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SYNOPSIS 
 

There are many applications where broadly tunable pulsed coherent radiation, 

having narrow bandwidth and high average optical powers are needed. Solid-state dye 

lasers are emerging as compact tunable light sources, however, so far best performance 

is limited to low pulse-repetition-frequency operation while high repetition rate 

operation still eludes operational stability. These days, optical parametric oscillators 

(OPOs) are emerging as compact, state-of-the-art all-solid-state, tunable light sources, 

alternative to the conventional organic dye laser. However, the delicate requirement 

of phase matching, system complexity and thermal issues at high pulse repetition rate 

operation limit their application potential. Thus, in present scenario, dye laser based on 

organic dye molecules in liquid solvent as gain medium, is the most comprehensively 

utilized pulsed tunable laser. Continuous wavelength tunability, efficient narrow 

bandwidth operation, wide spectral coverage, and simplicity have made a dye laser an 

indispensible tool in many areas of laser research, scientific, industrial and medical 

applications. Narrow bandwidth high repetition rate (~ kHz) dye lasers, tunable in the 

visible region of spectrum, are exclusively used in application like atomic vapor laser 

isotope separation (AVLIS) scheme. Dye laser pumped by copper vapour laser (CVL), 

operating typically in the range of 5-10 kHz in the visible region, capable of delivering 

high average power, is extremely appropriate for this purpose. This thesis work is a 

study on CVL pumped dye laser system. 

In a dye laser, since absorption of the pump beam radiation follow the 

exponential law, the maximum absorption predominantly lies close to the pump beam 

entrance window of the dye cell. A fraction of the pump radiation is converted into 

heat, within a confined area (i.e. in the pumped region) through non-radiative 

processes. The thermal energy deposited causes change in density, as a result, the dye 
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laser gain medium suffers from refractive index nonuniformities which leads to 

refraction/deflection of the dye laser beam passing through it. These thermal effects 

degrade the optical quality of the medium, reduce the output energy, and change the 

spectral characteristics. Inhomogeneity in the gain medium created by thermal field is 

severe, particularly for excitation at high pulse repetition frequency, if the dye medium 

is static. The simplest technique to minimize these thermal effects in the gain medium 

and to improve the optical quality of the medium is to rapidly exchange the irradiated 

dye molecules exposed to the pump laser, before the arrival of the next pulse. 

Replacement of the dye molecules is easily implemented by flowing of the dye gain 

medium. The mass flow rate is chosen so as to replace the optically pumped dye 

molecules after each excitation pulse. Thus, a high repetition rate dye laser requires 

large flow velocity across the optical pump region. A large liquid flow velocity can be 

accomplished by linearly constricting the dye cell cross-sectional area, near the dye 

laser axis. The flow related issues such as dye cell geometry, stagnant boundary layers, 

flow velocity profiles, cavitations, eddies etc. degrade the optical quality of the lasing 

medium. Thus, the issues related to the dye cell geometry and the dye gain medium 

flows are of the main concern for a high repetition rate dye laser. These aspects have 

not been paid sufficient attention in the past. Thus, a need was felt to design dye cell 

and studies spectral stability of high repetition rate dye laser. The research work 

presented in this thesis is primarily directed to extend the understanding of narrow 

bandwidth high repetition rate dye laser and thereby developing technology to improve 

its spectral stability. The thesis is organized in nine chapters. In almost all the chapters, 

after brief review of the topic under investigation, experimental data generated during 

the course of investigation is presented at length, followed by discussion of results and 

summary.  
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Chapter 1: Review on high repetition rate dye laser: Gain medium  

Chapter 1 begins with an overview of dye lasers, significance of high repetition 

rate dye lasers, and issues related to high repetition rate dye lasers. The characteristics 

of a dye laser gain medium are described. The physics of dye laser gain medium which 

deals with the physical properties of the laser dyes, and important classes (families) of 

laser dyes that are widely used for laser application, are presented. Spectroscopic 

properties related to the energy levels, and the possible absorption and emission 

processes that occur in the typical laser dyes and which are of importance in dye laser 

action, are discussed. Photo-physical properties of Rhodamine 6G (Rh6G) dye, which 

is used as the gain medium for the high repetition rate dye laser, are briefly described. 

A review of the environmental factors such as solvent, concentration and temperature 

effects on the absorption characteristics of Rh6G dye is presented. These studies help in 

understanding of the photo-physics of the Rh6G dye laser.   

  The subsequent chapters describe the studies on the investigated aspects of a 

high repetition rate dye laser such as experimental methods and diagnostic tools for 

analysis of the output of the dye laser, characteristics of high repetition rate excitation 

source, pulsed dye laser resonator, dye circulation system, dye cell, gain medium flow, 

and finally results of the experiments performed, after putting together these 

components.    

Chapter 2: Diagnostic techniques for high repetition rate dye laser 

Chapter 2 covers the diagnostic tools for data visualization/representation and 

formulation of the experimental technique for dye laser spectral characteristics 

investigation.  A novel method for dye laser output data presentation was proposed and 

realized. The composite image generation technique, for representing the spectral 

characteristics of dye laser, was used for the real-time analysis of the dye laser 
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performances. Methodical formulation of the measurement technique for spectral 

parameters such as wavelength, bandwidth and mode structure etc., were put into 

practice for dye laser spectral investigations. A diagnostic technique was established for 

the analysis of the spectral distribution of a high repetition rate dye laser by deriving 

explicit relationship of the parameters with ring diameter of the Fabry-Perot 

interference pattern and reference He-Ne laser. An expression for the number of axial 

modes present and their separation, by knowing the diameter of Fabry-Perot pattern, 

was realized. The experimental technique for spectral description of the dye laser beam 

is also discussed in this chapter. The spectral contents and the performance of the dye 

laser were investigated using high resolution spectroscopy based on Fabry-Perot 

interferometric technique and composite image generation software. All major 

instruments involved for the dye laser diagnostics are briefly described.   

Chapter 3:  Review and studies on Copper Vapour Laser 

Chapter 3 gives an overview of CVL, the high repetition rate excitation source 

for the dye laser. CVL is used as efficient excitation source for tunable dye lasers. 

Therefore, knowledge of fundamentals of this laser is an essential before its practical 

application for exciting the dye laser. The characteristics of CVL are reviewed. It 

covers spectroscopy of a copper atom, energy levels and transition mechanisms, 

kinetics of CVL, design, assembly details and operating characteristics of CVL. This 

chapter also covers the theoretical and experimental work done during the present 

course of investigations on spectral structure of CVL and the effect of electrical input 

power and buffer gas pressures on the spectral width.  Other relevant CVL data such as 

laser power, pulse shape, etc. are also presented.   
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Chapter 4: Studies on pulsed dye laser resonator   

Chapter 4 of the thesis focuses on the spectral narrowing in a pulsed dye laser 

resonator. A narrowband dye laser resonator is theoretically and numerically 

investigated. The dye laser resonator, typically, consists of a partially transmitting 

output coupler and dispersive optical elements. For a short pulse dye laser, the spectral 

width of the emission depends mainly on the passive bandwidth of the resonator. 

Narrow spectral emission through a pulsed dye laser is usually achieved by 

incorporating a diffraction grating and a beam expander. A prism is used as a compact 

one-dimensional intra-cavity beam expander. The design parameters of the prism beam 

expander, and the dispersion of the grating in grazing incidence configuration, are 

numerically investigated. The dye laser dispersive resonator was simplified to a two-

mirror cavity and the transmission coefficient of the partially transmitting output 

coupler for optimum output dye laser power was numerically and experimentally 

investigated. A novel technique has been proposed for single mode operation of the dye 

laser and is experimentally demonstrated.  

