new band

increases with increase in the time of irradiance as shown in Fig.2.9 A and B. For the

dye in chloroform, as the time of irradiation increases to 30 mts, a reduction in
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absorbance of the new band is observed. This is due to the low stabilization of the

excited species by the less polar CHC13. Fig 2.9-e shows the reduction in intensity of

absorption of the new band which corresponds to an excitation time of 30 mts.
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Fig.2.9 Absorption spectra of C 540 after excitation for different timings.
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The photoreaction observed in the chloromethanes can be explained in terms of an

intermediate exciplex formation. The excited state of aromatic carbons is expected to

be involved in a charge transfer interaction with chloromethane through exciplex

formation. The intensity of the new band is found to be more in dichloromethane. Due

to exciplex formation, the compound exhibits different emission characteristics. The

chloromethanes are strong hydrogen bond donors (HBD) and form hydrogen bonds

with tertiary amines. The HBD ability of CCli is less compared to CHQCIZ. The

hydrogen bond formation becomes stronger in the excited state of CH2C12 due to

increasing basicity of the excited dye [17].
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The photochemical reactions in dichloromethane and chloroform are found to be

reversible to some extent. We have taken the absorbance of the dye in the above two

solvents two days after the excitation (Fig.2. 1 O A & B).The intensity of the new bands

formed by the photochemical reaction have been observed to die out strongly. It is

reported that due to the photoreactivity of C 540 in chloromethanes, a C 540 radical

cation along with a chloride ion is formed as the end product [17]. This photoproduct

is thermodynamically less stable. When the beam of excitation is cut off, two or more

C 540 radical cations will exothermally react together to form a more stable dication

or dianion. The absorbance of these more stable intermediate products in the two

solvents is shown in fig.2.lO A & B. The new band with a small red shift in

absorbance is found to be a stable one. The absorbance of the dye solution taken after

one month does not exhibit any noticeable variation. The end product of the

photochemical process exhibits a red shifted fluorescence.
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2.5 Amplified spontaneous emission (ASE)

2.5.1 Introduction

Amplified spontaneous emission is a phenomenon readily observed in organic dye

solution when the sample is excited by intense light pulses. The spontaneously emitted

light is amplified through a single pass in the gain medium by stimulating the

emission of more photons as it travels down the length. The favorable condition for

strong ASE is a high gain medium combined with a long path length in the active

material. This usually occurs in a gain meditun with long path length either by intemal

multiple reflections or extended medium [18].

The shape of the medium can impose a preferred direction on the radiation it

emits. As shown in Fig.2.ll the spontaneous emission along the long axis may

experience a large amplification than that in the other directions producing a beam of

ASE with a divergence angle depending on the length of the amplifier. This

divergence is related to the length of the amplifier by the relation L/a which is also

refereed to as the aspect ratio. The power emitted as fluorescence increases rapidly

with gain. As the pump power increases ASE becomes the dominant mechanism. At

that point, an intense emission within a solid angle Q around the axis of the active

material is observed from each end of the rod where Q = a/L2 . Here L and a are the

rod length and the cross sectional area respectively. As a result of refraction at the end

faces, the geometrical aperture angle of the material will increase by n2Q. As the

length of the gain medium increases, the divergence angle decreases and the output

beam becomes highly directional (Fig.2. 12).
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2.5.2 Features of ASE

In contrast to spontaneous emission, ASE possesses certain distinctive

features of laser emission such as directionality, spectral narrowing, limited

coherence, reduced pulsewidth, a soft threshold, intense beam and saturation of gain

[19]. It is highly directional since ASE will build up in the direction of largest gain

which is the direction of propagation. ASE accelerates the decay and shortens the

output. The gain is the strongest at the wavelength where the cross section for

stimulated emission is highest. This leads to narrowed spectral width. The ASE

threshold behavior arises from the saturation .If the traveling wave becomes strong

enough to extract all the stored energy (ISM), the output grows linearly with the pump

power as observed in as ordinary laser. Since the ASE shows features of laser

emission to some extent even in the absence of any extemal cavity, it is also known as

a mirriorless lasing.

2.5.3 Experimental details to study ASE

The amplified spontaneous emission is studied in Coumarin 540 dissolved in

methanol. The concentration chosen for the present study is 4xl0'4 M. The ASE

studies of the dye solution are conducted by taking the sample solution in a quartz
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cuvette of l cm xl cm x 3 cm dimensions. The emission spectra are recorded by

exciting the sample with 476 nm radiation at which the sample has good absorption.

The pump beam is taken from a Quanta Ray MOPO (MOPO 700) pumped by Q­

switched Nd:YAG laser which emits pulses of 7 ns duration at 355 run and at a

repetition rate of 10 Hz. A cylindrical lens is used to focus the pump beam in the

shape of a stripe on the sample. Due to the high absorption cross section of the dye

solution, the pump beam is fully absorbed by the front layer of the sample and it

creates a stripe like excited gain medium. A vertical slit is incorporated in the path of

the beam between the cylindrical lens and the sample so as to vary the stripe length on

the sample. In the present case it is adjusted to a pump beam width of 7 mm. The

output is collected from the edge of the front surface of the cuvette using an optical

fiber in a direction normal to the pump beam. The emission spectra are recorded with

Acton monochromator attached with a CCD camera (Fig.2.13). The emitted beam

from the edge of the cuvette is so strong and highly directional that we could collect it

even without any focusing.

C 540 dye solution476 nm

Fig.2.l3 Experimental set up to study ASE from C 540dye solution
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To study the nature of emission from the dye dissolved in methanol, the

emission spectra are recorded for various pump intensities starting from 45 kW/cmz

keeping the excitation length of the beam as 7 mm. For a pump intensity of 45

kW/cmz, the fluorescence spectrum recorded is highly broad with a spectral width of

33 nm. With the increase in pump intensity, the fluorescence emission spectra become

narrow and give amplified spontaneous emission (ASE). With a pump intensity of 64

kW/cmz, ASE is observed with a spectral width of 8.3 nm. Fig 2.14 shows the spectral

narrowing of the emission spectra with pump intensity. The minimum spectral width

obtained from the dye in methanol is 6.2 nm for a pump intensity of 95 kW/cmz.
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2.6 Laser Emission from dye solution

When the pmnp intensity is increased beyond 95 kW/cmz, a periodic modulation

structure is observed in the emission spectrum. At higher pump intensities, well

resolved equally spaced resonant modes are observed which could be attributed to

highly directional _1aser emission (Fig.2.l5). Occurrence of similar resonant modes

was reported by Yokoyama et al. [20] in a dye medium added with dendrimers. By

encapsulating the dye, the dendrimer reduced the self aggregation and molecular

quenching of the dye at higher concentrations and thereby increased its gain. They had

related the spacing of the modes to the penetration depth of the beam in the medium.

In order to verify the validity of this explanation, in our investigations, the emission

spectra are recorded for various concentrations of the dye ranging from Ix 104 to

8 x 104 M which corresponds to different penetration depths. The same mode

structure is repeated with more or less equal spacing and a red shift in the spectra.

(Fig.2.l6).This confirms that the mode spacing is not directly related to penetration

depth.
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Further investigations are done by changing the excitation length of the pump

beam. For a dye solution of concentration 4x104 M and pump intensity of 150

kW/cmz, the emission spectra showed the features of ASE for an excitation length of 2

mm. The spectral width is again around 7 nm for this length but when the excitation

length is further increased, the narrowed spectrum showed well resolved resonant

pe&l(S with equal spacing.
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For higher excitation lengths, the modes become prominent with very high

output intensity. The emission spectrum observed in the dye dissolved in methanol for

an excitation length of 4 mm is exactly similar to the one observed for an excitation

length of 7 mm ( Fig.2.l5). An increase in pump intensity resulted in the same mode
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structure with the same mode spacing. However the less prominent modes increased

in their strength at higher pump intensities.

The occurrence of mode structure from dye solution was also reported by

Guang S et al. where the laser emission was attributed to the Fresnel reflection

feedback from the two parallel optical windows of the cuvette [21]. Considering the

two surfaces of the windows and the gain medium, a multi-cavity structure can be

formed between the two plane parallel walls of the cuvette. (Fig.2. 17). The resonant

conditions for the four subcavities formed between the two windows can be written as

2[nL+ n’ (l|+l;)] = K1 7t

2nL = K; 2.

2(nL+n’l2) = K3 7L

2(nL+n’l1)= K4 7t (2.11)

I I ii?‘--i
Q _ _ - —_lfi__-_ fir
................................................................... ..

(3)

2:1: (3) 11:;
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .iii EH <~I I n
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Fig.2. l 7.Subcavities formed between the
walls of the cuvette

55



Chapter 2

where L is the length of the dye medium, n’ is the refractive index of quartz, Z1 and

lg are the thickness of the two parallel windows of the cuvette, n is the refractive

index of the gain medium and K|,K;,K3 and K4 are arbitrary integers [21].

The resonance condition providing the widest spectral periodicity is obtained by the

subtraction of the last two equations.

2n’ (lg-Z1) = K 7t (2.12)
where K = (K3-K4)

This equation is equivalent to the maximum transmission condition of a Pabry-Perot

etalon. Thus the partial reflections from the windows of the cuvette produce the effect

of a Fabry-Perot etalon and provide the optical feedback necessary for laser emission.

For the lasing spectrum the wavelength spacing between the different modes is given

by

A 7t = 18/ 2n’ (1,-1,) (2.13)

where 7t is the average lasing wavelength. Substituting for refractive index of quartz,

n’ as 1.46, the average lasing wavelength 7t as 515 nm and the mode spacing A K

obtained from our studies with a cuvette of 1 cm pathlength as 1.62 nm, lg-11 is

estimated as 56 pm. In order to check the validity of the above conclusion, the

thickness of the windows is accurately measured using a microscope with a CCD

monitor and a micrometer and the Z3-Z1 value is found to be around 50-60 um at

different positions of the cuvette which is in close agreement with the observed value.

To confirm this result, emission spectrum of the same dye solution in a cuvette of

pathlength 0.5 cm is taken. Fig.2.l8 shows the mode structure observed with a

different spacing of 0.92 nm. Substituting for the peak emission as 514 nm, the

thickness difference (I2-Z1) of the parallel walls is obtained as 98 um. The measured
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value of (Z;-Z1) for this 0.5 cm cuvette is ~l0O um which confimis the existence of a

Fabry-Perot optical cavity effect due to the reflections from the walls of the cuvette.

The incidence angle of the pump beam is varied in order to check whether the

deviation from the cavity axis could remove the mode structure. In contradiction to

the previous report, we could still observe the mode structure when the cuvette is

tilted to a certain angle from the direction of incidence [20, 21]. Due to the high gain

of the dye medium, even a portion of the reflection from the windows along the cavity

axis is sufficient enough to produce the lasing of the cavity.
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Fig.2.18 Laser emission spectrum of dye solution
in a cuvette of 0.5cm. Mode spacing 0.92nm

2.6.1 Solvent effect on laser emission

In the second part of the study, the features of the mode structure are employed to

investigate the effect of solvents on the laser emission of the dye. Detailed

investigations are done with ten solvents whose photophysical properties are already
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studied in the first part of this chapter. Both polar protic and dipolar protic solvents

exhibited very high quantum yield. C 540 dye in ethanol has a quantum yield of ~ l

and toluene which is a nonpolar solvent gives the least value of 0.76. Though a direct

correlation between (D and polarity could not be observed, generally the (D values are

found to be high with solvents of high polarity.

The emission spectra are recorded for all the solvents with a fixed dye

concentration of 4x10'4M. All the experimental conditions remained the same

throughout the investigations. Interesting results are observed and these show a

correlation between the quantum yield of the dye in different solvents and the mode

structure observed due to cavity lasing. With ethanol, which has a quantum yield of ~

l, the emission specturn has 12 modes with a total spectral width of 7 nrn (F ig.2.19).

With methyl ethyl ketone (MEK) having a quantum yield of 0.97, the spectral width is

5.6 nm with number of modes equal to 9 (Fig.2.20). For butyl acetate with a quantum

yield of 0.85, the number of modes is reduced to 5 (Fig.2.21). In the case of toluene

with a quantum yield 0.76, no mode pattern is observed .Toluene gives only an ASE

spectrum with a total spectral width of 3.4 nm (Fig.2.22). The dye medium is found to

be sensitive to the polarity of the solvent in its nature of laser emission. In general,

the gain of the medium increases with increase in polarity. But the laser emission is

observed to be high in ethanol which is less polar compared to methanol. Table 2.3

gives a comparison of solvent polarity, refractive index, quantum yield and number of

modes observed in the emission spectrum.
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Though Table 2.3 shows correlation between number of modes and the

quantum yield of the dye in different solvents, some discrepancy is noticeable in the
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case of a few high polarity solvents. In the case of DMF, the number of modes is less

and for DMSO, no laser emission is observed though both of them have high quantum

yields. Cyclohexanone also shows the same result which is a less polar solvent. All

these solvents have a comparatively high refractive index which is close to the

refractive index of quartz. The reflection coefficient of the surfaces is also an

important parameter in determining the lasing threshold. For a gain medium in a

resonator cavity with length L and end face reflectivities R1 and R2, oscillations will

build up when the loop gain RIRQ exp(2gL) >l[l8]. The reflectivity at the end face is

given by
1'1R =  (2.14)1 +n2

Solvent Niaturel Polarity 1 Relillindeiti Q3.yield N1o.of Ri(l0'5ndex modes_UI
Ethanol

Dichloromethane

Methyl
ethyl ketone

Metahnol

Butyl acetate

Dimethyl
formamide(DMF)

Dioxane

Toulene

Dimethyl
su1phoxide(DMSO)

Cyclohexanone

PP

dap

dap

PP

dap

dap

dap

HP

dap

dap

5.2 1.36
3.4 1.42
4.5 1.376
6.6 1.326
3.9 1.394
6.4 1.431
4.8 1.42
2.4 1.494
6.5 1.478

0.99

0.98

0.97

0.91

0.85

0.94

0.8

0.76

0.96

4.5 1.45 .97

127
10

9

7

5

4

3

125.7

19.29

87.7

231.3

53.4

10.06

19.29

13.24

3.75

1.18

Table 2.3 Comparison of polarity, quantum yield, refractive index and number of
modes for different solvents. pp-polar protic, dap-dipolar aprotic , np - nonpolar
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The absence of lasing modes in the above solvents can be attributed to the

reduced value of the reflection coefficients. For example, cyclohexanone with a

refractive index of 1.45 acts as an index matching medium yielding a negligible

reflection coefficient ( R= l.l8lxl0'5 ) and laser emission is not observed with such a

small feedback. In the case of ethanol, where the difference in refractive indices is

comparatively large giving R = l25.7xl0‘5, a good lasing spectrum is obtained at a

low threshold pump beam energy. lt is also to be noted that dichloromethane with its

rather low reflection coefficient of l9.29xl0'5 exhibits a comparatively large spectral

width and a good number of modes, presumably due to its high value of (D. For a

comparison, the reflectivity at the end faces for different solvent media is also

included in Table 2.3. The lasing behaviour of the gain medium is explicit from the

nature of the emission spectrum observed. A correlation is explicit between the gain

of the lasing medium in different solvent environments and the spectral width of

emission and correspondingly the mode structure exhibited by it.

As we have seen earlier, C 540 dye in dichloromethane is photochemically

reactive. Exciation for a short duration will certainly reduce its quantum yield.

Naturally we could expect a change in the emission spectrum and the number of

modes exhibited by it. The observed result is in confirmation with the above

assumption. The emission spectrum is recorded after exciting the dye in
dichloromethane for a duration of 30 minutes. The sample which exhibited a broad

emission spectrum with a good number of modes before photochemical reaction could

give only a narrow spectrum without any mode-structure. Pig.2.23 gives a good

comparison of the relation between gain and the mode structure exhibited by the

samples. Here, the red shift observed in the emission spectrum denotes the change in

fluorescence of the sample due to photochemical reaction.
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The emission spectrum of rhodamine 6G, the best known of all laser dyes, is

also recorded in methanol keeping the absorbance the same as that of C 540 dye in

methanol. The emission spectrum exhibits only 2 modes with a total spectral width of

2.4 nm whereas the emission spectrum of coumarin has a total spectral width of 5 nm

with 7-8 modes (Fig.2.24). Even though the quantum yield of C540 in methanol is

slightly lower than that of Rh6G, the spectral width for C 540 is found to be greater

than that of Rhodamine 6G which is the well known efficient laser dye.
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Fig.2.23 Emission from C 540 dissolved in a) dichloromethane
b) after photochemical reaction
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2.6.2 Efficiency of the laser gain medium

The lasing efficiency is an important parameter concemed with any laser system. It

marks the efficiency of the system in converting the input pump energy to useful

output energy. It is defined as the ratio of the energy of the dye laser output to the

energy of the pump radiation incident on the sample surfaces. We have determined the

lasing efficiency of the gain medium in certain solvents. Since the absorption cross

section is high for the dye solution, the pump energy is fully absorbed by the front

layers of the sample itself. The input and output energy is measured using energy

ratio-meter (Laser probe Inc.) with RjP 735 probes. Since light is emitted in both

directions, the measured energy is multiplied by two to get the total emission. For the

dye in methanol medium the efficiecy observed is 32% for a pump energy of 800 ul.