Chapter 5: Studies on high repetition rate dye laser subsystem 

Chapter 5 describes the studies on high repetition rate dye laser subsystems. 

High repetition rate dye laser subsystems, typically  consist  of a dye circulation and 

cooling system for minimization of thermal effects, dye cell for containing gain 

medium, and a system for characterizing the mass flow through the dye cell. The dye 

circulation and cooling system was especially designed, fabricated, and employed for 

the temperature stabilization of the dye gain medium. The mechanical pump, which is 

one of the key components in any dye solution circulation system, inherently produces 

vibrations which are transmitted in the flow loop system and hence around dye laser 

axis. The frequency of the vibrations produced by the dye circulating mechanical pump 
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was studied. This subsystem plays an important part towards stability of the dye laser. 

The dye cell used to contain the gain medium is one of the crucial components of the 

dye laser. The dye cell aspect in the dye laser system is explored in this chapter. A dye 

cell of rectangular straight channel in the pump region has been conventionally used for 

high repetition rate dye laser to replace the dye solution between successive pump laser 

pulses. Therefore, one needs a suitable dye cell with smooth liquid flow in the optical 

pump region. Several dye cells were designed, some of them were modeled and flow 

characteristics are numerically investigated.  

Chapter 6: Studies on spectral stability of a high repetition rate dye laser 

Spectral stability of a tunable dye laser is of vital concern in spectroscopic 

applications. In Chapter 6, the spectral stability of CVL pumped dye laser using 

different dye cells and as a function of Reynolds number of the flow, has been 

experimentally investigated. Influence of the dye cell geometries and mass flow rates 

on the stability of a high repetition rate dye laser have not paid much attention so far. 

During the course of our studies, it was evident that dye solution flow channel and 

mass flow rates significantly affect the dye laser performance. The spectral stability 

(wavelength, bandwidth) of dye laser using conventional straight channel, curved 

(convex-concave), pinched, and spatially profiled convex-plano dye cell in narrow 

bandwidth resonator were investigated. The methodology adopted for the investigation 

is spectral stability of the dye laser outputs. It is demonstrated that the geometries of the 

dye cell as well as mass flow rates significantly affect the spectral stability of a high 

repetition rate dye laser. Computational analysis of the dye laser gain medium flow has 

been carried out to explain the observed trends on spectral fluctuations as a function of 

Reynolds number.    
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Chapter 7: Studies on fluorescence of Rhodamine 6G dye under high repetition 

rate excitation 

Investigation of the spectral properties of dyes under high repetition rate 

excitation is of fundamental importance in the utilization of dye as a stable and good 

optical quality amplifying medium. In Chapter 7, the fluorescence characteristic of 

Rhodamine 6G dye, under high repetition rate excitation, was experimentally 

investigated in stationary and flowing dye gain medium. A commercially available 

spectrometer, along with specially developed diagnostics software described in Chapter 

2, was used for the investigation of fluorescence emission fluctuations. An estimation 

of the peak wavelength, spectral width, and area under the widths of an individual 

spectrum were carried out from the composite image of the recorded spectra. It was 

observed that the spectral width broadened and large fluctuations are visible in 

stationary solution as compared to dye flowing medium.  

Chapter 8: Studies on thermo-optics characteristics of high repetition rate dye 

laser 

In Chapter 8, theoretical and numerical investigations of the dye gain medium 

inhomogeneity induced by high repetition rate excitation, and its influence on the 

spectral emission are described. The thermo-optical properties of a narrow spectral 

width CVL pumped dye laser were experimentally investigated by changing the dye 

gain medium temperature from 23-35 oC. The dye laser output parameters such as 

average optical power, spectral width, wavelength, and beam divergence were 

experimentally investigated during the dye solution temperature rise from 23 to 35 oC. 

The dye laser optical characteristics through gain medium bulk temperature 

stabilization were also experimentally investigated.  
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Finally, in Chapter 9, a summary of the work carried out during the course of 

investigations is given. This chapter also provides a brief discussion about the scope of 

further work in this field. 

 

In summary, the present thesis comprehensively investigates the issues coupled 

with high repetition rate dye laser, which incorporates studies on inclusive dye laser 

system i.e. gain medium, resonator, excitation source, diagnostics tools, dye cells, gain 

medium flow analysis and thermo-optic properties.  
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Chapter 1 

Review on high repetition rate dye laser: Gain medium  

1.1 Scope of the work  

Lasers have become an integral part of life. While they appear in different 

aspects of our regular activities like shopping and listening to music, they play a vital 

role in the industries and hospitals improving quality of our life. The technique of 

making laser light involves various technological challenges, including tailoring the 

properties of light according to the specific needs. Many practical applications require 

high output power, high efficiency, good beam quality and, more importantly, 

wavelength tunability. Development of such tunable laser sources, catering to ever-

demanding spectroscopic applications, is a very active field of research [1.1]. Ever 

since the invention of the laser, there has always been a great deal of interest in the 

development of continuously tunable coherent light sources. Such sources had a great 

impact not only on research and industry, but also on the society as a whole. 

Tunable lasers are among the most studied and successful lasers [1.1]. These 

lasers are categorized into group of broadly tunable, discretely tunable and/or line-

tunable [1.1]. Broadly tunable lasers are the sources of highly coherent emission in 

which the output wavelength can be changed continuously, without discontinuous 

changes in output power. The organic dye lasers, commonly known as dye lasers, are 

the first broadly tunable laser [1.1]. Continuous wavelength tunability, efficient narrow 

bandwidth operation, wide spectral coverage and simplicity had made the organic dye 

lasers to create profound impact on a plethora of fields [1.1-1.2]. Dye laser spectral 

tunability from near ultraviolet (UV) to near infrared (IR) is possible by the existence 

of hundreds of laser dyes as well as the availability of optical pump sources of 

appropriate wavelength [1.1-1.7]. The tuning range of dye laser can also be extended to 
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UV and IR ranges by frequency mixing in nonlinear optical materials. Tunable 

operations are available from broadband to narrowband single mode, by virtue of 

variety of optical resonators [1.4, 1.7]. Due to these varied characteristics, the dye 

lasers had been very efficiently applied to physics, astronomy, spectroscopy, 

photochemistry, isotope separation, material diagnostics, medicine, etc [1.1].  

Optical parametric oscillators (OPOs) offer attractive alternative solution to 

obtain tunable coherent radiation in spectral regions, 300 ≤ � ≤ 3000	 nm [1.1]. These 

days, OPOs are emerging as compact, state-of-the-art all-solid-state, tunable light 

sources, alternative to the conventional dye laser. An OPO relies on a nonlinear optical 

process termed as parametric down-conversion. This process can only produce 

significant output when a so-called phase matching condition is satisfied. Despite their 

remarkable capabilities, as demonstrated in years of research, the OPOs have so far not 

found widespread use in commercial products. Some of the reasons for this are as 

follows  

(a) Containing at least pump laser, OPO and a temperature-stabilized crystal 

oven, hence parametric oscillator systems are more complex than pure laser systems,  

(b) The requirement for phase matching makes the operation more delicate than 

laser gain media, which are usually more tolerant in terms of crystal temperature. The 

OPOs requiring a temperature-stabilized oven for the crystal are certainly less attractive 

for many applications due to the complexity, heat dissipation, etc. 

(c) Some nonlinear crystal materials are hygroscopic and some are difficult to 

obtain with robust anti-reflection coatings  

(d) Enhancement of thermal de-phasing at high repetition rate operation. 

In spite of all these, for spectroscopic applications demanding considerable wavelength 

range, an OPO system would be a most attractive option [1.1].   
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The landscape of tunable sources seems to change deeply with the advent of 

supercontinuum sources, which offer broadband spatially coherent light covering the 

whole visible and IR spectrum (400–1800 nm). However, these sources still have low 

output powers per unit nm (typically, mW/nm) and are not very useful whenever only a 

specific spectral region has to be addressed, since in that case only a tiny fraction of the 

light is available after filtering.  