This value takes into account of all losses due to reflection, scattering, diffraction etc.
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2.7. Frequency up-conversion emission
0

Recently, efforts are going on to design frequency up-converted laser devices which

can produce a shorter- wavelength output in the visible or UV region. This can be

achieved by pumping the gain medium with a longer-wavelength input using mainly

IR sources. Frequency up-conversion is based on two photon absorption process. Here

the excitation of the gain medium occurs by the simultaneous absorption of two

photons of longer- wavelength.
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Fig.2.25 Frequency up-converted emission from C 540 dye
solution in methanol exciting by 790 nm radiation.

Two photon induced emission studies are carried out in C 540 dye solution in

methanol. The gain medium is excited with a radiation of 790 nm from a mode-locked

Ti: Sapphire femtosec laser (Spectra Physics) with pulses of 80 fs duration and

average input power of 2.3 W. Emission spectrum recorded shows the peak at 515
nm with a FWHM of 44 run,
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2.8. Conclusions

The fundamental photophysical properties of C 540 are investigated in detail in

different solvent environments. The quantum yield and lifetime measurements are

done to compare the solvent effect in radiative and nonradiative decay mechanisms of

the dye. Coumarin 540 dye exhibited significant quantum yield in certain solvents.

Hence the ASE and lasing characteristics are investigated in different solvent media.

Laser emission is observed from dye solution taken in a quartz cuvette. The

subcavities formed between the windows of the cuvette produced the effect of a

Fabry-Perot optical cavity resulting in well resolved equally spaced resonant modes.

The mode spacing is related to the difference in thickness of the parallel walls of the

cuvette.

The features of the mode structure in the emission spectra are employed to

study the effects of solvents on laser emission of the dye. The number of modes

exhibited by the emission spectra of the dye solutions is correlated to the quantum

yield in the respective solvents and to their refractive indices. The observation of

mode structure is a clear evidence of laser emission form C 540 dye solution.
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Chapter 3

Light Amplification in Dye Doped Solid
State Polymer Matrices

“Tlie important t/iing is not to stop questioning. Curiosity fias its own reason for eaglsting".
Einstein

Abstract

Light amplification and laser emission from C 540 dye doped polymer matrices are reported in

this chapter. PMMA, polystyrene and polyvinyl chloride are the polymer matrices used as host

media. ASE and laser emission are compared in samples prepared both by the bulk

polymerization and free cast evaporation methods. Light amplification and optical gain are

much higher in free standing films prepared by the free cast method and laser emission is

exhibited even by a short length of the excited gain media. The well polished surfaces of the

free standing films of dye doped polystyrene produce a Fabry—Perot optical cavity effect

enabling laser emission from a very short length of 1.25 mm. The light amplification and

optical gain studies in different dye doped polymer matrices are carried out by varying the

pump intensity and excitation length of the gain medium.

3.1 Introduction

The dye lasers with its versatility and wide range of tunability from near UV to near

IR have proved to be powerful sources of coherent radiation. They have made

enormous impact in different fields of basic sciences, technology, communication,



Chapter 3

industry and medical sciences. Though the early investigations were done in liquid

dye lasers and proved to be superior to many other laser sources with their unique

level of performance, the need to replace them with their solid counterpart was very

evident. The need for large volume of gain media, the complex and bulky laser

designs, the handling problems and the toxicity of organic solvents used, made them

less attractive. With the technical and economical advantages of solid state dye lasers

over classical liquid dye lasers, their development attracted much interest.

Investigations were done from the early days of developments of liquid dye lasers, to

incorporate the organic dyes into solid host materials to achieve laser gain media of

high optical quality and photostability and to overcome the problems posed by liquid

dye lasers [1-4].

3.2 Solid State Dye Lasers

The first solid state lasers were reported in the late 1960s by Soffer and Mcfarland [5]

and Peterson and Snavely [6]. They demonstrated stimulated emission from polymeric

matrices doped with organic dyes. The development of solid state dye lasers has

paved the way for an intense research in incorporating dye molecules into solid

matrices. The main research had been devoted to material hosts which disperse well

with the dye molecules and for which laser conversion efficiency and operational

photostability were high. But the main draw backs of solid state dye lasers like the

low laser damage resistance, low photobleaching threshold of dyes and relatively low

laser efficiency delayed the commercial development of these materials for tunable

lasers. Synthesis of new high performance laser dyes and effective incorporation of

them into solid matrices resulted in a new thrust in the field of dye lasers in 1980s.

With enormous investigations carried out in this line, solid state dye lasers were

developed with different classes of solid host materials in order to meet the wide

range of applications offered by liquid dye lasers [7-9].
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Higher laser damage resistance and better thermal stability are exhibited by

inorganic glasses of silica gel compared to polymer matrices. Incorporation of dyes

into inorganic materials by the sol-gel process yielded relatively photostable materials

with acceptable laser efficiency ‘[9]. The dye doped sol gel derived solid matrices are

also chemically stable under high power repetitive laser excitation. But the high

porosity of glasses remained undesirable for lasers and other applications. Later the

methods of sol-gel process offered new channels for the improvement of inorganic

glasses as host materials. The sol-gel process leads to hybrid organic/inorganic

materials which are known as organically modified silicates or ORMOSILS [10].

Compared to inorganic glasses, onnosils are characterized by better mechanical and

optical properties due to the relatively high flexibility and low porosity. Several

organotrialkoxysilane compounds have been tried as ormosil precursors to improve

the lasing performance. Inorganic silica-zirconia glasses and silica -zirconia ormosils

are also demonstrated as effective solid state host materials for dye lasers [1 1].

Among the different classes of materials experimented, both inorganic and

organic, as stable and efficient solid host materials for the development of practical

tunable solid-state dye lasers, the polymers are found to be most promising with their

obvious merits. They possess high optical quality, better chemical compatibility with

organic dyes, control over medium polarity and viscosity in a way similar to

conventional solvents. The inexpensive processing techniques facilitated the

miniaturization and design of integrated optical systems. They also provide desirable

flexibility in the development of improved host materials for dye lasers [12-14].

3.3 Dye doped polymer matrices

The basic requirements imposed on any solid host material for dye lasers are good

optical transparency at pump and lasing wavelengths, good solubility of the dye in the
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material, good thermal stability and mechanical strength and resistance to pump

radiation [15]. The polymeric matrices have many advantages compared to other host

materials. Polymers used are in general polyacrylics, polyurethanes, polycarbonates

etc. ‘In polyacrylic class, the widely used polymeric host is polymethyl methacrylate

(PMMA) due to its excellent optical transparency in the visible wavelengths and its

relative high laser damage resistance. But polymers are poor thermal conductors and

have large time of heat dissipation and their lifetime is limited. Another disadvantage

is the insolubility of the common dyes in PMMA. Modifying the PMMA by the

incorporation of low molecular weight additives such as ethyl alcohol, ethylene

glycol, polyether are found to be an effective way of increasing the solubility to

certain extent. The laser damage of polymeric matrices are found to be energy

dependent and this in turn depends on the viscoelastic properties of the polymer

matrix. Doping of low molecular weight additives could also improve the viscoelastic

properties which can enhance the laser damage resistance. Modified polymers have

already been developed with resistance to laser radiation as high as that of inorganic

glasses [15-16].

Another method adopted to improve the plasticity of the polymer matrix

internally is co-polymerization in which a co-monomer is added. When the

heterogeneous mixture is polymerized, it provides enhanced crosslinking and

compatibility of dye with macromolecules. MMA and HEMA (2-hydroxyethyl

methacrylate) are found to be such a pair of monomers with improved laser operation.

Costela et al. has done detailed investigations on a large number of combinations [16].

Recently the same group have demonstrated significant enhancement in the laser

action of rhodamine 6G doped solid state dye lasers prepared from the hybrid matrices

of organic polymers and inorganic sol-gel glasses. They have simultaneously

polymerized poly (2-hydroxyethyl methacrylate) (HEMA) and poly (2-hydroxypropyl
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methacrylate) (HPMA) along with different weight percentage of tetraethoxysilane

(TEOS) or tetramethoxysilane (TMOS)[17].

Polystyrene is another class of polymer widely used to develop solid state dye

doped optical devices. The polymer is characterized by its rigidity, sparkling clarity

and ease of processing. They exhibit compatibility with many laser dyes and good

solubility in many organic solvents. Good optical quality dye doped films are prepared

by many groups with better thermal stability than PMMA films [18-19]. They can also

be easily processed at low cost.

Polyvinyl group of polymers are important with their thermal and mechanical

stability, flexibility and compatibility with organic compounds. Polyvinyl chloride

(PVC) is perhaps the widely used materials in the vinyl group which can also be tested

as solid state host media for organic dyes.

3.4 Optical gain studies in dye doped polymer matrices

3.4.1 Amplified Spontaneous Emission

As described in the previous chapter, ASE is a common phenomenon

observed in high gain laser media. It is not purely a spontaneous emission but

spontaneously emitted photons are amplified via stimulated emission while they pass

through the excited region of the gain medium [20]. It does not require a population

inversion but a sufficient number of excited states along the optical path length. Gain

occurs when the amplified spontaneous emission of photons exceeds loss due to

reabsorption and scattering. In materials with high gain, ASE intensity can be high

similar to that of multiple pass gain build up in a cavity with mirrors. A signature of

ASE is the gain narrowing of the fluorescence spectrum. As the pump energy

increases the spectrum changes from a normal fluorescence to pure ASE [21-22].
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The measurement of optical gain in tenns of the ASE intensity exhibited by

extended length of the gain medium is an efficient way of analyzing the potential of

the medium as a laser material. A single pass gain measurement proposed by Shaklee

et al. is the widely used method to determine the gain of a medium [23]. According to

this method, gain medium is excited with a cylindrical lens to form a stripe like

structure. ASE gain is the ratio of light intensity emitted to incident intensity per unit

length of the pumped gain material.

3.4.2 Gain coefficient

Shaklee et al. had introduced a simple theory for the measurement of optical gain

in which a one-dimensional approximation is described. According to this theory the

rate of change of fluorescence intensity with the length of the pumped region is;

all

where I - the fluorescence intensity propagating along the x axis

g = g’ — a , is the net optical gain where g’ is the gain due to stimulated emission and

on account for all the optical losses

APO — the spontaneous emission proportional to pump intensity

The solution of this equation with respect to pump length is;

AP
I = -l[<~>><p(g(1)1) — 11 0.2)

s(/1)

where P0~ pump intensity

A — a constant related to spontaneous emission cross section

l - length of the pumped stripe
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The relation shows the exponential growth of the output emission intensity from

the dye doped films with the excitation length of the gain medium. For positive values

of g (/1) the output intensity will exponentially grow and correspondingly a spectral

narrowing will be observed since the amplification occurs to a greater extent in certain

wavelengths. Thus gain coefficient is wavelength dependent .Sha1<lee et al. measured

the single pass gain of dye medium by comparing the intensities of ASE for two

excited stripes of length l and I/2 for a constant wavelength [23]. The gain equation

for a length of 1/2 can be written

1(/Ll/2) = [exp(g(l)l/2))—l] (3.3)

From equations (3.1) and (3.2), the net gain can be obtained as,

g = %ln[ -1] (3.4)
Equation (3.4) applies only for pump powers up to the onset of saturation. The gain

coefficient can also be calculated by fitting the function for emission intensity of ASE

with the experimental data.

Most of the optical gain studies are done in dye doped disk like samples of

several mm thickness [24-25]. Currently lots of investigations are going on in dye

doped thin films fabricated on some substrates [26-28]. In these methods, by the

sample geometry, the dye doped films act as asymmetric waveguides. In the present

investigation, we demonstrate the ASE and lasing behavior in free standing dye doped

films of micrometer thickness which act as symmetric waveguides. The ASE and
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optical gain in these films are compared with that of bulk samples of thickness ~ lcm.

The lasing efficiency of these samples is also found to be extremely high.

3.5 Experimental details

3.5.1 Fabrication of dye doped polymer matrices

Two methods are available for the fabrication of dye doped polymer matrices. One of

the methods uses the uniform spreading of the polymer and the dye in an organic

solvent over the appropriate optical surfaces and is known as the free cast method

[20]. Good optical quality polymer films are obtained by the subsequent removal of

the solvent by evaporation. Second method is the bulk radical polymerization of the

initial monomer/ fluorophore composition.

3.6 Dye doped PMMA matrices

Bulk samples: Preparation

Freshly purified monomer MMA is used to prepare the samples. The dye is dissolved

in ethanol at a concentration of 0.5mM .The mixture of dye solution and purified

MMA taken in 1:4 (v/v) ratio is placed in an ultrasonic bath for the complete

dissolution of the dye and filtered with a 0.6 um pore size paper (Whatman Div.). 0.03

gm/1 of 2,2’-azobisisobutyronitrile(AlBN) is added as the free radical initiator. It acts

as the thermal polymerization initiator. The resulting solution is again filtered and

taken in cylindrical tubes and the molds are sealed. Polymerization reaction is

performed in dark at 50° C over a period of two days and then at 45° C for two days.

The temperature is gradually decreased to room temperature. Then the samples are

unmolded This procedure is followed to reduce the build up of stresses in the polymer

samples due to thermal shock.
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The dye doped samples fonned are cylindrical rods of 1 cm diameter and 2

cm length with a cut parallel to the axis of the cylinder defining a lateral flat surface.

This surface as well as the end surfaces are hand polished to the required optical

quality. The absorption spectra recorded using UV-VIS spectrophotometer (JascoV­

570) of the dye doped bulk sample are given in Fig.3.l
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Fig.3.l Absorption spectra of different C 540 samples

3.6.1 Gain studies

The experimental set up(Fig.2.13) described in the pervious chapter for ASE

measurements is used for the gain and ASE studies of bulk and thin film samples. The

light amplification in dye doped polymer rods is investigated for various pump

intensities and different excitation lengths of the gain medium. The pump beam is

focused on the polished cut surface of the dye doped disk sample of 1.5 cm length by

a cylindrical lens to form a stripe-like structure of dimensions 0.5 mm x 9 mm. An
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adjustable slit is incorporated in the path of the beam between the cylindrical lens and

the sample so as to vary the stripe length on the sample. In order to ensure that the

intensity of the stripe is uniform along its length, only the central portion of the beam

is used for the measurements. Light emitted from the edge of the disk is focused by a

10 cm focal length lens and collected by an optical fiber and recorded using an Acton

monochromator with a CCD camera. The emission spectra are recorded for different

pump intensities keeping a constant excitation length of 6 mm. Fig.3.2 shows the

features of ASE exhibited by the thick dye doped samples for various pump
intensities.
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Fig.3.2 Fluorescence emission from bulk PMMA
sample for three different pump intensities

Even though the output intensity increases with pump power, emission spectra

do not exhibit any significant spectral narrowing. The minimum spectral width

observed with a pump intensity of 793 kW/cmz is 15 nm. Compared to the

‘7Q
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fluorescence spectral width of 33 nm, reduction in spectral width is observed due to

ASE. But the increase in output emission is observed to be not in step with the

increase in pump intensity.

3.7 Solid State Thin F ilms:Preparation

Solid state thin films are prepared by incorporating Coumarin 540 dye in

polymethyl methaciylate (PMMA). Commercially available PMMA of 10% by

weight is dissolved in methyl ethyl ketone (MEK). The weight percentage is chosen to

get optimum viscosity for the formation of good quality films. The dye is dissolved in

this solution at a concentration of 5xlO'4 M. The films for the present studies are

fonned on micro glass slides by free cast evaporation method. Utmost care is taken by

stirring for a long time to get films of uniform thickness and of good optical quality.