Tunable organic solid-state dye laser devices have been worked so far best in 

the low pulse-repetition-frequency (prf) operational domain and are mostly suited for 

analytical applications in the laboratory [1.2]. Development opportunities, for narrow-

linewidth solid-state oscillator-amplifiers system delivering Joule level pulsed energies, 

still remains [1.1-1.2].  

Therefore, liquid organic dye laser is probably the most conceptually simple and 

reliable tunable laser source, operating at high pulse repetition frequency, in the visible 

regions. Moreover, dye laser based on liquid solution possesses unique advantages such 

as excellent solubility of dye, low laser threshold, wide tuning range, long service life 

and homogeneous optical quality medium. In liquid dye laser, dye gain medium is 

easily cooled by a dye solution flow system. Thus, at present there is no substitute for 

the liquid dye laser operating at kHz repetition rate and delivering high average power 

for the pilot product projects. This is the reason why the liquid dye laser had been the 

most commonly used coherent tunable radiation sources in various fields over the last 

four decades. 

Dye lasers have been around nearly as long as the laser itself. As a result, there 

is now a wide range of commercially available technologies meeting the diversified 

needs of applications [1.1]. Indeed, nature of the applications dictates the use of a 

particular laser system. The suitability of a laser system to a given application take 
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account of spectral region, tuning range, output power or energy, emission linewidth, 

pulse duration and pulse repetition frequency (in case of pulsed lasers). The dye laser 

continues to offer unique and exciting tunable coherent radiation directly in the visible 

spectrum, specifically, in the applications like atomic vapor laser isotope separation 

(AVLIS) schemes which require high average powers [1.8-1.12]. The necessities for 

such dye laser [1.11] are narrow linewidth (few GHz) to separate the absorption line 

between 235U and 238U (isotope shift), high repetition rate (few kHz) to fully illuminate 

high speed uranium vapor stream and high average power for efficient separation. 

Additionally, these schemes require that the dye laser output such as wavelength and 

spectral width should be stable over sufficiently long-time. The typical tunable laser 

parameters needed for this scheme is summarised in Table 1.1. 

Table 1.1: Typical laser parameters required for AVLIS scheme [1.11] 

Laser characteristics Requirements Remarks 

Pulse duration 20-200 ns Short in comparison with atomic state lifetime 

Pulse repetition 

frequency 

10 kHz Adequate to illuminate the entire flowing vapor 

Pulse energy 0.1-1 J Pulse energy sufficient to saturate atomic transitions 

Wavelength Tunable Overlap with atomic transitions 

Bandwidth ∼	1-3 GHz Should match inhomogeneously broadened atomic 

line 

Wavelength stability ∼ ± 30 MHz Good spectral overlap of the laser and atomic line 

should be maintained. 

 

Therefore, development of stable pulsed dye laser system is essential for an 

application requiring high pulse repetition frequency and high pulse energy.  
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In the last few years [1.1], a huge progress is made on the dye laser pump 

sources such as frequency doubled crystalline lasers technology, both in repetition rate 

and average power. The most recent work by Yu-Ye et al [1.13] and references there in 

account for availability of an average power 165-W green laser (wavelength 532 nm, 

pulse width 162 ns, pulse repetition rate 25 kHz) by employing intracavity frequency 

doubling of a diode-side-pumped double Q-switched composite ceramic Nd:YAG.  

Frequency doubling of fiber lasers, whose most of the wavelength lie in the infrared, 

can provide laser output in the visible. For example, a neodymium doped fiber laser 

operating at 1064 nanometers can be frequency doubled to emit in the green at 532 

nanometers. However, 2nd harmonic efficiency is poor due to large bandwidth of fiber 

lasers. Recent reports [1.1, 1.14] demonstrated leading-edge scientific applications of 

fiber lasers systems. 

 All these sources are reliant on nonlinear conversion stages (i.e. through 

indirect processes) and hence add to system complexity. Therefore, despite the 

enormous development in solid-state laser sources, copper-vapor-laser pumped dye 

lasers emitting in the 565-605 nm region continue to be rather unique sources of 

tunable narrow-linewidth coherent radiation given their capability to reach high-

average powers at repetition rates in the kHz region [1.2-1.3]. Though mature 

technology exists for CVL pump dye laser oscillator as well as MOPA system, it has 

been well recognized that thermal problem create beam instability and are of the main 

concern for application of such high repetition rate dye lasers. In high repetition rate 

dye laser, issues of spectral stability linked with dye cell flow channel geometry, gain 

medium inhomogeneity and flow characteristics and thermo-optics properties  were not 

been paid sufficient attention in the past. Therefore, in the present work, in-house 

developed CVL pumped dye laser is being considered for further technological 
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advancements in terms of spectral stability. Studies on the related crucial issues 

associated with high repetition rate dye laser have been taken up for the investigations, 

which constitute the present thesis.  

A brief review of visible dye laser gain medium physical, spectroscopic 

properties and photo physics of Rhodamine 6G dye, the most commonly utilized in 

high repetition rate operation, is presented in the subsequent sections of this chapter.   

1.2 Physical properties of dye laser gain medium  

Organic dye molecules are complicated structures composed of a large number 

of atoms of several species, which impart color to the otherwise colorless material. 

However, the main characteristic of such organic compounds is to have a strong 

absorption band somewhere in between ultraviolet to the near infrared regions [1.16]. 

The absorption distinctiveness of the dye is depicted via a unit(s) called chromophore 

(color-bearing group). In addition to chromophores, most dyes also contain groups 

known as auxochromes (color helpers), examples of which are carboxylic acids, 

sulfonic acid, amino, and hydroxyl groups. Presence of auxochromes, which are not 

responsible for color, can shift the color of a colorant. Based on the molecular structure 

and other properties of thousands of organic dyes available, only some of the dyes meet 

the stringent criteria for becoming useful laser dyes, which have the following 

characteristics [1.16-1.24]:  

• High solubility in practical solvents 

• Strong absorption at excitation wavelength and minimal absorption at lasing 

wavelength, i.e., minimum overlap between absorption and emission spectra 

• High quantum yield (0.5–1.0) 

• Good photochemical and photophysical stability 

• A short fluorescence lifetime (few ns) 
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• Low absorption in the first excited state at the pumping and lasing wavelengths 

• Low probability of intersystem crossing to the triplet state 

• High purity 

Generally, laser dyes are complex molecules containing a number of ring 

structures. The laser dyes can also be categorized into different classes on the basis of 

their structures that are chemically similar. The structure and composition of the 

molecule has an important influence on spectral absorption/emission characteristics. 

Coumarins, boron-dipyrromethene (also known as PM dyes) and xanthenes are 

important classes (families) of laser dyes that were extensively used for laser 

applications. Succinct structural preface of these families of laser dyes is presented for 

completeness.   

1.2.1 Coumarin dyes 

It consists of a benzene ring to which a benzene heterocycle, has been fused. 

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

dyes in the blue and green regions of the spectrum [1.23-1.24]. A number of derivates 

such as Coumarin 1, Coumarin 153, Coumarin 480, Coumarin 481, Coumarin 503, 

Coumarin 521 etc. are the most commonly used Coumarin dyes. Fig.1.1 depicts a 

typical (a) structure of Coumarin dye [1.23], (b) absorption, fluorescence and triplet-

triplet absorption spectrum of the Coumarin 120 [1.26]. It’s spectroscopic and, 

consequently, laser-action characteristics strongly depend on the nature of the 

auxochromes such as –OH, –OCH3, –NH2, –NHCH3, –N(CH3)2 and other electron-

donating substituent’s in the 7-position in the ring. Coumarin dyes have the tendency 

for low photostability and degrade due to UV absorption.  
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(a) 

 

(b) 

Figure 1.1: (a) General chemical structure [1.24], (b) Absorption, fluorescence and triplet-

triplet absorption spectrum of the Coumarin 120 [1.26]  

1.2.2 Pyrromethene–BF2 (PM–BF2) dyes 

Pyrromethenes are composed of dipyrromethene complexed with a disubstituted 

boron atom, typically, a BF2 unit. The PM BF2 are an important class of laser dyes. 

They are fluorescent in the green–yellow visible region of the electromagnetic 

spectrum. The properties of these dyes can be modulated to some extent by 

incorporating the adequate substitution in the molecular structure of the parent 

chromophore. The general structure of PM dye is shown in Fig.1.2 (a) while their 

typical absorption, fluorescence and triplet-triplet absorption spectrum in Fig.1.2 (b). A 

PM-BF2 is a highly efficient laser dye, which has low intersystem crossing rate, 

reduced triplet absorption coefficient, low excited-state-absorption coefficient, and high 

fluorescence quantum yield. Unfortunately, it is a relatively unstable laser dye because 

of the presence of aromatic amine groups in its structure that leave it vulnerable to 

photochemical reactions with oxygen. PM567, PM580 and PM597 are the most studied 

dye in this family.   
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(a) 

 

(b) 

Figure 1.2: (a) General structure of PM dye, (b) Typical absorption, fluorescence and triplet-

triplet absorption spectrum of the PM dyes [1.26]  

 

1.2.3 Rhodamine dyes 

The Rhodamines are often referred to as xanthene dyes, which are cationic dyes 

derived from the xanthylium ring with two amino groups at the 3- and 6- positions and 

a pendant ortho-carboxyphenyl group at the central C9 carbon, as shown in Fig.1.3 (a). 

Fig.1.3 (b) shows the typical absorption, fluorescence and triplet-triplet absorption 

spectrum of Rhodamine dyes. They cover the green to red portion of the spectrum and 

generally have good photo-stability [1.28]. The wavelength of the most intense 

fluorescence depends on the length of the chromophore, with longer chromophores 

giving rise to longer wavelength emission. Rhodamine 6G, Rhodamine B, Rhodamine 

640 and Rhodamine 110 dyes belong to this family.    
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(a) 

 
(b) 

Figure 1.3: (a) General structure of Rhodamine dye, (b) Absorption, fluorescence and 

triplet-triplet absorption spectrum of the Rhodamine dyes [1.26] 

1.3 Spectroscopic properties of laser dyes  

Dyes are atoms of the conjugated chain lying in a common plane linked by σ 

bonds while  � bond is formed by the lateral overlap of the 	� electron orbitals. The π 

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

below this plane along the conjugated chain [1.16]. The π-bond is responsible for a 

variety of properties, such as the torsional rigidity of a double bond but more 

importantly for the electron delocalization along the backbone of the molecule. This 

extended system of conjugated bonds not only has a profound effect on chemical 

reactivity, but also influence the spectroscopic properties. The basic mechanism 

responsible for light absorption by compounds containing conjugated double bonds is 

the same, in whatever part of the spectrum these compounds have their longest 

wavelength absorption band, whether near-infrared, visible or near-ultraviolet. The 

absorption and fluorescence spectroscopic properties of organic compounds are very 

well documented [1.29-1.33]. 

Electronic levels in organic molecules, similar to atoms, consist of discrete 

energy levels, E1, E2, . . . Dye molecules have two set of electronic states, one is singlet 

manifolds and other is triplet manifolds (referred as S and T). The five most important 

states required for a description of the dye laser are shown in Fig.1.4 (a). S0 is the 
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ground state, S1 and S2 are the first and second excited single state. T1 and T2 are the 

first and second triplet state of the dye molecule. Each electronic state has a number of 

vibrational levels superimposed on it. For dye molecules, the average separation 

between the vibrational levels is generally in the 1200-1600 cm-1 range [1.20]. In 

addition, each vibronic level has closely spaced rotational levels superimposed on it. 

These rotational levels are broadened by frequent collisions with solvent molecules and 

form a near continuum between each vibrational level. This gives rise to the 

characteristic broad, structureless absorption and emission bands in the electronic 

spectra of dye molecules in solution [1.11]. This is depicted in Fig.1.4 (b). At the room 

temperature (kT 200 cm-1), most of the molecules are in the lowest vibrational level 

of S0, if the ground state S0 of the molecule is in thermal equilibrium with its 

surroundings. In transition from S0 to various rotational-vibrational levels of the excited 

singlet states S0, S1, S2 ..., the electron maintains its spin orientation, in accordance with 

the Franck-Condon principle. These processes referred to as the singlet–singlet (S–S) 

absorption. Depending on the wavelength of excitation, the dye molecule may be 

excited to the first excited singlet state or higher excited singlet state, from which they 

relax rapidly through nonradiative transition within picoseconds [1.16, 1.21] to the 

lowest vibronic level of S1. These times are very short in comparison to the lifetime of 

the S1 state, which is of the order of nanoseconds [1.16]. The relative probabilities of 

these different modes of de-excitation are governed by the structure of the dye and the 

properties of the solvent used [1.16-1.19].  
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(a) 

 

(b) 

Figure 1.4: Simplified typical (a) energy (Jablonski) diagram [1.26], (b) energy band diagram 

Besides the nonradiative decay of the excited singlet state S1 directly to the 

ground state, a molecule may enter into a triplet state where electron also switch its spin 

orientation. These radiationless transition termed intersystem crossing, can be induced 

by internal perturbation (spin-orbit coupling, substituents containing nuclei with high 

atomic number) as well by external perturbations (paramagnetic collision partners, like 

O2 molecules in the solution or solvent molecules containing nuclei of high atomic 

number) [1.16]. Accumulation of molecules in the triplet state T1 by intersystem 

crossing leads to subsequent optically allowed T1→T2 transition, which partially 

overlaps the S1→So fluorescence spectrum. The transition fromT
 →	S involves 

flipping its spin and is a relatively slow process. The triplet state life time �� is 

relatively long [1.22] (usually in the 10-7 to 10-3 s range), depending on the environment 

of the dye. Thus intersystem crossing (and triplet state absorption) of dye molecules can 

reduce or cancel the laser gain and the population of S1.  

 The other bands placed in the UV region are due to the electronic transition to 

higher excited states, i.e., the  �� electronic state. The fluorescence band is nearly the 

mirror image of the S →	S
 absorption band. Ground state absorption at lasing 
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wavelengths is due to the partial overlap of fluorescence and absorption spectra of the 

dye. This absorption arises from the molecular population in the higher vibrational-

rotational levels of S0.   

1.4 Photo physical properties of Rhodamine 6G dye  

Rhodamine 6G (Rh6G), also called Rhodamine 590 chloride, is the best known of all 

laser dyes. It is a xanthenes derivative, ionic and highly polar dye. The Rh6G dye 

exhibits an absorption peak in ethanol at 530 nm and a fluorescence peak at 556 nm. It 

has a high fluorescence quantum yield of 95% [1.34], a low intersystem crossing rate 

[1.35-1.36], and low excited-state absorption [1.37]. These properties made it a highly 

efficient dye for laser applications. Therefore, it is the most widely studied and is 

regarded as the yardstick for laser dyes. Thus, in subsequent discussion, in this thesis, 

Rh6G is taken as the gain medium for the dye laser. Fig.1.5 depicts (a) the chemical 

structure, and (b) the typical molecular 3D arrangement of Rh6G dye. Fig.1.6 shows 

the typical (a) absorption, (b) absorption, fluorescence and triplet-triplet absorption 

cross-sections of the Rh6G dye. 