When the solvent is fully evaporated, good optical quality films could be peeled off

from the glass slides. Films of thickness in the range 80 to 200 micrometers are

fabricated for the studies. The thickness of the films is measured by a micrometer with

a least count of 0.00lmm (Mitutoya No. 193-1 l l with a digit display).

3.7.1 Gain studies

Amplified spontaneous emission (ASE)

The absorption spectra of the thin film and the dye solution prepared in methyl ethyl

ketone are given in Fig.3.l. The gain studies are repeated in dye doped thin films.

Since an unusal narrowing of the emission spectrum is observed, dependence of the

emission intensity and spectral linewidth of the emission, on pump intensity and the

excitation length of the pump beam is studied in detail.

The spectra are recorded by varying the excitation length of the medium up to 6

mm at a constant pump intensity. F ig.3.3 shows the emission spectra corresponding to
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three different pump intensities. They narrowed very gradually with the excitation

length at lower pump intensities. For a pump intensity of 47 KW/cmz no significant

spectral narrowing is observed with an excitation length of 6 mm but for a pump

intensity of 158 kW/cmz, the FWHM of the emission spectrum is 7 nm for an

excitation length of 2.4 mm. At higher pump intensities, the spectral narrowing

occurred more rapidly with a high gain. While increasing the pumpiintensity to 825

kw/em’, the FWHM is reduced to 3.5 nm at an excitation length of 1.5 mm. As is

evident from Fig.3.3C, at higher pump intensities, the gain increased so that ASE

becomes prominent with a reduced spectral width.
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Pig.3.3 ASE from dye doped films for different excitation lengths of the pump beam
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At lower pump intensities, the characteristic fluorescence maximum with peak at

around 530 nm is observed. But they are red shifted at higher pump intensities since

the self absorption from the blue side of the spectrum is more prominent at these

intensities. With increase in pump intensity, a gradual increase in red shift is seen and

it is as high as 15 nm for a pump intensity of 793 kW/cmz (Fig.3.3).Fig.3.4 shows the

output intensity at the peak of the emission spectrum as a function of excitation length

of the gain medium for different pump intensities. We have considered the emission

intensity up to an excitation length of 2mm. The gain coefficient of the dye doped

films is calculated by fitting the function for emission intensity of ASE with the

experimental data. At low pump intensity, the gain coefficient is small (11cm") but at

higher intensities, a gain coefficient of 29 cm" is observed which is comparatively

large in the case of dye doped films[19].
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To understand the nature of ASE in detail, the dependence of emission intensity

on incident pump intensity is studied (Fig.3.5). As is evident from the plot,

corresponding to the change of slope, a threshold pump intensity of around 51

KW/cmz is observed for the occurrence of ASE.

On a detailed study of the emission spectrum of the dye doped thin film, it is

found that the emission spectrum exhibits all the features of ASE namely, the property

of directionality, narrow bandwidth and presence of soft threshold behaviour [29-30].

Directionality of the output beam is so obvious that no focusing is required to collect

the beam. The minimum spectral width observed for ASE is 3.5 nm at a pump

intensity of 825 KW/cmz. A threshold pump intensity of around 51 KW/cmz is also

observed for the occurrence of ASE
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Fig.3.5 Variation of emission intensity with pump intensity
for an excitation length of 2mm.
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3.7.2 Laser Emission

In most of the earlier reports of ASE exhibited by dye doped polymer films,

gain saturation is observed at longer excitation lengths of the gain medium [21-23,

28]. Once gain saturation occurs, light is not amplified further as the length of the

stripe is increased. When gain saturates, line narrowing ceases and the FWHM of the

emission is found to be a constant which is usually less than 10 nm. In contrast to this,

in the present study, when the stripe length is increased beyond 2-3 mm, a sudden

spectral narrowing is observed in the emission spectrum at all pump intensities above

the threshold for ASE (Fig.3.6). The FWHM of the spectral lines is found to be less

than l nm. Such a spectral narrowing can be attributed to laser emission. The spectral

narrowing is very prominent at higher pump intensities. The FWHM is reduced to a

value of 0.3 nrn for a pump intensity of 240 kW/cmz.

The output intensity is also found to increase with pump intensity, but not in

an exponential manner. For different pump intensities, the excitation length of the

medium needed for laser emission is found to be different. For a pump intensity of 51

kW/cmz , an excitation length of 3 mm gives rise to laser emission but it is reduced to

1.75 mm for a pump intensity of 825 kw/cm’. Fig.3.7 denotes the variation of

excitation length with the threshold pump intensity which produces laser emission.
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Fig.3.6 ASE and laser emission spectra from a dye doped
film with the increase in excitation length. Pump intensity is 79 kW/cmz.

Laser emission requires an external feedback. In the present case no feedback

is provided with extemal mirrors. But the free standing film with air medium on both

sides can be considered as an optical cavity. The lateral faces of the film are of good

optical quality and they behave like extemal mirrors partially reflecting the beam,

though the reflectivities are very small compared to conventional mirrors. These

reflecting surfaces produce the effect of a Fabry —Perot optical cavity whose length is

the thickness of the film.

84



Light amplification in dye doped polymer films

1O~ 1
I

<­

B-I
‘u.-. '\

e n g hmiml f
_._-—I"

.______._._­
.-I

0- 6'­

1
an­5 4,-. ­3 \.-:_“\
LlL: 2- -\I I

I
.­

0-| I | I | I | I | I | IQ 150 53$ 450 600 750
Pump intcnsity(KW/cm 1)
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The excited active medium can be considered as a number of serially

connected Fabry —Perot optical cavities [31-32].The axis of the optical cavity is

normal to the direction of propagation of light through the film. The multiple pass

between the film surfaces increases the gain. When the gain of the active medium

compensates the losses in the medium, laser emission occurs. According to laser

theory, the gain per pass in the active medium is exp cs (N2-(g2/g1) N1)! where o is

the stimulated emission cross section and l is the length of the active medium [29].
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Fig.3.8 Light propagation in the dye doped thin film represented

by serially connected F-P etalons
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Due to the sample geometry and mode of excitation, there can be a guiding

effect in the gain medium even though the film thickness is around 100-200

micrometers. Fig.3.8 shows the light propagation through the excited region of the

medium with the guiding effect. The excited portion of the thin film behaves like a

planar waveguide. The axial modes of the F-P cavity can be considered as the

transverse modes of the waveguide [31]. When the excitation length of the gain

medium and the pump intensity are sufficiently increased, laser emission is observed.

Thus the guiding effect in the direction of the excited stripe and the feedback from the

lateral faces of the thin film induce the high gain necessary for the laser emission.

Since the active medium is highly optically dense, even a small length of 1.75 mm of

the medium could produce laser emission with a pump intensity of 825 kW/cm2.

Once laser emission is observed for a particular pump intensity and excitation

length, further increase in excitation length does not show any significant change in

the spectral width. Fig.3.9 clearly gives a comparison of reduction in FWHM for ASE

and laser emission. The values of the excitation stripe length needed for spectral

narrowing, wavelength of peak emission, the magnitude of the line narrowing and the

red shift observed for different excitation lengths are sensitive to certain physical and

chemical characteristics of the sample. These variations may be attributed to the

differences in microscopic structure of the polymer thin films which occur during the

fabrication process.

3.7.3 Laser resonant modes

The existence of a Fabry-Perot optical cavity between the lateral faces of the

free standing film is confirmed by the occurrence of well-resolved discrete peaks in

the emission spectrum of dye doped film of known thickness (90 um). A number of
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equally spaced resonant modes are observed (Fig.3.l0).These modes can be
considered as the axial modes of the Fabry - Perot cavity formed between the flat film

surfaces [31-32]. The spacing of the modes is found to be around l.lnm. ln a Fabry­

Perot cavity, the spacing between the modes is given by A 7t = 7&2/2nL Where n is the

refractive index of the medium and L is the optical path length of the resonator cavity.

By substituting n as 1.49, the refractive index of the undoped PMMA, X, the peak

emission wavelength observed in the spectrum, and L, the thickness of the polymer

film as 90 um in the above equation, the spacing is calculated to be 1.02 nm which is

in agreement with the observed value of ~ l.lnm. To confirm this observation, dye

doped film with a different thickness is studied. With a film thickness of 190 um, the

spacing observed is ~ O.5nm against the theoretical value of 0.5 Snm.
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Fig.3. 10 Resonant modes with a spacing of l.l nm
from a 90 micrometer thick dye doped film.

Pump intensity 5l kW/cmz. Excitation length is 4mm.

3.8 Dye Doped Polystyrene Matrices

Polystyrene is a commonly used polymer in optical applications due to its

transparency and better thermal stability [19]. We have fabricated dye doped

polystyrene thin films in the free cast evaporation method. Toluene is the solvent of

choice which has good solubility for polystyrene. To get good optical quality films we

have dissolved 4% by weight of commercially available polystyrene in toluene and

the dye is dissolved at a concentration of 5 x10'4 M. After stirring for a long time, the

resulting viscous fluid is evenly distributed on micro glass slides. Thin films are
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peeled off from the glass slides when the solvent is fully evaporated. The films formed

are of thickness in the range 100-180 microns. Keeping all the experimental

conditions same as in the previous case, the gain studies are conducted in dye doped

polystyrene films.

In the first part of the experiment, keeping the excitation length constant the

intensity of the pump beam is increased in steps and the emission spectra are recorded.

Amplification of the light emission and spectral narrowing are observed when the

pump intensity is gradually increased. Fig.3.ll shows the emission spectra obtained

from a length of 1.5 mm of the excited dye doped sample. The FWHM of the

emission spectrum is observed to be 3 nm for a pump intensity of 507 kW/cmz.

In order to calculate the gain coefficient of the sample, the experiment is

repeated by recording the emission spectra for different lengths of the gain media

keeping the pump intensity constant. We have varied the excitation length up to 1.75

rmn. This is repeated for different pump intensities and a graph is plotted between

excitation length of the gain medium and the corresponding emission intensity. The

gain coefficient is obtained by fitting the experimental data to the gain equation as in

the previous case. Fig.3. 12 shows the typical length dependence of the ASE intensity

at the gain maxima.

Though the quantum yield of C 540 is less in toluene compared to MEK, the

gain is found to be higher than that of dye doped PMMA samples. For a pump

intensity of 635 kW/cmg, the net gain obtained is 31 cm". This may be due to a better

solubility of dye in polystyrene than that in PMMA. Also, other optical losses such as

self absorption and reflection may be reduced in dye doped polystyrene matrices.

89



Chapter 3

12000-Ii ’ 0
A a)5lkW/cmz

3 Q b)95kW/cmz e
8000- c)I58kW/cmz d‘i d)240kWfcm2 ‘

-- ‘H e)507 kW/cmz

}ntens ty (arb.un

-- 4000 7 °

ssion

I Z T‘*1 a0+ it *1
|— 1— 01- "F n m Ta *1 can - * V 1500 510 520 530 540 550

Wavelength(nm)

Fig. 3.11 Variation of emission spectrum with
pump intensity for an excitation length of 1.5mm

25000, _ _— a—t
d I

20000 TeE0 Q i­

y (arb.un

5000 41 ­

llSi

- 10000-i C o

miss'0n n e

5000 -v
b i­ii /a/ ;‘0 ‘_ i i §--""'.­L1’ ' Ii: ' if T I’ ' ‘_i ' ii ’: ' *1

2:}

F9oo

0 04 O 08 0.12 0.16 0.20
Excitation Length (cm)

Fig.3.12 Dependence of intensity of ASE on excitation
length of pump beam for different pump intensities.

a)51kW/cm2.b)158kW/cmz @240 kW/cmz (1)635 kW/cmz



Light amplification in dye doped polymer films

To investigate the lasing behavior of these samples, we have recorded the

emission spectra for various excitation lengths and intensities. When the excited

length of the gain medium is increased beyond 1.5 mm, good line narrowing is

observed. Fig.3.l3 shows the shift from ASE to laser emission when the excitation

length is increased keeping the pump intensity a constant. As seen in the case of gain

coefficient, the laser emission also occurs at reduced length of the excited medium

compared to dye doped PMMA samples. When the pump intensity is further

increased, the laser emission occurs at a still reduced length. The laser emission which

occurs at a short excitation length of 1.5 mm (Fig.3.l4) for a pump intensity of 635

kW/cmz is observed even at 1.25 mm, for a pump intensity of 793 kW/cmz (Fig.3.l5)
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At greater pump intensities, the laser emission becomes more prominent with

increased total spectral width of the emission spectrum. Correspondingly the mode

structure becomes more resolved with a good number of modes. The increase in

excitation length also generates high gain at a smaller value of the pump intensity

which is sufficient enough to start laser oscillations. Fig.3.l6 shows the laser emission

and mode structure at an excitation length of 2 mm for pump intensity of 635 kW/cmz.

These results substantiate the assumptions made in the case of dye doped PMMA

films. The multiple reflections from the parallel surfaces of the thin film and the

waveguiding effect result in laser emission from a short length and at a less pump

intensity. The dye doped polystyrene films exhibit better optical gain and a lower

threshold for laser emission compared to dye doped PMMA films.
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Though dye doped polystyrene matrices show better results regarding gain

and laser emission, the formation of homogenous, good quality film is critical. The

weight percentage of polystyrene in the dye solution, the evaporation rate and the

selection of solvents are to be tailored more to achieve better films with better optical

quality. Due to the inhomogeneities observed in the film, pump energy is lost due to

scattering. The lack of good optical quality of the thin films is reflected in the mode

structure observed in the emission spectra (Fig.3. 16).

In the search for good optical quality films with polystyrene, cyclohexanone

is proved to be a good solvent medium. Thin films are well fomied on glass substrate

with thickness around 50-60 micrometers. The quantum yield of the dye is also found

to be high in cyclohexanone (0.98). Gain studies are conducted to test the potential of

the film as a gain medium. But the results are not so promising. Though the dye doped

samples exhibit ASE and laser emission, higher pump intensities and longer excitation

lengthes are needed to obtain significant gain. A comparison of the performance of the

dye doped polystyrene films in the two solvent media is given in Fig.3. 17. For a pump

intensity of 635 kW/cmz the polystyrene samples in toluene medium exhibited a broad

emission spectrum at an excitation length of 2 mm while a similar spectrum is

obtained at a higher excitation length of 4 mm in cyclohexanone medium. One

possible reason for the requirement of higher values of pump intensity and excitation

length is the reduced thickness of the films formed in cyclohexanone medium.Here,

the amount of the pump intensity absorbed by the gain medium is comparatively less.

As the gain observed in this media are very small, a detailed study is not carried out in

these samples. The experimental results with these two dye doped films present the

possibility of tuning the laser emission by the choice of proper solvents. The

separation between the peak emission wavelength is observed to be 18 nm ( Fig.3.l7).
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F ig.3. l7.Emission spectra from dye doped polystyrene films for two solvent media
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3.9 Dye doped Polyvinyl chloride films

The third class of polymer material investigated as a solid state matrix for the dye is

polyvinyl chloride (PVC) which also is a transparent material with good solubility for

the dye. Cyclohexanone is found to be a good solvent for the medium. 4% by weight

of PVC is dissolved in cyclohexanone to get a viscous medium. Dye is added to the

solution and good films are formed on micro glass sides as described earlier. Good

optical quality dye doped films are obtained from PVC. In contrast to the other dye

doped films, we could not peel off the films from the substrate. Hence the laser gain

studies are performed in the film along with the substrate. With this arrangement the

film acts as an asymmetric waveguide with air and glass on both sides of the film. In
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the previous cases, the existence of a Fabry-Perot like optical cavity is assumed

between the film surfaces, and the laser emission along with the high gain is well

explained with the optical feedback provided by them. In the present case, such a

cavity effect could not be achieved which in turn will reduce the gain of the medium.