 

(a) 

 

(b) 

Figure 1.5: (a) Chemical structure, (b) Typical molecular 3D arrangement of Rh6G 

dye 
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Figure 1.6: Typical (a) absorption, (b) absorption, fluorescence and triplet-triplet absorption 

cross-sections of the Rh6G dye [1.17] 

The environmental factors such as the solvent, concentration of the dye and 

temperature can appreciably affect the photo-physics of laser dyes. Therefore, brief 

review of the solvent, concentration and the temperature effects on the photo physical 

properties of the dye gain medium is described here for the completeness.  

1.4.1 Solvent effects  

In general, the dye lasers use a lasing medium composed of a complex fluorescent 

organic dye whose relative amounts can vary continuously up to the limit of solubility 

(saturation in certain solvent). For this reason, the solvent plays a major role on the 

photo physics of the dyes. The solvents for dissolving organic dyes may be divided into 

three main categories [1.38]: 

(a) Simple organic solvents e.g., methanol, ethanol, ethylene glycol, etc., or their 

admixtures, 

(b) Water based solvent, e.g., pure water or water based solutions such as ammonyx 

LO (lauryl dimethylamine oxide), Triton-X100, urea etc., 

(c) Mixture of water based solvent and organic solvents, e.g., ethylene glycol/ammonyx 

LO etc. 
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The solvent used for dye laser must possess the following essential properties:  

• The dye should be soluble in the solvent 

• The solvent must be transparent both to the pump and to the dye laser radiation           

• The solvent must be photo-chemically stable when exposed to the pump light 

The effect of the solvent on the absorption and fluorescence bands of a 

chromophore can be divided into the general effects and the specific solute-solvent 

interactions. The general solvent effect is a consequence of the solvation of the dipole 

moment of the chromophore in both the ground and the excited states [1.39-1.40] and is 

associated with some macroscopic properties of the solvent, such as the solvent polarity 

or solvent dipolarity/polarizability. Specific solute-solvent interactions depend on the 

nature of both partners that includes solute-solvent H-bond interactions and any other 

kind of solute-solvent complex formation (charge-transfer complexses, exciples, etc.). 

The specific Rhodamine-protic solvent interactions [1.41-1.42] are  

(a) H bonding between the hydroxyl group of the protic solvent and the electron lone 

pair of the amino group. This interaction prevents the participation of the amino 

electron lone pair in the π-system of the xanthylium, which causes a spectral shift to 

higher energies. 

(b) Electrostatic interaction between the positive charges of the iminium group of 

Rhodamine with the electron lone pair of the hydroxyl group of the solvent. This 

interaction stabilizes the resonance structures, leading to a bathochromic spectral 

shift. 

(c) Solvation of the carboxylate group. This interaction prevents the intramolecular 

electrostatic interaction between the xanthylium positive charge and the COOR group, 

which causes a spectral shift to lower energies. 
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(d) H bonding between the H atoms of non- or monoethylamino Rhodamines and the 

electron lone pair of the hydroxyl group of the solvent. This interaction increases the 

electron density of the amino group, favoring the delocalization of the amino electron 

lone pair throughout the xanthenes ring, which leads to a bathochromic shift.   

The lasing efficiency of Rh6G based on aqueous solution is low, in spite of very 

favorable thermo-optical properties of water. The main reason for the reduction in the 

efficiency of lasing in aqueous solutions of dye is the aggregation of the dye molecules 

[1.43-1.44] producing nonluminescing complexes in the form of nonradiative dimers. 

Measurements have shown that the quantum efficiency of an aqueous solution of Rh6G 

falls to 0.4 in the range of working concentrations, whereas in an ethanol solution, where 

the association of Rh6G molecules is slight, it amounts to 0.98 [1.16]. However, water-

based dye solutions with de-aggregating agents, such as surfactants [1.45] and other 

additives were used for dye laser [1.46]. Heavy water based solutions of Rh6G has been 

shown superior to both ethanol and normal water  solvent on account of the lower 

thermo-optic effects and higher photostability of laser dye when dissolved in heavy water 

[1.47].  

In this thesis work, the normally utilized organic solvent ethanol was used for 

most of the studies unless otherwise stated. For the sake of completeness, absorption 

characteristics of Rh6G dye in other organic solvents, from low to high viscous medium, 

like methanol, ethylene glycol and glycerol are also investigated. Commercially available 

UV-visible spectrophotometer was used for absorbance measurement of Rh6G dye in 

methanol, ethanol, ethylene glycol and glycerol. Absorbance in the range of radiation 

400-600 nm in these solvent is presented, as excitation source (CVL) for dye is in the 

visible region. It is obvious that Rh6G in ethanol shows largest absorption among others. 

Furthermore, peak wavelength absorption and absorption at excitation wavelength of 
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CVL (510.6 nm) was analyzed. Fig.1.7 (a) shows the variation of maximum absorbance 

of Rh6G in methanol, ethanol, ethylene glycol and glycerol with wavelength, while 

Fig.1.7 (b) shows the absorbance at 510.6 nm in these solvents. These experimental 

results showed that ethanol has the highest absorptivity amongst organic solvents.  
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Figure 1.7: (a) Variation of maximum absorbance of Rh6G in methanol, ethanol, ethylene glycol 

and glycerol with wavelength, (b) Absorbance at 510.6 nm in the solvents 

1.4.2 Concentration effects  

The shape of the absorption spectrum of Rhodamines changes with the 

concentration of the dye [1.48]. For dye such as Rh6G, an increase in the concentration 

implies an aggregation of the dye that causes changes in the absorption spectra 

(methachromasy effect) and on the fluorescence quenching [1.49-1.50].  

Organic dyes have a natural tendency to form aggregates [1.18-1.19] in the 

solution, because of their typically flat geometries. The color, physical properties such 

as the solubility and photo physical behavior of dyes are affected due to aggregate 

formation [1.51]. Aggregation can cause to loss in main absorption band and the 

observation of a new band relative to the monomeric dye absorption. Aggregation is 

promoted by increasing the dye concentration in a solution or lowering the temperature 

[1.16]. Increase of dye concentration; produce the formation of dimers, trimers or 
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higher aggregates [1.51-1.53]. The equilibrium between monomers and dimers shift to 

the latter with increasing dye concentration and with decreasing temperature. The 

dimers usually have a strong absorption band at shorter wavelengths than the 

monomers and often an additional weaker absorption band at the longer-wavelength 

side of the monomer band [1.16]. The dimers are generally only weakly fluorescent or 

not at all. They constitute absorptive loss of the pump power and also increase the 

cavity losses owing to their long-wavelength absorption band, which is in the same 

region as the fluorescence of the monomers [1.16].  Apart from the concentration, the 

change of solvent from polar to less polar or vice versa will also affect dye aggregation 

or de-aggregation. The aggregation of dyes in aqueous solution can be suppressed by 

the addition of organic compound, which form a cage around the hydrophobic dye 

molecules and thus shield them from each other and from the water [1.18].   

 The dye concentration also affects the fluorescence characteristics (wavelength, 

quantum yield, and lifetime) of laser dyes, not only due to a possible dye aggregation 

but also because of reabsorption and reemission phenomena. Reabsorption/reemission 

in any concentrated system, where absorption and emission band overlaps, affects 

fluorescence (and hence lasing properties). The increase in the dye concentration causes 

a shift in the fluorescence band to lower energies. Consecutive reabsorption/reemission 

processes lengthens the mean time in which the molecules are in the fluorescent excited 

state, thus increasing the life time.   