Fig.3.l8 shows the emission spectra obtained for various excitation lengths of the gain

medium at a constant pump intensity of 503 kW/cmz. These results establish the

assumption of a Fabry-Perot like cavity effect in free standing films which

significantly enhances the ASE and optical gain. At sufficiently high pump intensities

and longer excitation lengths, laser emission is also observed from dye doped thin

polymer films due to the high gain obtained from this feedback effect.
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4.6 Conclusions

Different polymer matrices are experimented as solid state host material for C 540

dye. Dye doped matrices are fabricated both by bulk polymerization and free cast

evaporation methods. PMMA, polystyrene and PVC polymers are used to form dye

doped films of micrometer thickness by the free cast evaporation method. The

perfonnance of the materials as laser gain medium is investigated by analyzing the

light amplification and optical gain in these samples. The dye doped free standing

polymer films exhibit significant light amplification with increased optical gain

compared to bulk samples. The prominent increase in light amplification is attributed

to the feedback from Fabry-Perot like optical cavity formed between the lateral

surfaces of the film. The mode structure exhibited by the emission spectra of dye

doped thin films confirms the existence of an optical cavity. These results establish

the occurrence of laser emission in dye doped polymer films of micrometer thickness

and could be of considerable application in the design of active optical IC chips.
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Chapter 4

Photostability of Dye Doped Polymer

Matrices -A Photoacoustic Study

“Our greatest weakness lies in giving up. "Hie most certain way to succeed is afways to try

just one more time. ” ‘fliomas Edison

Abstract

Laser induced photoacoustic studies on the photostability of laser dye C 540, doped in

different polymer matrices prepared by both the bulk polymerization and free cast evaporation

techniques are presented in this chapter. The dependence of photostability of the dye on

various experimental conditions such as nature of solvents, incident optical power, dye

concentration, wavelength and modulation frequency of incident radiation is investigated in

detail. Photostability of the dye doped polymer matrices fabricated by the two techniques are

compared. The possible photodegradation mechanisms are also discussed.

4.1 Introduction

Organic dyes impregnated into different solid matrices have found wide applications

in modem photonic technology. They are significant materials in different areas such

as active laser media, passive Q-switches, optical data storage, photonic displays and

optical wave guide. The availability of a variety of organic dyes and possible host



Chapter 4

materials and the technical easiness with which low cost systems can be fabricated,

make dye doped materials quite attractive.

For all applications of the dye doped solid state matrices, a through knowledge of

the photophysics of the dyes and its photostability is essential for its efficient

performance. Dye doped solid state matrices as a laser gain media are very popular

and widely studied area of application. In order to overcome the many drawbacks

raised by liquid dye lasers, the dye doped solid state matrices are found to be quite

attractive. The combined use of photostable laser dyes and improved polymeric

materials have made solid state dye lasers a practical alternative to liquid dye lasers.

Though the polymer matrices are superior to many other solid state host

materials, the finite lifetime for stable operation of the dye incorporated into the

polymer host and the low quantum efficiency still remain as limitations to the

commercial exploitation of these types of active laser gain media. The low quantum

efficiency is due to the photodestruction of the dye molecules. The photostability of

the dye doped polymer matrix depends on the inter-molecular and intra-molecular

interactions of the dye molecule with surrounding chemically active materials such as

the polymer macromolecules, unreacted monomers, absorbed atmospheric oxygen

molecules and another dye molecule. The photodeactivation is enhanced by the

mobility and concentration of the dye molecules [1]. Intense research is going on to

improve the photostability and lifetime of dye doped devices. In general, the

photodeactivation of the dye from the excited state is due to photchemical reaction,

fonnation of dimers that absorb the incident light without any emission and thermal

destruction that cause photodegardation of the dye [l-2].

Another possible reason for the degradation of the dye molecule is the thermal

destruction of the dye due to the poor thermal conductivity of the polymer host. The

excited dye molecule heats up the host through non radiative thermal relaxation. The
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accumulated heat in the polymer host due to the large time of heat dissipation

increases the mobility of the dye and facilitates the photodeactivation reaction with

the surrounding chemically active molecules [1, 3].

Many possible mechanisms are experimented to reduce the photodegradation

of the dye. One important parameter to reduce the photodegradation is to optimize the

rigidity of the host material. Dissipation of the excess energy of photoexcitation can

be favoured by a phononic coupling of the dye molecule to the host media. This can

be achieved by optimizing copolymer mixtures as matrix materials or by covalently

linking the dye molecule to the polymeric chains to provide additional channels for

the dissipation of the excess heat energy [4].

4.2 Photodegradation measurements

The photodegradation of organic dyes is essentially a photoinduced reaction.

A dye molecule excited to a higher energy state shall return to the ground state unless

it gets involved in a photochemical reaction and loses its identity. An excited

molecule can dissipate its excitation energy in a number of ways. Among the different

paths of decay, the most important channels are radiative relaxation such as

fluorescence and phosphorescence, nonradiative relaxation as thermal radiation and

excited state chemical reaction.

In the radiative or nonradiative relaxation process, the energy released is

determined by the energy absorbrd by the number of dye molecules present in the

ground state and those in the excited state. Any type of photodegradation will change

the number density of the dye molecules in the ground state .This in turn will reduce

the amount of optical absorption or the amount of energy released radiatively or

nonradiatively. By measuring any of these three quantities we can have a quantitative

measurement of the photodegradation occurring in the sample. Two methods are
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generally employed to evaluate the photostability of the medium. In the optical

method, the quantity measured is the optical absorption, transmission or the energy

released radiatively. In the second method, which is the photothermal technique, the

nonradaitive part of deexcitation is measured [5]. The photothermal methods are

found to be highly sensitive for the thermal characterization of a sample. The

fundamental principle of a photothermal method is the photo-induced change in the

thermal state of a sample. Measurement of the temperature, pressure or density

changes that occur due to optical absorption form the basis of the photothermal

method. Sample heating is a direct consequence of the optical absorption and hence

the photothermal signal is directly dependent on the quantity of the light absorbed.

Scattering and reflection losses do not produce photothennal signals. Hence

photothermal methods more accurately measure optical absorption in samples.

In a photochemical process, some intermediate species are created which are

usually associated with nonradiative energy transfer that generates thermal effects.

Thus photothermal methods are more effective for detecting the excited state

processes. Photoacoustic technique is one of the efficient techniques that comes under

photothermal methods.

4.3 Photoacoustic method

Photoacoustic effect is a phenomenon which has become quite popular as well as

effective in recent years for the thermal and optical characterization of various classes

of materials. It is basically the generation of sound waves from the material when it is

irradiated with intensity modulated light beam. Absorption of the intensity modulated

light and the periodic heating of the sample through nonradiative de-excitation is

transferred to the surrounding gas layer generating pressure fluctuations. The acoustic

signals thus generated are detected by a microphone attached to the cell. The resulting
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PA signal is a measure of the absorption coefficient of the sample[6]. Both the

amplitude and phase of the signal contain valuable information regarding the material

characteristics.

4.4 Rosencwaig-Gersho Theory

The standard theory on photoacoustic effect was introduced in 1976 by Rosencwaig

and Gersho which is referred to as R-G theory [7]. The formulation of R-G model is

based on the light absorption and thermal wave propagation in a simple configuration

shown in Fig.4.l. This theory is essentially a one dimensional analysis of the heat

flow in the experimental configuration. Generally the thermal oscillations due to the

absorption of modulated light at a point beneath the surface of a sample contributes to

the photoacoustic signal and it is governed by the thermal diffusion length ‘U1. defined

l.-’ 22a, . . . .
as ;1,.=(———) where a)=27;f and f 1S the frequency of light. A simpleC0

cylindrical cell of length L and diameter D is considered for the formulation of the PA

theory. The other specifications of the cell are;

I - thickness of the sample; 11,- thickness of the backing material

lg- length of gas column ; pi - density of material

k,- - thermal conductivity; c,-- specific heat of material

k.a, = i’ - thermal diffusivity
pici

l/2

at. =  - thermal diffusion coefficientai
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l
,u,. = — - thermal diffusion length of the material

al

where i denotes sample s, gas g and backing material b.

Backing Sample Boundary layer Gas

l u ' of gas L Incidenti
_ _>  . _, .

~ 0? .\:\  .-gv --1. ,."'-3-3

. Q".
f§“'*‘ ""'££’1
“.:?:“‘i 3...‘; r

‘itI1 I"’ a‘\;..:i."-*' ‘ 1 _ »

-(Z+lb) -l 0 22r,ug lg X
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<—-——

Fig.4.l Schematic representation of photoacoustic
experimental configuration

When a monochromatic light of wavelength K is incident on a solid with intensity

lI=5I0(l+coscot) (4.1)
where 10 is the incident monochromatic light flux (W/cmz), the heat density produced

at any point x due to light absorbed at that point in the solid is given by

élofl exp(flx)(l + cos cot) (4.2)
where B is the absorption coefficient of the sample. Since the solid extends from x = 0

to x = -l, x takes negative values .The light is incident at x =0. The air column extends

from x = O to x = lg and the backing material from x = -l to x = -(l+l,,) The thermal

diffusion equation in the solid taking into account the distributed heat source can be

written as
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029 1 00 .my 7.-=.  ~-Aexp(/3x)(1+exp}a2t) for -15x50 (4.3)6x“ as 6t

with A = 21-9-Tl (4.4)
Zkb

where 9 is the temperature and 11 is the efficiency with which the absorbed light at

wavelength 7t is converted to heat by nonradaitive deexcitation process. n=1 is a

reasonable assumption for most solids at room temperature.

For the backing and the gas, the heat diffusion equations are
2

g:-L?-61 ; -l~l,,5x5-1 (4.5)
6x2 ab 6t

25‘?= 169; osxszg (4.6)
6x" ag 61‘

The real part of the complex valued solution (-)(x,t) is of physical interest and

represents the temperature in the cell relative to the ambient temperature as a function

of position and time. After applying proper boundary conditions for temperature and

heat flow continuity and by neglecting the convective heat flow, the periodic

temperature fluctuations at he sample-gas interface can be obtained as

9° zzwz-42> (g+"iiE5i¥i3Z“-<ge1>(b—-1>e*"’  (47)
where k _.b=ki;g=-‘ii?-;r=£Ll6;a=(1+z)a; (4.8)ka ka 2a

510 (r -1)(z> +1)@°’ - (r +1)(b -1)@°* + 2(b - flew]
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The periodic thermal waves damp completely as it travels the thermal diffusion length

Zrcug. Thus the gas column within this distance expands and contracts periodically so

that it acts as an acoustic piston for the remaining gas in the PA cell. Assuming that,

the rest of the gas responds adiabatically to the action of acoustic piston, the adiabatic

gas law can be used to derive an expression for the pressure variation Q as

7Po‘90Q = ~———— (4.9)
\/ET0lgag

where y,P0 , To are the ratio of heat capacities of air, ambient pressure and temperature

respectively. Equation 4.9 can be used to evaluate the magnitude and phase of the

acoustic pressure wave in the cell due to photoacoustic effect. This expression takes

simple forms in special cases.

4.5 Photostability investigations using PA technique

Though the actual mechanism responsible for photostability is not fully known it is

essentially a photo induced modification of the dye molecule by which the absorption

and emission characteristics may change. The photobleaching has shown a linear

dependence on the incident intensity of radiation. By measuring either the emission or

absorption, one can estimate the amount of photodestruction taking place in the

sample. In the present investigation, the nonradiative part of the deexcitation in the

sample is measured using PA technique.

According to the special cases denoted by R~G theory, the dye doped samples

are optically transparent and thermally thick, as the thermal diffusion length in

polymer sample is only a few microns in the frequency range of investigations[3].

Then, the complex amplitude of the PA signal produced is given by
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'il6)/512713010=»< (4.10)
Q 4\/ET! a kOat:

Here [3 is the optical absorption coefficient of the sample, u is the thermal diffusion

length in the “solid material, lo is the incident light intensity, lg is the length of gas

column inside the cavity, ag is the thermal diffusion length in the gas and k is the

themial conductivity of the sample. If the B value changes in any case, the PA signal

amplitude will also vary accordingly. Any kind of photochemical or thermal reaction

will result in a change in the number density or concentration of the original molecule.

This in turn will result in a change in the absorption properties of the sample. Doping

of an organic dye in a solid matrix does not change the thennal properties of the host

material [8]. Similarly the thermal properties of the polymer matrix are unaffected by

the photochemical or photothermal changes in the dye molecule [3,9]. Thus, when a

dye doped sample is investigated by PA technique, any change in the PA amplitude is

essentially a measure of the rate of photodegradation of the dye.

The aggregation of the dye molecules at high concentrations may decrease the

optical gain or reduce the photostability through some photochemical reactions

resulting from the dimer of the dye molecules.

4.6 Experimental Details

The continuous wave (cw) laser induced photoacoustic technique is employed to

investigate the photo induced degradation of the C 540 dye doped polymer matrices.

The photostability investigations are carried out in samples fabricated by both the bulk

polymerization and free cast evaporation techniques. The photostability is studied

under different environments such as different solvents, varying optical powers,

modulating frequencies, concentrations of the dye and pump wavelengths. Detailed

investigations are done in samples prepared by the bulk polymerization method to get

109



Chapter 4

the general behaviour of the dye molecule. Investigations are restricted to pump power

variations in respect of samples prepared by free cast method. The experimental set up

used for the PA study is as shown in Fig.4.2. The source of light used is an Argon Ion

laser (Liconix 5400) and its different emission lines. The laser beam is intensity

modulated by using a mechanical chopper( Ithaco HMS 230). The modulated beam at

specific power levels is allowed to fall on the sample which is kept in a non ~resonant

PA cell. A highly sensitive electret microphone (Knowles BT 1834) is used to detect

PA signal collected in the reflection mode. The PA signal is processed using a digital

lock in amplifier ( SR850 DSP ). The thickness of the bulk samples used for the

study is of the order of 0.5mm.

Argon Ion laser PA cell

( ; ______.-O‘6
Chopper

"1;-"‘='<'=‘=""'<@<";,;v " xv-1:" - ­* '):__,.  }:-.~:}:»:_¢§: ‘;>_:;:¢l.-_ .0:-2;»  .¢. .9, .,\j:-2 §:I._:.  ._ j" :  .j §_-.5:-':;.;:_.j:-':~‘_l,_ _ . . 4 i_ ._ . . . . . . -)'-’.-.\.‘\-.,-. .-;.';‘t~.<:»‘..-':»§,-:‘.--_»:)-'-"_! .\.>.-;-§-  12‘:    -_-.9.-!_-! -§.,'-'.‘;.,.:-:;.;:~:_.-f.l­.-Q.         .     \
--< - >\<r~><~<~'<o~ ~<~~*.>~< 0 >\<>\u ~<v<.v>\¢:~< >\»/\<<<\ \ w

L k . A 1 ' f

Fig.4.2.Schematic diagram of the photoacoustic
set up for the photostability studies
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4.6.1 PA studies in bulk samples

The nature of the PA signal variation with time has been studied under different

environments. The photostability of the coumarin 540 doped PMMA with different

solvents is shown in Fig 4.3. The dye has good solubility in all the three solvents. But

the polymer matrix with ethanol as the solvent shows better stability though the

difference is not very prominent. The photo destruction of the dye molecule is

initiated by chemically active radicals of the basic polymer matrix. These radicals

interact effectively with dye molecule at excited states and stimulate their destruction.

The incorporation of a low molecular weight additive is found to suppress the

generation of these radical chains [8]. In this case ethanol may be more effective in

suppressing the generation of the radicals. The polymerization process also gives high

quality samples with ethanol. Thus ethanol .is selected as the solvent for all further

investigations.

1_OO 2 8Ihflll0l0%. b‘X Q. methanol‘fig L05, a c benzvl alcohol0.95 ~ ‘R $'"~0'1, T0-Q0 '1' ‘\ iL \I\ c
ass ­

de (norma ized)

O­

PA amp ltu

o.a0-5 10.75 i \\
‘F:-:+" 1 '* --e i e - ’"“re— -e - I" ~* 10 1 2 _ _ 3 4 5

Time (rrun.)

Fig.4.3 PA signal amplitude versus time plot of
C 540 doped PMMA for different solvents.
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The effect of laser power on the stability of the dye doped polymer matrix is

investigated for different optical powers varying from 10 mW to 50 mW. The PA

signal variation with different powers is as shown in Fig .4.4. It is clear from the plot

that bleaching rate increases with increasing input power. The fact that logarithmic

plot of laser power versus bleaching rate (Fig.4.5) gives a slope approximately equal

to one shows that, photobleaching is a linear process attributed to one photon

absorption. This is in agreement with the earlier reported studies by different authors

[8-9]. This indicates that photobleaching in Coumarin 540 doped PMMA takes place

when the system is in the first excited singlet state or triplet state and multi photon

absorption may not have any significant role in the photodegration of the dye.

I a l0mW T\ b 20 mW ;10 5 c 40 mW I’ d 50 mW .

PA Amp tude(norma ized)

i - a
b

Q
(D

i01 ‘l F
1 '“"'"v~w-nt 3 l

0.6 ' . t | | i —~~—~e| | "—{"‘ . | + | - 11 2 3 4 5 6
Time (min.)