Several types of excited state solute-solute interactions are common at high 

solute concentrations. The aggregation of excited solute molecules with unexcited 

molecules of the same type may result in new excited molecules called excimer, which 

may either not luminesce, or may luminesce at lower frequency than the monomeric 

excited molecules. As excimer formation takes place in the excited state, a shifting of 
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fluorescence spectrum is observed. However, after fluorescence, the deactivated 

polymer (which is unstable in the ground state) rapidly decomposes, and hence the 

absorption spectrum does not reflect the presence of the excited complexes. A 

fluorescence quenching takes place due to the deactivation of the lowest excited singlet 

state by interaction with other species in the solution.  

The active media of dye lasers normally use concentrated dye solution. Indeed, 

diluted solutions of laser dyes do not give laser signals because the losses in the 

resonator are higher than gains. However, at higher concentration, the pump beam is 

absorbed in a very thin region close to the dye cell wall. This leads to a larger 

divergence in the horizontal direction (transverse to the direction of propagation of the 

dye laser beam), resulting in a low feedback efficiency from the output coupler [1.54]. 

Thus, at higher concentration, the laser efficiency decreases due to aggregation as well 

as diffraction losses. However, at optimum concentration, which depends on the nature 

of the active medium and on the experimental conditions, the system can give rise to 

maximum laser output power. Measurement of absorption characteristics of Rh6G in 

ethanol at 0.1, 0.6 and 2.0 mM has been carried out. Fig.1.8 shows the typical variation 

of absorbance of Rh6G with (a) wavelength, at 0.1, 0.6 and 2.0 mM, (b) concentration, 

at 510.6 and 530 nm.   
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Figure 1.8 (a): Typical variation of absorbance of Rh6G in ethanol with wavelength, at 

0.1, 0.6 and 2.0 mM 
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Figure 1.8 (b): Typical variation of absorbance of Rh6G with concentration, at 510.6 
nm and 530 nm 

 
1.4.3 Temperature effects 

In a dye laser, using dye solution as gain medium, the performance is 

significantly affected by physical properties of the dye solution. The physical property 

of the dye solution is mainly governed by solvent properties. Temperature of dye 
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solution influences photo physical properties of dye as well as solvent in many ways, 

with practically no thumb rules. Temperature plays an important role in the 

performance of dye laser. Apart from the dye solution physical properties (e.g., spectral 

range, viscosity), refractive index of dye solution is also affected by temperature [1.55]. 

Variations of the refractive index with temperature influence the spectral properties of 

the dye laser. The refractive index of thermal origin in organic dye solutions, arises 

from non-radiative energy transfer from the dye molecules to the solvent molecules, 

therefore, strongly governed by the thermo-optic properties of the solvent. El-Kashef 

[1.56-1.57] had theoretically and experimentally investigated the dye solution refractive 

index and its thermo-optic constants extensively. Wide-ranging results on macroscopic 

and microscopic parameter of the dye solvents were realized for thermal analysis of dye 

laser solutions media [1.56]. Apart from these macroscopic refractive index 

modulations, temperature has many more effects on microscopic molecular levels too. 

The temperature also perturbs the solvation energy, excited state reactions, solute-

solvent caging and the rate of non-radiative processes, which in turn influences the dye 

emission characteristics. In this way, refractive index and thermal coefficient of 

refractive index are considered as decisive factors for the gain medium properties of 

dye lasers [1.58].  

The absorption characteristics of Rh6G dye in ethanol solvent was investigated 

at different temperature. Fig.1.9 shows the typical variation of Rh6G absorbance with 

temperature, at (a) 530 and (b) 510.6 nm.  
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Figure 1.9: Typical variation of absorbance of Rh6G with temperature at (a) 530, and 
(b) 510.6 nm 

 

 

1.5 Summary 

The need for high repetition rate and importance of liquid dye laser are 

described. The recent technological advancements in this field are reviewed briefly. 

Properties of dye gain medium and criteria for becoming laser grade dye are explained. 

Succinct introduction to structural and spectral characteristic of widely used dyes such 

as Coumarin, Pyrromethene and Rhodamine families are presented for completeness. 

Spectroscopic characteristics and pathways for excitation and radiative/nonradiative 

deactivation of singlet and triplet states of organic molecules are understood through 

simplified energy (Jablonski) diagram. Photo physical properties of Rh6G are 

investigated. Influences of solvent, dye concentration and temperature on 

absorption/emission properties of Rh6G dye are reviewed and measurement of 

absorbance in various organic solvents such as methanol, ethanol, ethylene glycol, and 

glycerol are carried out. Effects of concentration and temperature on absorption 

characteristics of Rh6G dye in ethanol are investigated. These studies on gain medium 

will help in understanding the results on high repetition rate dye laser, considered in the 

later chapters of this thesis work.     
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Chapter 2 

Diagnostic techniques for high repetition rate dye laser   

2.1 Introduction 

Knowledge of dye laser output characteristics in short/long period of time is 

extremely important because of its practical relevance. There are many applications of dye 

lasers in which optical stability is of prime importance. Therefore, the acquisition, 

presentation and quantification of dye laser parameters such as optical average power, 

temporal and spectral characteristics, etc. are essential issues. The spectral structure of a 

dye laser is characterized by its wavelength and spectral width, also known as bandwidth 

or linewidth. Diagnostics of spectral characteristic, over the period of time, needs user 

friendly programmable software for acquisition of large number of sequential data and 

software for its presentation and analysis. There are no techniques available, either 

commercially or in the literature, to present dye laser output data over the specified period 

of time. Also, literatures lacks in diagnostic methods for computing the number of 

sequential data. In this thesis, a novel indigenous technique for data acquisition, storage 

and diagnostic of the dye laser output has been proposed and very effectively utilized for 

precise measurements of the output characteristics over a long period of time.   

2.2 Review of dye laser data presentations 

Pulsed dye lasers usually have mode structures [2.1-2.2], which show inherent 

pulse to pulse fluctuation/instability in the spectral structures. Kajava et al. [2.3], in a study 

on dye laser, have observed that the spectral structure and intensity fluctuate from pulse to 

pulse. They presented dye laser spectra of 8, 32 and 100 pulses, in which subsequent laser 

pulses were superimposed on each other. However, its visual inspection does not provide 
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any additional information from the representation of time averaged pulses. Pease and 

Pearson [2.4] have observed the mode structure fluctuations and pulse to pulse dye laser 

spectral instability, in high repetition rate dye laser. They presented random individual 

pulse to pulse fluctuations as a set of spots in a graph.  

To investigate the dye laser with excellent statistics, acquisition of large number of 

profiles are needed for better understanding of the output characteristics. Using computer 

graphics facilities, information can be inferred by drawing superimposed line plots of the 

signal acquired through 1-D array of photodiodes or CCD camera. For the ideal signal, all 

line plots should lie on the top of one another within the noise (random) band. This 

technique is adequate for small variations in parameters, but provides visually confused 

information for line plots having large variations in it. Situations aggravated when signal 

contains multiple peaks. Furthermore, in these superimposed line plots, time information is 

completely missing or lost. However, the time information can be represented by drawing 

a plot in a specific color or shades but it is difficult to remember color for each line plots. 

The problem of handling large numbers of line plots (spectrums or traces) having large 

variation requires a new representation. There are no such techniques available in the 

literatures to present large number of spectral profile of the tunable dye lasers. Therefore, a 

novel indigenous technique for spectral data representation has been proposed and 

implemented to investigate the spectral stability over short/long period of time [2.5]. In 

fact, this technique is universal and can be used to acquire and analyze many laser 

parameters; however, in the present thesis, this unique technique is extensively used only 

for spectral investigations of the dye laser.     
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2.3 Description of hardware and software 

Modern scientific image acquisition system typically consists of tailored optical 

and electronic components. In the present work, to acquire an image a high resolution 

temperature compensated 12 bit digital CCD camera (PixelFly, PCO) [2.6] interfaced with 

the personal computer is used for the dye laser data acquisition. The CCD has spatial 

resolution of 6.4 µm x 6.4 µm without binning. This camera has also facility of 

programmable binning, which can be used to enhance S/N ratio of the image. The short 

exposure time of the camera enables to capture profile of a very fast phenomenon with 

minimum dark current noise.  

PROMISE (PROfile Measurement of Image Size & Enhancement), a graphical 

user interface (GUI) based software, devised by Vora [2.7], has been comprehensively 

used for the dye laser investigations. This software handles image up to 16 bits of 

resolution. To achieve high precision measurements, numbers of special modules has been 

incorporated in the PROMISE. This software has many unique features like generation of 

master dark frame and subtraction of self-generated dark current from the signal. This 

improves the S/N ratio of the CCD and hence the measurement accuracy. Each pixel’s dark 

current was captured by taking an exposure (with the same chip temperature and 

integration time) without the incoming light (camera shutter closed). The dark current was 

subtracted from the actual image, pixel by pixel, to yield the true signal.  

Noise (random, hot pixels etc.) is an integral part of the digital imaging system and 

provides ambiguity in the measurements. Popular programmable spatial image filters [2.8-

2.9] were also incorporated for noise removal and smoothing the image. A special type of 

low pass Median filter was incorporated in the software, which removes isolated noise 
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effectively but does not blur the image and at the same time retains maximum information. 

This also diminishes the peculiar electromagnetic interference (EMI) pickup during 

recording of image caused by associated high voltage power supply system used in the 

experimental laboratory. The fast switching (~100 ns rise time) of pulse forming network 

associated with electrical power supply, for high repetition rate excitation source (copper 

vapour laser), generates the peculiar noise which were picked up by the signal cable linked 

with diagnostics instruments. These kinds of noises have been effectively and routinely 

removed using single pass median filter available in the software.  

2.4 Methodology adopted for spectral investigation 

While investigating tunable laser characteristics, it is essential to know precisely 

the spectral profile (wavelength and bandwidth). A number of methods for spectral 

measurement have been reported in the literature [2.10-2.16]. For absolute accuracy and 

high precision measurements, interferometer based techniques are normally used. The 

spectrum can be measured accurately by various devices such as a very high-resolution 

spectrometer [2.17], Michelson & Michelson-type interferometers [2.16, 2.18-2.21], 

Fourier-transform spectrometer [2.22] based on the Michelson interferometer, polarization-

sensitive interferometer [2.10], Fizeau interferometer [2.11] and Fabry-Perot (FP) 

interferometer [2.12]. The Fabry-Perot interferometer (FPI), designed by C. Fabry and A. 

Perot, represents a tool essentially to study spectral profile, and can be used with detector 

to resolve fine spectral details [2.23]. The fringe governing equation represents the 

equation of a circle, hence fringes appear circular to the observer /detector. Therefore, 

diameter of fringe takes account of spectral information and has been used for spectral 

characterizations such as wavelengths and bandwidth [2.24]. It determines wavelength to 
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any adjusted accuracy by choosing the single or combination of several FP etalon with 

different free spectral ranges (FSR). Byer et al [2.12] have presented the successive 

method of wavelength determination through a set of etalons, such that an approximate 

wavelength value available from the lower resolution etalon was used to determine the 

order number integer for the next high-resolution etalon with which the closer value of 

wavelength can be obtained. These methods require the thermal stabilization and precise 

calibration of etalon constants. To avoid this cumbersome process, an alternative method 

has been used in which a frequency stabilized He-Ne laser was employed as a reference, 

along with single FP etalon for the precise measurements [2.14, 2.23].  

2.4.1 Theoretical formulation of the spectral measurement  

Through FP etalon of spacing �, diameter pD of the pth interference ring, when 

imaged onto the CCD camera using a lens of focal length f , is given by [2.24],   

( )
K2,1,

14 2
2 =+−= p

d

pf
Dp µ

ελ
                                                                                (2.1) 

where � is refractive index of medium at wavelength λ and ε (0 ≤ ε ≤ 1) is the fractional 

order number at the centre of the fringe. 

Again using interference condition for etalon [2.24], we have   

(((( )))) (((( ))))ελµελµ ++++====++++==== md2,md2 rrrr                                                                       (2.2) 

where rµ is the refractive index of air at the wavelengthrλ , (((( ))))10 rr ≤≤≤≤≤≤≤≤ εε  is the fractional 

order number at the centre of the fringe for the reference laser, mandmr  are the order 

numbers of the first (inner most) fully formed FP fringe of the reference laser and the dye 

laser, respectively.    
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If d1D is the diameter of the first FP fringe of the dye laser, r1D and r2D  be first and 

second diameter of reference laser at wavelength rλ , then from equations (2.1) and (2.2), 

explicit expression for the dye laser wavelength λ , in terms of rings diameters,  can be 

written as [2.25]   

mDD

DD
m r

rrr

rd
r

λ
µ
µλ 
















−
−

−=
2
1

2
2

2
1

2
1                                         (2.3) 

The equation (2.3) indicates that the wavelength of dye laser increases as the diameter of 

the FP fringes decreases and vice versa. The initial wavelength was measured using 

monochromator, which was used for the calculation of order m  at the centre of the fringe. 

The fractional order at the centre of the fringe can be obtained from the plot of square of 

the rings diameters against the corresponding ring numbers. The intercept on the ring 

number axis is(((( ))))ε−−−−1 . The fraction ε  and hence the values mandmr , using equation 

(2.2) for known value of FP spacing, can be easily calculated. Therefore, wavelengthλ  of 

dye laser can be easily computed by directly measuring the rings diameters of the FP 

fringe, using equation (2.3).  

The bandwidth can be calculated from the intensity profile, expressed in terms of 

the diameters of different orders of the fringes, using the following relation [2.26]  
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where FSR is the free spectral range of the FP etalon, D  is the ring diameter; 1, 2 – two 

adjacent orders; b,a - the two points between which ν∆  was measured. Thus, the 

bandwidth of the dye laser can be measured by directly recording the FP fringe and 
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measuring the diameters of different orders of the fringe. The bandwidth of axial modes 

can be measured easily using equation (2.4)  

The FP etalon fringe have different ring diameter for different modes and orders. If 

PD , 1PD ++++  be the diameter of the pth and (p+1)th order ring of one mode, 1Pd ++++  be the 

diameter of (p+1)th  order ring of next  mode, and if there is no overlap occurs between the 

order of modes then from equation (2.1), the wave number separation between modes, by 

knowing the ring diameters, can be expressed as follow  

νd  = FSR * 
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Thus, by measuring the diameter of the rings, it is possible to evaluate the wave number 

difference between the modes.  

2.4.2 Experimental technique for the data acquisition and analysis of spectral 

structure 

The dye laser spectral structure was analyzed through high resolution FP etalon. 

Optical arrangement for obtaining the FP fringe of the dye laser and of a frequency 

stabilized He-Ne laser is shown in Fig.2.1. The He-Ne laser (λ = 632.816 nm, 5 mW 

power, 1 mm beam size), which is used as a reference wavelength, is passed through the 

same optical path as the dye laser beam. An aperture was used to enhance the contrast 

ratios of the fringe. An imaging lens of suitable focal length was used to image the fringe 

pattern onto a CCD camera connected to a personal computer (PC). To improve 

measurement accuracy, the setup was adjusted in such a way that only few number of FPI 

rings were covered in the entire CCD sensor area. Fig.2.2 shows the typical dye laser (a) 

fringe, (b) intensity modulation along a line scan across the diameter of the fringe.   
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Figure 2.1: Optical arrangements for obtaining FP fringe of the dye laser and of the He-Ne 

laser 

 
(a) 

 
(b) 

Figure 2.2: Typical dye laser (a) fringe, (b) intensity modulation along a line scan across 

diameter of the fringe 

2.4.3 Identification of peaks and rings diameter  

  Algorithm has been added in the PROMISE software to identify the number 

of peaks needed for the spectral structure investigation. To find the ring diameters, 

derivative of line data was obtained by taking the difference between successive pixels. The 
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peaks were located by finding the slope of the fringe. The line plot of data and its slope 

were overlaid and the searched peak positions were highlighted while analyzing the data.  