Fig.4.4 PA signal amplitude versus time plot for
different optical powers. Chopping frequency 30 Hz

The absorption spectrum of the sample recorded using a spectrophotometer

before and after bleaching is shown in Fig.4.6. This shows that photodestruction of

the dye molecule takes place during irradiation of the sample and the resultant product
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does not absorb any radiation at 476 nrn where a strong absorption exists for the

original dye molecule. The decrease in the PA signal is due to the photodegradation of

the sample .The observed PA signal after the bleaching of the sample is attributed to

the solid PMMA matrix. The photo bleaching causes a colour change and the

irradiated region becomes transparent. For higher input powers the bleaching takes

place at a faster rate.

Q16-' / »@~ i. I _€1.5-+/ Q _ *l // I I­‘ /'// | I b0-O4-iii /  Q gmi '1 | 00 _ ‘, 1 . . .

rateB cachingo DQ fi

\\

\_\

Absorbance a b.u@ -bU1 O
4

_ , ,,__ --- ‘ . . —--| .  ‘1'*’]400 500 600 700 500
Wavelength (nm)

".'0";..'s“.'@ 5. =00
Lm-pom-r(mW)

Fig.4.5 Variation of rate of bleaching with Fig.4.6 Optical absorption spectrum of C
incident laser power. 540 doped PMMA samples a) before and

b)after bleaching.

The variation of photodestruction is studied for concentrations varying from

5 x l0'3 M to l x lO'6 M and is shown in Fig. 4.7. We have used laser radiations of 30

mW power at a chopping frequency of 30 Hz. In the lower concentration range it is

observed that photodestmction increases with decreasing concentrations of the dye,

(Fig.4.7 b,c)which is due to the reduced number density of the dye molecules [6]. But

for very small concentrations (Fig.4.7 d,e) the PA signal showes no considerable

variation with time. At these concentrations, the activation time is very small so that

the observed variation is insignificant (12).
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Fig.4.8 PA signal amplitude versus time plot for different modulation frequencies
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The influence of the modulating frequency on photostability has also been

studied (Fig.4.8). Though incident intensity is reduced with increased chopping rate

this has very small effect on photodestruction. This implies that the stability of the

dye doped polymer matrix depends on the total energy per unit time incident on the

sample which is the same for all chopping frequencies. This is not the case with all

dyes. A decrease in bleaching rate is observed with increased chopping rate in certain

cases indicating the role of exposure time in the bleaching process. [10]

The Coumarin 540 has two absorption bands, one in the UV region and the other in

the visible region [ll]. The dependence of photodestmction on different wavelengths

available from the Argon lon laser shows that significant photobleaching is observed

mainly for 476 nm (Fig.4.9). Photobleaching is insensitive to radiation at wavelength

514 nm which is in agreement with the absorption spectrum of the sample.

0.24
a 476 nm

un­

%
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Fig.4.9 PA signal amplitude versus time plot for different wavelengths.
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The main photodegradation mechanism can be a photochemical or photothermal

process or both, but the specific contribution of each process is unknown [13]. The

commonly accepted reasons for the degradation of dye molecules are thermo

destmction due to the poor thermal dissipation in the polymer host, photo deactivation

from the excited states which results in the transformation of the dye molecule into

components that no longer absorb light in its absorption band and thirdly the

formation of dimers that absorb radiation without any fluorescence [1].

Assuming that the degradation rate of the dye obeys an exponential relation,

the PA signal amplitude can be written as Q(t) = Q0 exp(-t/2') at constant exposure to

incident optical power[l3]. The degradation rate can be obtained from the slope of the

curve plotted between time and log Q. The decay rates at various concentrations of the

dye are tabulated in Table 4. l. From the table it is obvious that the photobleaching is a

concentration dependent process .Two distinct mechanisms are found to be prominent

in the bleaching process. Except in the case of 5 x 10'} M concentration, the first

process is found to be faster than the second.i _ _ ‘ [7
Concentration l 1 _‘ . 1 _1

A Ofthe dye 5 (ms ) 4 E01“ )
. 5xl0'3M

5x10*‘M

lX1O_4M

1><10'5M

1; 10 ""M

0.22

0.52

1.35

0.63

0.31

0.66

0.42

0.46

0.18

0.14

Table 4.1 Decay rates of the dye at various concentrations.

ll6



Photostability of dye doped polymer matrices

4.6.2 PA studies in dye doped polymer film samples

C 540 dye, doped in polymer matrices such as PMMA, polystyrene and poly vinyl

chloride are prepared to form films of thickness in the range 20-200 microns. The

effect of laser power on the photodegradation rate of these films is carried out under

different optical pump powers. All the experimental conditions are the same as that of

bulk samples.

Good optical quality films are formed by doping C 540 with commercially

available PMMA with a weight percentage of 10 using MEK as the solvent. We have

used films of thickness 150-200 microns for the photostability studies. The variation

of signal amplitude as a function of time for various pump powers is as shown in

Fig/1.10 For a small pump power there is a gradual decrease in PA signal amplitude

while at greater pump powers the signal variation occurs at a faster rate. Very quick

saturation of PA signal is observed at a pump power of 80mW due to complete

photodegaradation of the dye.

For the dye doped polystyrene films, the photodegradation of the films with

power is as shown in Fig.4.ll. The PA studies are performed for the same pump

powers as earlier. As in the previous case for lower pump powers, the photobleaching

rate is slow which increases with increase in pump power. But saturation of PA

signal is not observed within the range of measurements carried out. The thickness of

the samples studied is within the range of 130-I80 microns which is almost the same

as in the case of PMMA films .The polystyrene matrix is found to be more stable than

PMMA matrices.
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The difference in photostability of the two matrices could not be related to the

nature of thermal dissipation since PMMA is a better thermal conductor than

polystyrene [14]. Since the same concentration of the dye is used for the formation of

both types of dye doped polymer films, the role of dimer formation need not be

significant in photodegradation. The excited state photodeactivation of the dye is

different in different polymer matrices and solvent environments. Hence the photo

chemical reaction of the dye in its excited state with PMMA molecules may be more

significant than with polystyrene molecules which lead to the photodestruction of the

dye at a faster rate.

Fig.4.l2 shows the results of photoacoustic studies carried out in dye doped

PVC polymer films. Compared to dye doped PMMA and polystyrene films,

degradation rate is found to be much higher in PVC films. One possible reason is the

lower thickness of the selected PVC polymer films. The investigations are carried out

in films of thickness in the range 20-60 microns which are considerably less than

PMMA films. The excited state photochemical reaction of the dye with the PVC

molecule may be more destructive. Though good quality dye doped films are formed

with PVC, its performance as a solid host for laser gain media is not promising.

A comparison of the performance of dye doped bulk PMMA sample

fabricated by free radical polymerization method is made with the dye doped PMMA

thin film prepared by free cast evaporation method at a pump power of 50 mW

(Fig.4.l3). The dye doped PMMA film is found to be more stable than the bulk

samples. The faster degradation of dye molecule in bulk samples may due to

intermolecular interaction between the dye molecule and the free radical of the

polymer formed during the polymerization process.
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4.7 Conclusion

The photostability of C 540 dye doped polymer matrices fabricated by bulk

polymerization and -free cast evaporation techniques is investigated successfully

employing the photoacoustic technique. The investigations are carried out under

different experimental conditions such as pump power, concentration of the dye,

modulation frequency and excitation wavelength. The photodestruction of the dye is

found to be a linear process. Photostability of the dye in different polymer matrices

are compared. Dye doped polystyrene matrix exhibits better stability than PMMA and

PVC matrices. A comparison of photostability is also carried out among samples of

bulk polymerization and free cast evaporation techniques in which the latter gives

better photostability.
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ASE and Energy Transfer Studies
in Dye Mixtures

I nave made any vafuafillz zfiscoveries, it /ias 6een owing more to patient attention t/{an
to any otfier tafent. " Issac Wewton

Abstract

The energy transfer mechanism in C 540-Rhodamine 6G and C 540-Rhodamine B donor­

acceptor (d-a) pairs are investigated. The good spectral overlap and the proximity of dsa pair

molecules which is around 60 A denote the possibility of resonance energy transfer between

the d-a pairs. Energy transfer is studied in four solvent environments. C 540-Rh 6G and C 540

- RhB d-a pairs behave in quite different manner in different solvent environments.

5.1 Introduction

The concept of energy transfer in which electronically excited molecules

transfer their energy to neighbouring molecules is widely used as an effective tool for

the measurement of nanometer scale distances and for the investigations of molecular

interactions. It is referred to as a spectroscopic ruler due to its sensitivity over

distances of few nanometers [1]. The different mechanisms by which an electronically

excited molecule decay to the ground state loosing its excitation energy provide lot of

information about the structure and dynamics of macromolecules, the interactions of



Chapter 5

macromolecules with each other, the environmental effects, conformation changes and

proximity between molecules. Detection techniques based on energy transfer are very

attractive due to their high sensitivity and find wide applications in different fields

such as photochemistry, analytical biochemistry, environmental analysis and

diagnostics [1-5]. The energy transfer between donor and acceptor pairs is also found

to be very effective in controlling and tuning light emission in laser gain media [6-10].

5.2 Different Energy Transfer Mechanisms in a d-a Pair

An electronically excited molecule which is short lived will decay to the ground state

dissipating its excess energy of excitation in three different ways:

1) Radiationless transitions from one electronic state to another

2) Radaitive transitions between electronic states

3) Electronic energy transfer between different molecules.

Thus energy transfer process is an intermolecular deactivation of the excited

state. It is the transfer of the electronic excitation energy of a molecule or group

(donor), to another molecule or group of a different species (acceptor). Similar

transfer of energy to the molecules of same species is described as energy migration

[1 l]. The energy transfer is a complex process which includes different mechanisms

for the transfer of energy from donor molecule to acceptor molecule. Energy transfer

may occur by a radiative process, involving the emission of a photon by the donor

molecule and its subsequent absorption by the acceptor molecule. It may also occur by

a nonradiative process, due to the interaction between the donor and the acceptor

molecules during the excitation lifetime of the donor, prior to the emission of a

photon. Nonradiative transfer can be due to electron exchange interaction or

coulombic (dipole-dipole) interaction between D* and A where D* represents the

excited state of donor. The former one may take place over distances ~ 6-15 A, which

is comparatively closer to the molecular diameter while the latter takes place over
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intennolecular distances (30-70 A) which are large compared to the molecular

diameter[l1-12]. These mechanisms of energy transfer which are termed as radiative

transfer, short-range transfer and long-range transfer are briefly described below.

5.2.1 Radiative transfer

In radiative transfer of electronic energy, the photons emitted by the excited

state of the donor, travel through the medium and are absorbed by the acceptor. It is a

two step process. There is no direct interaction between the donor and acceptor.

Radiative energy transfer occurs for that part of the spectrum where there is an

overlap between the emission spectrum of the donor and absorption spectrum of the

acceptor. The donor emission lifetime is invariant in radiative energy transfer. The

generalized mechanisms of radaitive energy transfer can be described as follows.

Donor emission: D‘ -> D + h\/A

Acceptor absorption: A + h\/A —-> A‘

5.2.2 Radiationless transfer due to electron exchange interaction

The electron- exchange interaction occurs at a short range (S 15 A). Energy from the

donor D* is transferred to acceptor A if the intermolecular separation between the two

species approaches the collision diameter. It is not necessary for the two molecules to

collide since transfer can occur at distances slightly greater than the collisional

diameter [13]. Its magnitude is proportional to the overlap integral. This exchange

interaction is usually dominant at close approach of D* and A and if the virtual

transitions between the donor and acceptor molecules are spin forbidden so that the

coulombic interaction is negligible. One necessary condition for the transfer of energy

by the short-range process is that the multiplicities of the states involved in the

transfer must be in accordance with the Wigner spin conservation mle [13]. It is a
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diffusion controlled process and dependent on the solvent viscosity and temperature.

The electron exchange energy transfer can be described as follows.

D‘ + A -> D + A’

5.2.3 Radiationless transfer due to Coulombic interaction.

This energy transfer occurs as a result of the dipole-dipole coupling between the donor

and acceptor and does not involve the emission and reabsorption of photons. Transfer

of energy can occur even when the donor and acceptor molecules are separated by

distances much greater than the donor-acceptor collision diameter. The basic

requirement for the energy transfer to occur is compatibility and proximity [1]. A

compatible acceptor is a molecule whose absorption spectrum overlaps the emission

spectrum of the donor molecule. The degree to which they overlap is decided by the

spectral overlap integral J. Proximity means that a compatible acceptor molecule is

close enough to the donor for the energy to excite it. Also, the donor and acceptor

dipole orientations must be approximately parallel. Spectral overlap indicates that the

energy differences between the vibrational levels of ground and first excited state of

the donor correspond to the energy differences between the vibrational levels of

ground and first excited state of acceptor. The schematic representation of nonradiative

energy transfer is given in Fig.5.l. Thus when two fluorophores, a donor and an

acceptor are very close together (less thanl00 A) and the donor emission is of the

same energy as that of the acceptor excitation, a quantum of energy is transferred to

the acceptor raising the electrons of the acceptor to higher energy state as the donor

retums to the ground state. This is also known as resonance energy transfer. The

acceptor can be fluorescent or non fluorescent. If it is fluorescent, the transferred

energy is emitted as the fluorescence characteristics of the acceptor. If it is not

fluorescent, the energy is transferred to the solvent. The process can be represented as

D‘ +A -» D + A’
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acceptor AA and A’, B and B’,C and C’ are coupled and transitions A,B,C

induce transitions A’,B ’ ,C’

5.3 Importance of fluorescence resonance energy transfer

Fluorescence energy transfer is a distant-dependent excited state interaction. Due to its

extreme sensitivity and distance -dependence, energy transfer mechanism is widely used

as a means of detecting molecular interactions and conformational changes in the

nanometer scale distances, both in vitro and in viv0[13]. Recent advances in the technique

have led to qualitative and quantitative improvements including increased spatial

resolution, distance range and sensitivity [2]. The importance of energy transfer process is

that it contains molecular information which is different from that revealed by solvent
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relaxation, excited state reactions and fluorescence quenching or fluorescence polarization

[3]­

The energy transfer mechanism is also proved to have significant application

in the area of characterizing laser materials to control light emission. It has been

shown that by using highly efficient acceptor materials, it is possible to improve the

quantum efficiency of the system in comparison to that of the pure host system [6-7].

In the context of solid state lasers, efficient energy transfer between numerous donor —

acceptor dye pairs have been reported to improve the laser performance and to

broaden the spectral range of laser operation [6-8]. In donor—acceptor pairs, the

emission region is shifted away from the absorption and hence self absorption is

considerably reduced. Also, owing to the negligible concentration of the acceptor

(1%-10%), concentration quenching is also reduced. Both these factors can reduce the

threshold of amplified spontaneous emission (ASE) [6, 9]. Energy transfer dynamics

is also made use of to improve the optical properties of polymer blends used as

emissive layers in organic light emitting diodes [10].

5.4 Theory of resonance energy transfer

The quantitative theory for the singlet —singlet energy transfer has been developed by

T.Forster assuming that the transfer occurs as a result of dipole-dipole coupling of

donor and acceptor and does not involve the emission and reabsorption of photons.

[14]. According to this theory the rate of energy transfer from a specific donor to the

acceptor is given by
6

kg, = l[&l (5.1)rd r
Where rd is the lifetime of the donor in the absence of acceptor, r is the distance

between the donor and acceptor, and R0 is a characteristic distance called the Forster
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distance, at which the efficiency of transfer is 50%. He also demonstrated that the

efficiency of the energy transfer process (E) can be expressed in terms of the

characteristic distance R0 by the relation

6E =-ii? (5.2)
(R0 +r )

From equation 5.2 it is clear that when R0 = r _the efficiency of transfer E= ‘/2. At an

intermolecular distance R0, the energy transfer competes equally well with all other

decay routes. There exist equal probabilities for transfer and intramolecular

deactivation of the excited state by radiative and nonradiative processes. Thus at

Forster radius, the efficiency of energy transfer is 50 %. The relation for R0 is given as

R6 :?000lf1iOk2(pD j-pD(v)@A(v);zv (503)° 128/~r‘Nn‘ V“

where (DD is the quantum yield of the donor in the absence of acceptor, n is the

refractive index of the medium, N is Avogadro’s number, F D (v) is the corrected

fluorescence intensity of the donor in the wave number range T7 to V + d 17 with the

total intensity normalized to unity and 6,, (v)is the extinction coefficient of the

acceptor at 17 . k is a factor describing the relative orientation in space of the

transition dipoles of the donor and acceptor and is taken as 2/3 for isotropic media[9].

This relation shows that R0 is independent of the donor oscillator strength or lifetime.

But it depends on a number of factors including the fluorescent quantum yield of

donor in the absence of acceptor, the refractive index of the solution, the dipole

angular orientation of each molecule and the spectral overlap integral of the donor and
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acceptor. According to Forster theory the energy transfer rate constant KET is also

expressed as

9O00lnl0k2(D F (17).; (— d_
ks? Z  5 6 DI D  V) "V (5-4)1287: Nr 2'0 v

where r is the distance between the donor and acceptor and TD is the lifetime of the

donor in the absence of acceptor. All energy transfer mechanisms are characterized by

a reduction in the emission intensity of the donor and an enhancement in the emission

intensity of the acceptor if it is a fluorescent molecule. They also predict a decrease in

lifetime of the electronically excited state of the donor. In the presence of an acceptor

molecule to which energy can be transferred, a new mode of deactivation is added

which depopulates the excited state. Thus a reduced lifetime is one of the

characteristics of resonance energy transfer. The average lifetime of the donor has to

decrease with increase in transfer efficiency [I4-16]. In the relation for the resonance

energy transfer rate (Eq.5.l) the lifetime of the donor in the presence of energy
transfer is modified as

r = (kr + km + kn)“ (5.5)
The conventional way of determining energy transfer efficiency is to compare the

donor emission intensity of the donor-acceptor sample in the presence and absence of

acceptor which can be expressed as [16]E=l-L (5.6)
F0

where F and F0 represent the fluorescence intensities of donor in the presence and

absence of acceptor respectively. Since the efficiency of energy transfer depends on
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the extent of overlap between the emission and absorption spectra of donor and

acceptor, the energy transfer can be extremely rapid when there is large overlap. It can

exceed the rate at which the donor and acceptor species can diffuse through the

medium [15].

Since the conditions for radiative and radiationless energy transfer are similar,

in some cases it may be difficult to distinguish between the two processes. Radiative

transfer is considered as a trivial process due to the simplicity of the physical process

involved in it. But it cannot be neglected in studies of energy transfer.

There exist still some other intermolecular processes by which electronically

excited states can be deactivated. These can either be a collisional deactivation or a

complex formation [12]. In the former process, on collision with other molecules the

excited state energy is given up as heat to the surroundings. The rate of such a

collision process is equal to the rate at which the molecules diffuse through the

solvent medium. The constant for such a diffusion controlled bimolecular process is

given as

kdljf = 2%xlO3 dm3 mol'ls‘1 (5.7)
where R is the gas constant ,T is the temperature (°K) and 11 solvent viscosity. For

organic solvents at room temperature the value of kd,-,9» ranges from lxlOw to 4xl0w

dm3 molds”. In the latter case a complex formation in the excited state is involved. A

donor molecule in its excited state can form short-lived exciplexes with acceptors in

the ground state. In solution there is a possibility of exciplex formation [16]. These

exciplexes may or may not emit their own characteristic emission which is likely to be

different from that of the original molecule. In short, energy transfer can take place

from the excited state of a donor to the ground state of an acceptor in quite different

ways such as by collisional interaction, radiative transfer, electron-exchange, dipole­

dipole coulombic interactions and exciplex formation.
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Here, we report the energy transfer investigations carried out in laser dye

mixtures of C 540 as donor and Rhodamine 6G and Rhodamine B as acceptors in

different solvent environments by measuring the amplified spontaneous emission from

these systems.

5.5 Experimental Details­

The energy transfer and ASE studies are done in four solvent environments under

pulsed optical excitation. C 540, Rhodamine 6G and Rhodamine B laser dyes

(Exciton) are used as supplied. All the reagents used in the present study, viz,

methanol, ethanol, dimethyl formamide (DMF) methyl ethyl ketone (MEK) are of

spectroscopic grade. The absorption spectra are recorded using UV-VIS

spectrophotometer (JascoV-570). For all the energy transfer experiments, stock

solutions of concentration 4 x 10"‘ M of both donor and acceptors are prepared. A

fixed amount of donor is taken for all experiments and different amounts of acceptor

are added to vary its concentration. The quantum yield of the donor C 540 is

determined as explained in chapter 2.
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The energy transfer mechanism and ASE from laser dye mixtures are studied

by taking the sample in a quartz cuvette of dimensions 1 cm x l cm x 3 cm. The

sample is excited by 476 nm radiation from a Quanta Ray MOPO (MOPO 700)

pumped by Q-switched Nd:YAG laser at 355 nm that emits pulses of 7 ns duration at

a repetition rate of 10 Hz. Light emitted from the front layer of the sample is

collected in a transverse direction using an optical fiber without any focusing. The

emission spectra are recorded with an Acton monochromator (Spectrapro) attached

with a CCD camera.

5.6 Results and discussions

As noted earlier, spectral overlap between the fluorescence spectrum of donor

and absorption spectrum of acceptor is the prerequisite for any energy transfer

experiment. Fig.5.2 shows the emission spectrum of the donor C 540 and absorption

spectra of Rh6G and RhB as acceptors. There is a good spectral overlap between the

donor and acceptor which makes the energy transfer possible. The degree of spectral

overlap between the donor emission and the acceptor absorption is given by the

overlap integralwe
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5.6.1 ASE in C 540 -— Rhodamine 6G d-a pair.

A successive quenching of ASE intensity of the donor C 540 is observed with

the increase in the concentration of Rh6G for the d-a pairs in all the four solvents viz.

ethanol, methanol, DMF and MEK, with a transfer of emission intensity to the

acceptor side. But the rate of energy transfer is quite different in different solvents.

For the d-a pair in methanol, even for 1.2% by volume of Rh6G, the emission

intensity of the donor is reduced to half its maximum recorded value. For a

concentration by volume of Rh6G of nearly 5%, the fluorescence intensity of the

donor is almost quenched and the acceptor intensity is increased to a maximum.

Fig.5.4 shows the ASE of the d-a pair in methanol. The concentration of the

acceptor for which the emission intensity of the donor decreases to half its maximum

recorded value is estimated to be 5 xlO'6 M. A blue shift of 4.5 nm in the donor side

and a red shift of 4 nm in the acceptor side are observed in the emission spectra. Since

the conditions for radiative and nonradiative energy transfer are quite similar, both

types of energy transfer occur simultaneously. The blue shift of the donor ASE spectra

observed with increasing acceptor concentration can be attributed to the radiative

transfer phenomenon. The increased number of acceptor molecules quenches the

longer wavelength portion of the donor ASE spectrum more effectively than the

shorter wavelength of the spectrum by reabsorption. The red shift observed in the

acceptor emission spectra is due to the reabsorption of the fluorescence emission by

the acceptor molecules themselves and is the usual concentration dependent red shift

observed in dye solutions [18].
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concentrations of Rh6G in methanol. Spectra I corresponds to donor

ASE and spectra II corresponds to acceptor

C 540 and Rh6G in ethanol and DMP give somewhat similar results for the

ASE spectra with that of d-a pair in methanol. However the concentration of the

acceptor needed to quench the emission intensity of the donor to half its maximum

value is increased. The acceptor concentrations for the above pairs are estimated to be

1.5x 10's M and 2xl0'5 M respectively. Figure 5.5 shows the emission spectra for

the d-a pair C-540 and Rh-6G in DMF.

For the d-a pair in methyl ethyl ketone (MEK), certain differences are

observed in the emission spectra of the donor. In the absence of acceptor, the ASE

peak of C-540 occurs at 527 nm with a very small peak observed around 510 nm.

With the addition of 2% by volume of acceptor, the major peak at 527 nm is highly

quenched and no significant reduction is observed for the peak at around 510 nm. By

further increasing the acceptor concentration, donor ASE is completely quenched and

the acceptor ASE intensity gradually increases.
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The sudden quenching of the prominent peak in the donor emission

spectrum may be due to strong coupling between the corresponding

vibrational levels of the donor and acceptor. Fig.5.6 shows the emission

spectra of C540 —Rh6G pair for various concentrations of the acceptor in

MEK.

5.6.2 C 540-Rhodamine B as d-a pair

The ASE investigations are repeated with the d—a pairs of C 540 and RhB in

the same solvents. We have observed very striking results using these pairs. With d—a

pairs in methanol and ethanol, somewhat similar results are observed as in the case of

C540 —Rh6G pairs. But in these two solvents, the acceptor concentrations needed for

quenching the emission intensity of the donor to half its maximum value are

considerably high (10%-20%).But the emission intensity of the acceptor is also

significantly high for these two pairs. The emission spectra for d-a pair in ethanol is

given in Fig.5 .7. The blue and red shifts observed in the emission spectra of the d-a

pairs in methanol and ethanol are included in Table.5.2.

The d-a pair in DMF and MEK behave quite differently from the above,

pointing out a different mechanism responsible for the decay process. For the d-a

pair in DMF, even after the complete quenching of donor emission intensity due to

acceptor, no emission is observed in the acceptor side. The concentration of the

acceptor for the complete quenching of donor ASE is around 8.4xI0'5 M which is

25% by volume of the donor. The blue shift observed is even less than 2 nm which

suggests that the role of radiative transfer and quenching is less compared to other

d-a pairs. The RhB molecule is acting as a dark quencher for the donor without

giving any fluorescence. This can be of great importance in biological studies due to
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the absence of any background fluorescence from the acceptor molecule [l9].The

ASE spectrum of d-a pair DMF is given in Fig.5 .8
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Fig.5.7. Emission spectra of C540- RhB pair in ethanol
I-spectra of donor. lI.Spectra of acceptor.

Similar to C 540 - RhB in DMF, for the d-a pair of C 540 - RhB in MEK,

almost complete quenching of the donor ASE is observed with no emission in the

acceptor side. As in the case of C540-Rh6G d-a pair in MEK, the main peak at 526

nm is gradually quenched with the increase of acceptor concentration. At higher

concentration of the acceptor, the peak is shifted to 507 nm and then completely

quenched by further increase of acceptor concentration. A concentration of l.14x10'4

M (~ 40% by volume) of the acceptor completely quenches the donor ASE. No

appreciable blue shift is observed in these two peaks. Similar to C-540 —RhB pair in

DMF, RhB in MEK can also be considered as a dark quencher.
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Acceptor p Solvent
Blue shift
for donor

(Hm) T

Red shift
for

acceptor
(Hm)

Rh-6G
Rh-B

Rh-6G
Rh-B

Rh-6G
Rh-B

Rh-6G

Ethanol 7
8

Methanol A 4.5
5

DMF ; 5.5" 2MEK I5

2
7

4
ll
5

9; Rh-B 4 0.4 - A
Table 5.2 The blue shift for the donor spectra and red

shift for the acceptor aspectra.

In order to check the role of background fluorescence in the emission

spectrum of the acceptor in the C540- Rh6G and C 540- RhB d-a pairs due to the

direct absorption of the excitation pump beam, the spectra are recorded for different

concentrations of the acceptor alone. The results obtained for Rh6G in MEK are

included in Fig.5.9 for comparison with the emission spectra of the C 540 ~ Rh6G d-a

pair in the same solvent. The spectrum shown in Fig.5.9e is recorded for a

concentration which is more than double the acceptor concentration in the d-a pair.

The observed background fluoresnce is not significant. It is evident from this figure

that the contribution of fluorescence emission from the direct absorption of energy by

the acceptor is very small and hence the enhancement in ASE of the acceptor can only

be attributed to different energy transfer mechanisms.
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III spectra for Rh6G alone in MEK

The different experimental results exhibited by all d-a pairs of C 540- Rh6G

in different solvents, establish that efficient energy transfer is taking place between

the donor and the acceptor. The simple mechanism of radiative transfer, where the

emitted photon of the donor is simply absorbed by the acceptor could not be the sole

mechanism behind the quenching of the ASE intensity of the donor. Even 5 % by

volume of Rh-6G in methanol and 10% by volume in ethanol resulted in the complete

transfer of ASE intensity to the acceptor side. It is reported that generally very small

concentration of the acceptor (1%-10%) can produce efficient energy transfer in dye

mixtures due to resonance energy transfer [6-7].If radiative transfer is the prominent

process one would expect more or less the same level of concentration for C 540 and

Rh-6G since both of them have high absorption cross section and quantum yield.

These observations of energy transfer can be explained by a dipole -dipole interaction
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that exists between the molecules of the d-a pairs which causes non-radiative energy
transfer between the molecules.

In order to check the role of resonance energy transfer, we have to consider

the Forster distance R0 for the d-a pair of C 540 - Rh6G in all the four solvents. It is

the average distance between the donor and acceptor molecules at which the

probability of intermolecular energy transfer is just equal to the sum of the

probabilities of all deexcitation processes of the excited state of the donor. Taking the

experimental values of overlap integral J and the quantum yield of the donor in

different solvents, the value of R0 is calculated for the d-a pairs of C 540 - Rh 6G. The

R0 values obtained for all the d~a pairs, which varied within the range 6.4nm -6.7 nm

are very much within the limit proposed for the efficient resonance energy transfer

between donor and acceptor molecules due to dipole-dipole long range interaction.

The values of R0 are given in Table 5.3. Since the performance of C 540 - RhB d-a

pair in methanol and ethanol are very much similar to C 540-Rh6G d-a pairs, the R0

values are determined. The values obtained are 6.48 mn and 6.16 nm respectively. The

calculated values of R0 for different d-a pairs, which fall within the range 5.9 nm to

6.7 nm indicate the possibility of a dipole-dipole long range interaction being

responsible for the energy transfer between these donor-acceptor pairs.

The energy transfer process is found to be more complex in C 540- RhB pairs

in DMF and MEK. In both of these solvent environments, the donor fluorescence is

completely quenched without giving any fluorescence emission in the acceptor side.

In general, collisional deactivation, nonfluorescent ground state complexes or excited

state complexes (exciplexes) may lead to fluorescence quenching of the donor without

any transfer of energy to the acceptor side. Another possibility of the fluorescence

quenching of RhB is that it acts as a dark quencher where the energy transferred to the

acceptor molecule is not reemitted as fluorescence but converted as heat.
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The normal collisional deactivation could not be considered as the possible

mechanism of quenching in the above d-a pairs. Collisional quenching is a function of

solvent viscosity as given by equation 5.7. The differences in viscosities are very less

for ethanol and DMF (1.2 and 0.92 respectively), but the d-a pair in ethanol exhibit

good energy transfer. No new peaks are observed in the absorption spectrum of C 540

—RhB d-a pair in DMF whichrule out the possibility of complex formation in the

ground states of the donor-acceptor pairs resulting in a static quenching (Fig.5l9). The

formation of exciplexes between the excited state of the donor and the ground state of

the acceptor molecules can quench the fluorescence emission. The short range

electron-exchange interaction may be considered as occurring through short-lived

exciplex intermediates [ll]. Also,the emission spectra of the d-a pairs show no new

bands which may originate from exciplexes. This denotes the absence of any

fluorescent exciplexes. Formation of nonfluorescent excited state complexes may be a

quenching mechanism failing to give any characteristic emission.

In order to analyze the mechanism behind the quenching of acceptor

fluorescence in C 540 - RhB pairs in DMF and MEK, we have recorded the emission

spectrum of RhB alone in DMF by exciting the sample at a wavelength where C 540

has no significant absorption but has only emission. It is clear from the absorption

spectrum of C 540 that it has negligible absorption beyond 520 mn (Fig.5.l0Q].The

sample is excited at 540 nm where RhB has good absorption. In the present case we

have kept the absorbance of RhB less than 0.1 in order to avoid the possibility of any

quenching due to concentration. C 540 dissolved in DMF is then added to this sample

at different concentrations and the emission spectra are recorded. The concentrations

of C 540 are chosen in such way that the condition matches with previous energy

transfer studies conducted in C 540-RhB d-a pair. It is interesting to observe that the

increase in concentration of C 540 in the mixture resulted in a decrease in the

fluorescence emission of RhB. The emission spectra of Rh B in the presence of
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different concentrations of C 540 are given in Fig.5.11.These investigations are

carried out using a Cary Eclipse spectrofluorimeter(Varian).1.2T I| 08- 11.o~_ _ l
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The above studies lead us to assume that some quenching mechanism is active

in RhB in DMF solvent in the presence of C 540. For further understanding of the

quenching mechanism, we have considered the Stem-Volmer relation for quenching.

The quenching rate constant is determined from the relation [16]

i = kF SM] <5-9)
where F0 and F represent the fluorescence intensities of the donor in the absence and

presence of acceptor and A is the concentration of the acceptor. The quenching

constant kgy is the slope of the Stern-Volmer plot drawn between the concentrations

of the acceptor and the emission intensity of the donor. In the present case, we analyze
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the quenching of RhB in the presence of C 540. The Stem- Volmer plot drawn for

the emission intensity of R.hB vs concentration of C 540 gives a linear plot

(Fig.5.l2)which suggests that a fluorescence quenching mechanism is active for

acceptor Rh B in the presence of donor C 540. More detailed investigations are

necessary to specify the exact mechanism behind this quenching process.

The energy transfer rate km can be determined for the d-a pairs using the

relation given in equation 5.9. The Stem -Volmer plots between the ASE intensity of

the donor C 540 and the various concentrations of the acceptor in different solvent

environments provide the value of the quenching rate constant kg;/. The energy transfer

rate can be obtained from these plots according to the relation [17]

kg-f zkgv/TD
Where ‘CD is the fluorescence lifetime of the donor in the absence of the acceptor.

In the present study, the experimental data show that the Stern-Volmer linear

relation of the ratio of fluorescence intensity and acceptor concentration is not

followed under pulsed laser excitation. Instead, the plot of F0/F vs concentration of

the acceptor displays almost an exponential growth . Fig.5.13 shows the F0/F vs

acceptor concentration plots for different d-a pairs. The deviation from the linear

nature of the Stern-Volmer plot suggests the possibility of more than one mechanism

responsible for the decay of the donor from its electronically excited state.
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The complete transfer of ASE intensity from the donor side to the acceptor

side, the good overlap integral , the range of critical distance from 5.9 nm to 6.”/nm

and the increased energy transferirates emphasize the role of dipole-dipole long

range coulombic interaction for the energy transfer in the dye mixtures of C540 ­

Rh6G and C540-RhB.

For a better comparison of the energy transfer between different donor­

acceptor pairs, the transfer efficiency

E=1--Ii (5.11)
F0

for a particular concentration of the acceptor is calculated and is given in Table 5.3. F

and F0 are the ASE intensities of the donor in the presence and absence of acceptor

[16].

Acceptor i Solvent
R0

(Rm)

E
(c0n.l.5xl0‘5 A

M) °/o

R5160
4 Rh-B

Rh-6G
Rh-B

Rh-6G
Rh-B

Rh-6G
Rh-B

Ethanol

Methanol

DMF

MEK

6.64
6.48
6.43
6.16
6.41
6.27
6.57
5.92

83
46
95
33
65
40
9348 i

Table.5.3 The critical transfer radius for different pairs
and the energy transfer efficiency for a constant

concentration of the acceptor in different solvents.
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The energy transfer efficiency values give a comparison of the effect of

solvents on the mechanism of energy transfer between different donor acceptor pairs.

Compared to the C 540 —Rh6G d-a pair, the efficiency is considerably less for C540­

RhB pair. This is supported by the comparatively lower overlap integral (Table 5.l)

for C 540-RhB d-a pair“ in all solvents. Since RhB is having an extended emission,

more energy may be decayed before being transferred to the acceptor molecules

which again reduces the efficiency.

5.7 Conclusions

Amplified spontaneous emission and excitation energy transfer for the dye

mixtures C-540 as donor and Rh-6G and Rh-B as acceptors in different solvent

environments are studied. The ASE from the donor and acceptors is studied under

pulsed optical excitation. Efficient energy transfer from the donor to the acceptor is

observed in different d-a pairs. The high energy transfer rate, the good spectral

overlap between the emission spectra of donor and absorption spectra of acceptor

and the calculated Forster distance which varies in the range of 5.9 nm to 6.7 nm

suggest a significant role for the resonance energy transfer between the donor and

accepter molecules in dye mixtures. The energy transfer mechanism between the

donor and acceptor molecules is found to be profoundly influenced by the solvent

media of the d-a pair. When Rh B is selected as the acceptor in different solvent

media, there is transfer of ASE intensity of the donor to the acceptor as well as

quenching of the ASE intensity of the donor by the acceptor. Since the background

fluorescence is absent in the latter case, this can be of great importantance in

biological studies.
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Chapter 6

Nonlinear characteristics of
Coumarin 540

“I start "wfiere, t/ie first man left out. ” Thomas Edison.

Abstract

Open aperture Z scan studies carried out to investigate the nonlinear properties of C 540 dye

solution and dye doped polymer matrices are presented in this chapter. Nonlinear absorption

studies are performed at a two photon resonance wavelength of 590 nm and at a near resonance

wavelength of 650 nm where the absorption is comparatively less. Along with the dye solution

in toluene, thin films of C 540 dye doped in PMMA, polystyrene and PVC are the samples

used for the investigations. The optical limiting behaviour of the dye doped films is also
discussed

6.1 Introduction

Nonlinear optics is an important branch of science which took birth with the advent of

highly intense laser systems. It is concerned with the study of the phenomena that

result from highly intense light induced modifications in the optical properties of the

materials. The field of nonlinear optics (NLO) explores the coherent coupling of two

or more electromagnetic fields in a nonlinear medium [1-3]. The discovery of the

important nonlinear effect, the second harmonic generation (SHG) introduced a new

branch of experimental investigation in the area of laser-matter interaction. Later on

many interesting nonlinear optical effects are discovered which have significant
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applications in the field of telecommunication, optical storage, optical switching,

optical power limiting etc[4-8].

The nonlinear effects are broadly classified into two categories. One is
concerned with frequency conversion and the other with optical modulation. Sum and

difference frequency generation comes under the frequency conversion process and

Kerr effect, self phase modulation etc. are examples of optical modulation processes.

New frequency generations are due to the oscillations of induced nonlinear

polarization at appropriate frequencies. In optical modulation process, light modulates

the properties of the medium such as the refractive index [9-10].

Study of nonlinear effects leads us to a new understanding of fundamental

light-matter interaction. Implementation of the various NLO effects in the appropriate

areas of technologies like optical communication, optical switching, optical data

storage demands a detailed knowledge of the NLO processes and their dynamics.

Nonlinear optics is observed with lasers which have high degree of spectral purity,

coherence and directionality with which atoms and molecules can be irradiated with

an electric field that is comparable to interatomic field. These fields are of the order of

101° Vm‘1 corresponding to an incident light of ~l00GWcm'2. In practice it is

possible to observe many nonlinear optical effects at much lower intensities due to

enhancement of the nonlinear effect. If the induced diploes in the medium oscillate

coherently, the field that they radiate can add together constructively to produce a

much larger intensity. This condition is called phase matching and is often used to

enhance nonlinear effects. If the frequency of the light lies near the internal resonance

frequency of the oscillating diploes, there is resonance enhancement of the

nonlinearity. Multiphoton process is an example of such resonance enhancement [l 1].

The property of optical nonlinearity can be well understood by considering

the dependence of dipole moment per unit volume or polarization P(t) of the material
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on the strength E(t) of the applied electric field. In the case of linear optics the induced

polarization has a linear dependence on the electric field strength which can be
described as

Pm = x ‘“E(t) (6.1)
where the constant of proportionality X is the linear optical susceptibility. When the

electric field is significantly high, nonlinear interaction occurs and the observed

nonlinear optical effects can be described by expressing the polarization P(t) as a

power series in the field strength E(t) as

P(t)= X“) E(t)+X(2) E‘-’ (t) + X(3)E3(t) + ....... .. (6.2)

=P1(t)+P2(t)+P3(t)+ ...... .. (6.3)

where X(‘),X(2) are the second and third order nonlinear optical susceptibilities

respectively. The second and third order polarizations can be expressed as

P2 <0 = 1"’ Etc) (6.4)
P’ <0 = >6” E30) (6.5)

The physical processes that occur due to second and third order polarizations are

distinct from each other. Second order nonlinear effects occur only in
noncentrosymmetric crystals. They are crystals which do not posses inversion

symmetry. Liquids, gases, amorphous solids like glass and even many crystals display

inversion symmetry and the 1(2) value vanishes for such media and consequently they

cannot exhibit second order nonlinear optical effects. On the other hand third order

nonlinearity which is described by 1(3) can occur both for centrosymmmetric and

noncentrosyrnmetric media. Third order NLO effects are particularly interesting since
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they have great technological relevance and these effects are present in varying

measure of strength in all materials irrespective of symmetry of materials. The third

order optical susceptibility is considered to be a complex quantity having both real

and imaginary components. 1(3) = XR0) +7¢1{3). The real and imaginary parts are related

to y and B respectively where y is the nonlinear refractive index in cm2W'1 and B is

the nonlinear absorption coefficient and is defined as 01(1) = 010+ Bl . The nonlinear

refractive index 7 is one of the simplest quantities derived from 1(3) and is a very

complicated one in its most general fonn [2-4].

6.2 NLO properties of organic molecules

Since no symmetry requirement exists for the occurrence of third order nonlinear

optical effects in materials, different kinds of materials like liquids, glasses, crystals

and thin films exhibit these effects. Report of strong SHG in organic molecule led to

intense effort to develop new organic materials for nonlinear effects. During the past

two decades lots of investigations were done to develop materials with large third

order nonlinearity and ultrafast response times for their potential applications in the

area of science and engineering [4-7]. A variety of materials have been experimented

for various NLO applications which include conjugated polymers, semiconductors,

quantum dots, organic molecules, sol-gels, dye aggregates, guest-host systems,

organic composites etc. During 19805 it became evident that organic materials can be

a better choice for use in nonlinear optical applications. Organic chromophores

generally exhibit extremely high and fast nonlinearities, much better than those

exhibited by inorganic materials. Due to the versatility of organic synthesis, their

nonlinear optical properties can be tailored depending on the desired applications.

In contrast to inorganic materials which consist of covalent or ionic bond of

atoms, organic materials are based on independent molecules and characterized by
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weak intermolecular interactions. The NLO property in these molecules is due to the

virtual electron excitation occurring in the individual molecular or polymeric units.

Organic dyes and polymeric materials possess lower dielectric constants and faster

response time. The nature of at electron bonding sequence, the substitution of alternate

atoms into the conjugate structure etc. affect the dipole moment and optical

susceptibility. In organic materials large charge separation can be achieved through

the easy delocalization of the It electron cloud, leading to very large and fast

nonlinearity since it requires only electronic motion which could be in few

femtoseconds. Moreover, these chromophores are easily amenable to structural

modifications and possess tremendous applications [10]. The applications of organic

molecules are related to two different nonlinear effects exhibited by the molecules.

The optical limiting systems are related to the multiphoton absorption whereas signal

processing applications rely upon the nonlinear refractive index change.

6.3 Nonlinear absorption (NLA)

The amount of light absorbed by any absorbing medium increases linearly with input

intensity and is termed as linear absorption. But an intense monochromatic radiation

from a laser can induce profound changes in the optical properties of the materials.

While the linear absorption coefficient is expressed as a function of the excitation

wavelength, at significantly high beam intensity, the absorption coefficient is

expressed as function of wavelength and intensity as ot(I,7t) and is termed as non

linear absorption. At sufficiently high intensities the probability of a material

absorbing more than one photon before relaxing to the ground state is greatly

enhanced. Other than two or more photon absorption, many other complicated

phenomena like population redistribution, complicated energy transitions in complex

molecular systems and the generation of free carriers are accompanied by the intense
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optical fields. The effects observed due to these phenomena are saturable absorption

(SA) and reverse saturable absorption (RSA).

The nonlinear process associated with real energy level is the saturable

absorption. In this process a light beam which is highly absorbed by the material when

it is of low intensity, will pass through the medium without-any absorption when it is

highly intense. Here, the absorption cross section oi(l) decreases with intensity. On the

other hand, when the absorption cross section increases with intensity, the system will

be less transmissive when excited. This gives the opposite effect of SA and the

phenomenon is termed as reverse saturable absorption[ l , 12].

The two absorptive mechanisms resulting in RSA are the two or multiphoton

absorption and the excited state absorption. Two photon or multiphoton absorption

involves a transition from the ground state of a system to a higher lying state by the

simultaneous absorption of two or more photons from an incident radiation. This

process involves different selection rules than those of single photon absorption.

When the incident intensity is well above the saturation intensity , the excited

state can become significantly populated. The excited electrons can rapidly make a

transition to higher excited states before it eventually makes transition back to the

ground state. In organic molecules, transitions are possible to higher energy singlet

and triplet manifolds. Depending on the pulse duration, pump intensity and

wavelength, the excited electrons from the first excited singlet state S1 can make

transition to higher excited singlet states Sn or from the T1 to Tn states in the triplet

manifold. This is known as the excited state absorption (ESA). When the cross section

for TPA or ESA is greater than that of linear absorption, reverse saturable absorption

occurs. It is observable when the incident beam intensity is sufficiently high to

deplete the ground state significantly [l-3].
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6.4 Open aperture Z-Scan to Study N LA

The Z-scan technique is a simple and sensitive single beam method to measure the

sign and magnitude of both real and imaginary part of third order nonlinear

susceptibility X0). The experiment uses a Gaussian beam from a laser and the

transmittance of the sample is measured as the sample is moved along the propagation

direction of a focused beam. In an Z-scan measurement, it is assumed that the sample

is thin and the sample length is much less than the Rayleigh’s range 20 which is given

by

k ' 2Z0 = % (6.6)
where k is the wave vector and coo is the beam waist. This is essential to make sure

that the beam profile does not vary appreciably inside the sample. The refractive

nonlinearity is obtained by measuring the transmittance through a finite aperture in the

far field as a function of the sample position z from the focal plane. This is the closed

aperture Z-scan technique by which the sign and magnitude of nonlinear refractive

index n2 can be determined. In this method, the phase distortion suffered by the beam

while propagating through the nonlinear medium is converted into corresponding

amplitude variation [13-15].

The absorptive nonlinearities are determined by the open aperture Z-scan

technique where the entire light is collected by removing the aperture from the

experimental setup. Since Z-scan measurements are very sensitive to nonlinear

refractive index effects that will spread the transmitted beam, care must be taken to

collect the whole transmitted energy. Nonlinear absorption can produce thermal

lensing in some cases which may also lead to strong defocusing of the beam. When

the entire light is collected, the throughput is sensitive only to nonlinear absorption.
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The Z-scan graphs are normalized to linear transmittance at large values of z. Thus the

refractive and absorptive nonlinearities can be studied by performing the Z-scan

measurements with and without an aperture [16-17]. Since the desired pump beam

quality could not be achieved, we have carried out only the open aperture Z-scan

measurements in the present case.

6.5 Theory of open aperture Z-scan technique

When the absorption coefficient of a medium has a nonlinear dependence on laser

beam intensity, one can use the relation

a(I) = <10+ B ‘MI (6.7)

where oto is the linear absorption coefficient and B2“ is the two photon absorption

coefficient of the medium. In the case of three photon absorption, the dependence of

the absorption coefficient on the laser radiation intensity can be represented as

<10) = at +B‘*”’ I + W 1’ = <10 +B¢ffI (6.8)

where [3(3"’) is the three photon absorption coefficient and Beff is the effective nonlinear

absorption coefficient. For the measurement of nonlinear absorption coefficient, an

open aperture Z-scan configuration is used. In the closed aperture Z-scan

measurements, the sensitivity of the experiment to refractive nonlinearities is entirely

due to the aperture. When the aperture is removed and the entire transmitted light is

collected by the detector, it is sensitive only to the absorptive nonlinearities. The

transmitted light is not sensitive to the phase variations. The intensity dependent

nonlinear absorption coefficient 01(1) can be written in terms of the linear absorption

coefficient or and the effective nonlinear absorption coefficient Beff due to TPA or

ESA.
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<1(I) = <10 +BeffI (6-9)
The irradiance at the exit surface of the sample can be written as

-(201I,(z,r,r)  (6.10)
1+q(Z,r,f)

where q(z,r,t) = /3efiI(z, r,t)Leff (6.11)

Leif is the effective length and is given in terms of sample length I and oto by the

relation

(1 - ea’Le” = i) (6.12)
do

The total power transmitted P(z,t) is obtained by integrating equation 6.10 over z and

r and is given by

P(;/,1) = R (:)e"’"‘ 13[1+ q° (am (6.13)
q0(Z=[)

P1(t) and q0(t) are given by the equations

Pm = g <6-14>
I 1 L 2

qo (Z, 1) I fleflzg (3251? Z“ (6.15)0

For a pulse of Gaussian temporal profile, equation 6.13 can be integrated to give the

transmission as

165



Chapter 6

c °° 2r( )=—- 1 (1+ "* ya 6.16)Z qt»/;_'.in qoe (
The nonlinear absorption coefficient is obtained by fitting the experimental data to

equation 6.16.

6.6 Experimental setup

The experimental setup for the transmittance measurement as a fiinction of incident

intensity is shown in Fig.6.l. A Gaussian beam is employed for the measurements.

Using a single beam in tight focus geometry, the transmittance of the nonlinear

medium is collected as a function of the sample position z measured with respect to

the focal plane. The excitation wavelength used is 590 nm taken from a Quanta Ray

MOPO (MOPO 700) pumped by Q~switched Nd:YAG laser at 355 nm that emits

pulses of 7 ns duration at a repetition rate of 10 Hz. Spatially filtered input beam is

focused using an achromatic lens of focal length 20 cm. The lens produces a beam

waist of l/e2 radius of 47 um at 590 nm. The corresponding Rayleigh range (20) is

11.75 mm. The sample is taken in a 1 mm cuvette to ensure that the thin lens

approximation is satisfied where the beam dimension does not change at the entrance

and exit side of the sample. While the input energy is kept constant the medium

experiences a different incident field at different positions of 2 when it is scamied

across the focus using a motorized translation stage. The ratio of the transmitted and

incident energies is measured using energy ratio-meter (Laser probe Inc.) with RjP735

probes. The complete experimental setup is automated using Labview. It is assumed

that the focus corresponds to sample position z = O. The typical Z-scan data with fully

open aperture is insensitive to nonlinear refraction; therefore the data is expected to be

symmetric with respect to focus. For material with two photon absorption or ESA

there is a minimum transmittance at the focus (valley) and for saturable absorption
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there is a maximum transmittance at the focus (peak). The measured nonlinear

transmittance is normalized with respect to the linear transmittance.

as L 5 D_<_rt_egtor
3;  ;    ________,r. ._ D"l ‘ 5  i  --'- r 2lr .  ...................  %'  " s e \-  ' 3 s ­. \_ !5 5 !: E up ..... -.---.---q ;

Energy meter   "D1 . .
Fig.6.1 The Z-scan experimental setup in which the ratio D;/D, is recorded

as a function of the sample position Z

6.7 Nonlinear absorption in C 540 dye solution

The nonlinear absorption studies in C 540 dye solution is performed by taking the dye

solution at a concentration of 2 x 10"‘ M .The solution is taken in a 1 mm thick quartz

cuvette. The open aperture Z-scan measurements are done to evaluate the nonlinear

behavior of the dye solution. The excitation wavelengths chosen to study the non

linear absorption in the dye doped samples are 590 nm corresponding to the two

photon resonance of the absorption peak 295 nm and 650 nm which is at near

resonance. At both these wavelengths the absorbance of the sample is less than

0.0l(Fig.6.2). The dye in different solvents including polar, dipolar and nonpolar are

tested for the nonlinear absorption but only toluene gives a good result which is a

nonpolar one.
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Fig.6.2 Absorption spectrum for C-540 dye in toluene

The open-aperture Z-scan measurements are done at various input fluences.

The Z-scan plot exhibits a valley at the focal point due to the minimum transmittance

which steadily increases on both sides of the focus. This behavior is typical of reverse

saturable absorption. The large power density available at the focus induces nonlinear

effects in the sample by which excited state absorption (ESA) occurs from SI to higher

Sn states or a simultaneous absorption of two (TPA)or more photons. This nonlinear

absorption results in a reduced transmittance. Typical open aperture Z-scan curves of

the C-540 dye solution in toulene with normalized transmittance is shown in Fig.6.3.

It shows the nonlinear absorption of the dye solution for different input fluences at a

wavelength of 590 nm. The depth of the valley increases with increasing fluence level.

No cross over from reverse saturable absorption to saturable absorption occurs with

increase in input fluence as reported in the case of Rhodamine B dye [l8~l9].
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Fig.6.3 Open aperture Z-scan plots at different energy densities for C 540 dye in
toluene .Excitation wavelength length 590 nm

Z-scan experiments are repeated at a wavelength of 650 nm which is the edge

of the absorption band. No significant variation in the RSA behavior is observed.

Fig.6.4 shows the plot for the dye solution at a wavelength of 650 nm. The nonlinear

effects due to high power density can result in ESA or TPA. The predominance of any

of these two absorption processes depends on many factors like the lifetime of various

excited states of the molecule, the rate of intersystem crossing and pulse width of the

laser source used.

The values of nonlinear absorption coefficient Beff for the dye solution can be

extracted by fitting the experimental open-aperture Z scan data to the equation 6.16.

The constant qo is obtained as the fit parameter and knowing the values of I0, zo and

Leff the nonlinear absorption coefficient can be evaluated. The experiments are done at

various energy densities and the nonlinear absorption coefficient [365 is evaluated for

the dye solution for the two wavelengths of excitation. The calculated values of Beff is
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given in Table.6.l.Somewhat similar values are obtained for absorption coefficients

corresponding to the two excitation wavelengths 590 nm and 650 nm. The observed

RSA can be attributed to resonant two photon absorption along with some ESA
effects.
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Fig.6.4 Open aperture Z-scan plots for C 540 dye in toluene
Excitation wavelength length 650 nm

O

Wavelength (nm) l lrradiance Be"
K  cw/cm’ you _ crn_GW"it 590 1.5 0.8

0 0 5'90 " 02.4 5 1.6650 1.25 t 2.8
Table.6.1 Values of irradiance and Beff for C 540 dye

in toluene for two wavelengths.
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6.8 Nonlinear absorption in Dye doped polymer films

The nonlinear absorption and Z-scan studies are carried. out in dye doped polymer

films as well. PMMA, polystyrene and PVC are used as the polymer matrices. The

method of preparation is described in chapter 3. The concentration for the dye doped

film prepared for Z-scan studies is 2x104 M. The thickness of the films used for the

studies varied from l0 -150 microns. Since the variation of the excitation wavelength

exhibited no significant change in the absorption coefficient for the dye solution, Z­

scan studies are performed only at 590 nm. The Z-scan measurements are carried out

at various fluence levels for the different dye doped polymer matrices. All of them

exhibit the typical RSA behavior with a transmittance minimum at the focus. Fig 6.5

and 6.6 show the nonlinear absoption plots exhibited by the dye doped in PMMA and

polystyrene solid matrices. For a better comparison of the nonlinearity of the dye

doped polymer matrices, the nonlinear absorption coefficients are calculated by fitting

the experimental data to the equation as in the case of the dye solution. The measured

values of Bert and inadiance I0 for different dye doped polymer matrices are given in

Table 6.2. From the table, it is clear that Beff is higher for the dye doped polystyrene

films compared to the other two polymer matrices.
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§ Samplg film MW/cmz  '6'?” _1
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D e do ed lY p 30 400 6 35
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6.9 Optical limiting

Optical limiters are devices which make use of the nonlinear absorption properties of

materials. They are widely used for optical sensor protection including human eyes

from intense beam of laser light [20-22]. They display a decrease in transmittance

with increase in intensity or fluence of light. There will be a linear transmittance upto

a threshold value of incident intensity. Beyond this threshold value the optical limiters

exhibit an abrupt change in transmittance and the output remains a constant in spite of

increase in incident intensity. This critical value of the input intensity is termed as the

threshold of the device. The optical limiting results from the absorptive nonlinearity of

the material which can be due to TPA or ESA.
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6.10 Optical limiting in dye doped polymer films

In order to understand the optical limiting behavior of the samples and to find the

threshold value of optical limiting, one has to keep the sample in a fixed position and

to measure the transmittance as a function of input fluence. The optical limiting

properties of a material can alsobe estimated from its Z-scan plots for various input

fluences. For this, the nonlinear transmission has to be plotted as a function of input

fluence and such plots can be generated from the Z-scan measurements. From the

value of fluence at the focus, fluence level at other sample positions can be calculated

using the standard equation for Gaussian beam waist given by;1 (6.17)
0)’(z) = a)j(l+§7]Z;

F ig.6.7 shows the nonlinear transmission for the different dye doped polymer

samples. Generally it is found that the threshold value of optical limiting is not sharp

for material [1]. One will be able to find an exact value for threshold from the Z-scan

plot for the transmission in terms of input fluence. In Fig.6.7 the arrow indicates the

approximate fluence level at which the transmission deviates from its linear behaviour

which is considered as the threshold value of the optical limiter. The threshold values

obtained for the polystyrene, PMMA and PVC dye doped polymer films are

0.85 Jcm‘2, 1.75 Jcm'2 and 4.37 Jcm'2 respectively. This shows that the polystyrene

films exhibit a better optical limiting threshold compared to PMMA and PVC films.

174



NLO characteristics of C 540

1l IIL0-ii \ ‘I... -‘II.--II.... . ifi ..*.i f‘ I * .0.9 nu '3“ v v v 1, '9
I 9 " ' " I 0 '00..‘ witI er b . IE 03* '00 '

ZIICB

- a)0.8S Jcm'2 1 . . ° ,l' 1 n2 a %

'l‘ransm'

'" b)l.7S Jcm' Hc)43 Jcm'2 ' '* |=1 I .3 1|

F3
~1

Norma zed
.O .0Ut O\

L4

$i

LL

O

0.4-L ,
‘*1-T“-——-~‘-1 ~‘—'~fi . . . . . . | - ­O.l I

Input Fluence J/cmzflogarithmic scale)

Fig.6.7 Non linear transmission in dye doped polymer films
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6.11 Conclusion

The nonlinear absorption characteristics of C540 dye solution and dye doped polymer

matrices are investigated using the open aperture Z-scan technique. The Z-scan plots

are drawn for various pump fluences. For the dye solution, Z-scan plots are drawn for

a two photon resonance wavelength as well as for a near two photon resonance

wavelength and both exhibit typical reverse saturable absorption. The nonlinear

absorption coefficient is determined for all the polymer matrices. The high nonlinear

absorption and the observed RSA can attributed to resonant two photon absorption

along with some ESA effects. Among the different polymer matrices, dye doped

polystyrene matrices exhibits better nonlinearity. The optical limiting behavior of the

polymer matrices is also studied.
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Chapter 7

Conclusions and future prospects

7.1 General conclusions

Organic dyes are a class of materials with enormous potential which can be exploited

in a variety of fields of science and technology. The almost unlimited number of dyes

available and the ease with which the structure of organic compounds and their

derivatives can be modified, make these materials still quite attractive in the area of

research. Intense effort is going on to develop new organic materials and to tailor

them to meet the current needs of the photonic world. The wide spectral range of

their emission which covers the entire visible, near ultraviolet and near infrared makes

them versatile laser sources. In addition to tunability, the unique level of high

performance they provide in certain areas keep them quite promising among the

variety of laser materials. Fluorescence spectroscopy is another major field where

organic dyes are widely used for biological analysis, spectroscopic studies

environmental analysis and diagnostics.

Nonlinear optics is an important branch of photonics with potential

applications in the area of optical communication, optical data storage, optical limiting

and optical switching. Among the variety of materials explored for good nonlinearity,

the organic dyes have proved to be equally competitive with their promising third

order nonlinearities. In the present work, photophysical, lasing and nonlinear

characterization of certain laser dyes are carried out mainly focusing on Coumarin

540, a highly fluorescent dye in the green wavelength region.



Chapter 7

For all applications of an organic dye, the photophysical, chemical and

thermal characterization is of utmost importance. In order to explore the solvent

environment effect on laser dyes, an exhaustive investigation is carried out in a good

number of solvents. Since the polarity, refractive index and dielectric constants of the

medium are decisive factors in the performance of a laser dye, investigations are

carried out in polar protic, dipolar aprotic and nonpolar solvents. The different optical

parameters such as the quantum yield, lifetime, Stol<e’s shift, relation of St0ke’s shift

with solvent polarity function, radiative and nonradiative decay constants are
evaluated.

In one of the investigations of C 540 dye, taking the dye solution in a quartz

cuvette, it is excited with 476 nm radiation after focusing by a cylindrical lens to form

a stripe like excited region. This simple experimental arrangement resulted in laser

emission with well resolved and equally spaced resonant modes. The resonant modes

originate from the subcavities formed between the walls of the cuvette. The total

emission spectral width and the number of modes exhibited by them present a

correlation between the gain of the medium, the quantum yield and the refractive
index of the solvent.

Solid matrices containing laser dyes are widely used to build practical tunable

solid state dye lasers. Polymers are the most popular host materials with their good

optical qualities, simple way of processing and low production cost. Dye doped

polymers have also demonstrated high conversion efficiencies. In this context, we

have compared the amplified spontaneous emission and laser emission from C 540

dye doped polymer films. Studies are carried out using the PMMA, polystyrene and

PVC polymer host materials and dye doped polystyrene films exhibit comparatively

high gain. We have carried out the investigation in free standing dye doped films

which act as symmetric waveguides. These films exhibit. significant enhancement in

optical gain compared to dye doped thin films coated on substrates which act as
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asymmetric waveguides. Gain studies are conducted by exciting the gain medium in a

transverse direction focusing the pump beam using a cylindrical lens. At sufficiently

high pump intensity and excitation length, laser emission is observed with equally

spaced well resolved resonant modes. For dye doped polystyrene films laser emission

is observed even from a short length of 1.25 mm at pump intensity of 760 kW/cm2.

The optical feedback due to the partial reflections from the well polished surfaces of

the film generated the necessary gain for laser emission.

The highly sensitive and simple photacoustic technique is employed for the

characterization of the photostability of the dye doped polymer films. The

photostability of these samples are investigated under various conditions like different

solvent medium, concentration of the dye, pump powers , excitation wavelengths and

chopping frequencies.

Energy transfer studies in dye mixtures are carried out in different solvent

environments by recording the ASE intensity under pulsed optical excitation. C 540 as

donor and rhodamine 6G and rhodamone B as the acceptors are the different d-a pairs

used for the investigations. Methanol, ethanol, DMF and MEK are the solvent media

in which investigations are carried out. Efficient energy transfer is observed in these

d-a pairs. The critical transfer distance obtained for the different d-a pairs and the

good spectral overlap between the emission spectrum of donor and absorption

spectrum of acceptor suggest the role of resonance energy transfer in these dye

mixtures. For C 540-Rh6G d-a pairs in all the four solvents, the donor ASE gradually

dies out with a corresponding enhancement in acceptor ASE intensity. In contrast, for

the C 540-RhB d-a pairs in DMF and MEK, the donor ASE is gradually quenched

without any transfer of ASE to the acceptor side. This dark quenching without any

acceptor emission may be due the formation of some nonfluorescent complexes in the

excited state of the donor. This is of great importance in biological analysis due to the

absence of any background fluorescence.
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Chapter 7

Organic dyes nowadays acquired a renewed demand in the photonics field

with its nonlinear optical properties. They are attractive materials mainly due to their

third order nonlinearities. We have carried out the nonlinear absorption

characterization of the C 540 dye, both in solution and dye doped polymer films using

the open aperture Z-scan technique. Typical reverse saturable absorption (RSA)

behaviour is observed in both these cases. The nonlinear absorption coefficient and

the irradiance level for nonlinearity are estimated. The performance of the dye doped

polymer films as an optical power limiter is also studied.

7.2 Future prospects

Many of the studies performed in the present thesis work leave space for future

investigations. The significant enhancement in optical gain observed in free standing

dye doped films with micrometer thickness can be explored in detail. This could be of

considerable application in the design of active optical integrated circuits. Among the

different dye doped polymer films studied, dye doped polystyrene films exhibit

comparatively high gain and better photostability. The choice of solvents and the

weight percentage of polystyrene are critical parameters which have to be tailored to

get the optimum conditions for the fabrication of good quality films. We have adopted

free cast evaporation methods for the formation of thin films. Tape casting technique

can be employed to achieve better quality films of desired thickness. Regarding the

energy transfer studies, the C540-RhB d-a pairs have to be extensively studied to

understand the quenching mechanism in detail. Lifetime measurements can throw

more light into the different energy transfer mechanisms possible in the d-a pairs.

Another area for further investigations is the nonlinear studies on the dye doped

polymer films. Closed aperture Z-scan measurements can be employed to investigate

the nonlinearity in refractive index.
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