 
(a) 

 
(b)  

 
(c) 

Figure 2.3: Typical identification of peaks position and width of line intensity profile (a) first inner 
most ring, (b) second inner most ring, (c) third inner most ring  
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Fig.2.3 shows typical identification of peaks position and widths of line intensity 

profile (a) the first inner most, (b) second ring, (c) third ring. From the measured ring 

diameters and peak separations, estimation of λ, and ∆λ can easily be obtained in the 

desired units of cm-1, MHz or GHz.  For stability or drift measurements, the horizontal axis 

can be programmed either in pixel or in the time domain i.e. time delay in acquiring the 

successive number of fringes.   

The error in the estimation arises from error in determination of the peak position, 

fringe diameter and its width. The error on the fringe may arise due to random noise of the 

CCD or due to speckle associated with laser beam which give false peak position or height, 

thus introducing error in determination of the diameter and the width. The noise present in 

the fringe can be reduced by FFT filtering which eliminates the selected high frequency 

components, median filtering for removing typical EMI, averaging and binning of the lines.  

2.4.4 Technique for spectral data representation: composite image generation  

In order to present large number of vital scientific data simultaneously in the 

graphical format, a novel technique was conceptualized [2.5]. The fringe generated through 

FP etalon can be captured through high resolution scientific grade CCD camera and 

PROMISE software. After capturing the fringe, a cursor was placed on the image, across 

the diameter of the rings. This cursor provides the reference position to save subsequent 

line data in a dynamically allocated memory. During this process, two progressively 

growing images (corresponds to horizontal and vertical cursors), along with current 

acquired image, were also displayed in the dedicated window. At the end of acquiring 

preset number of fringe, the data acquisition process stops and software automatically 

displays the individual line profiles stored in the allocated memory as an image, which is 
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named as composite image. In this composite image, line profiles were stored as an image 

line so each pixel location of line provides position (or any relevant value depending on the 

signal information) and its color represents signal amplitude. The number of lines to be 

stacked or size of generated composite image depends on the RAM available. The height 

of the composite image depends on the number of fringes acquired and number of lines 

saved from each fringe. The sideways deviation in the composite image provides the first 

sight tentative information about fluctuations in spectral structure of the dye laser output. 

The composite image generation method is independent of the hardware, hence can be 

used with CCD camera, spectrograph and oscilloscope too. 

In the composite image only the part of the fringe has been saved so very less disk 

space is required compared to saving individually acquired full fringe image. The 

composite image concept is very general in nature and can be used to present data of any 

characteristics. To improve the S/N ratio of the composite image, instead of storing a 

single line from the acquired fringe image, a preset number of lines can be binned (added), 

normalized and then stored as a line. It further reduces the random noise by a factor equal 

to the square root of the number of lines used for binning.  

Fig.2.4 (a) shows typical window of composite image data of dye laser from the 

present thesis (chapter). It consists of 1000 lines of FP fringe scanned across the diameter, 

having three longitudinal modes. To visualize it more, composite image of the line scan 

across the diameter of fringe of He-Ne laser was generated. Fig.2.4 (b) shows composite 

image of line scan of FP fringe of He-Ne laser. The composite image appears as a straight 

line from top to bottom, which manifests the fact of high degree of spectral stability. 
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Another composite image was generated from dye laser in which spectral instability was 

created by some means. Fig.2.4 (c) shows composite image of dye laser fringe in presence 

of spectral fluctuations. The zigzag lines from top to bottom in the composite image 

manifest the fringe to fringe spectral instability present in the dye laser. In this way, 

composite image gives visual qualitative information about stability. 

(a) (b) (c) 
Figure 2.4: Typically generated composite image from fringe of (a) dye laser, (b) He-Ne 

laser, and (c) dye laser   

2.4.5 Spectral measurement from the composite image 

For measuring the peak positions and diameters, the software draws the intensity 

profiles (multi curves) of the line scans from the composite image lines in a dedicated 

window, as shown in Fig.2.5. From the composite image generated, measurement of 

wavelength and bandwidth can be performed using special algorithms inbuilt in the 

PROMISE software. Spectral analysis can be executed using one or two full ring, or three 

half ring of the FP fringes. The number of rings can be selected using an appropriate 

command from the Menu displayed in the window, as shown in Fig.2.5. The software plots 
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multi peaks intensity profiles of each line of composite image, which indicate intensity 

variation, change in the ring diameters and base line (background) level of the fringes. The 

diagnostic software offers three different techniques to measure bandwidth, namely, using   

(a) three half rings with 3, 6 or 9 peaks, (b) one full ring with 4 or 6 peaks, and  (c) two full 

rings with 4, 8 or 12 peaks. Depending on the number of axial modes present, number of 

peaks can be identified appropriately by the software. Fig.2.5 (b) shows dialog for setting 

parameters for measurements using 2 full rings. The peaks can be located automatically or 

their tentative positions can be assigned to eliminate undesired peaks. In the second case, 

mouse click is used to mark the tentative peaks manually, along with margins (i.e. 

deviation of peak position). Mouse click on multi curves over a peak location records the 

tentative peak coordinates in a look up table. Fig.2.6 (a) shows the dialog window to mark 

tentative peaks position. 

 

(a) 

 

(b) 
Figure 2.5: Typical (a) window of intensity profiles (multi curves) of the composite image 

data of Fig.2.4 (a), (b) window menu for setting parameters  
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In this dialog window, the button has to be pressed according to peak positions i.e. if it is 

first peak then press first button or if it is 4th peak press 4th button. It saves all peak 

positions and peak margin information, which helps a lot in the subsequent analysis. The 

undesired peaks can be ignored by setting a minimum peak separation (in pixels). Any peak 

that lies within the set separation is ignored. 

Small peaks in the base line can be bypassed by setting minimum amplitude of the 

peak in percentile. The FP etalon details, involved in the calculations, have to be 

incorporated in the software before measurement start. Fig.2.6 (b) shows dialog window 

menu for setting parameters for the etalon and widths position. In this way, bandwidth of 

one, two or any number of axial modes can be accurately measured by this technique.   

 
(a) 

 
(b) 

Figure 2.6: Dialog window (a) to mark tentative peaks position, (b) for setting parameters of the 

etalon and widths at peaks percentage height 
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2.5 Instruments detail used for the investigation of dye laser  

 The dye laser is characterized, like other laser, in terms of output parameters such 

as spectral contents (wavelength and bandwidth), optical power, pulse shape, tuning range 

and laser beam qualities (divergence and coherence). In this section, brief description of 

the instruments involved in the measurements of dye laser average optical power, pulse 

profile, tuning range and beam qualities is presented.   

2.5.1 Tuning range 

For the tunable dye laser, knowledge of complete spectral coverage might be 

required along with spectral purity. Thus, the dye laser spectral coverage (i.e. tuning range) 

was measured with the help of spectrometer and software. Spectrograph (USB2000, Ocean 

Optics) [2.27] interfaced to the PC through USB port was used for the investigation of the 

dye laser tuning range. A fractional part of the dye laser beam was directed through optical 

fiber onto the entrance slit of the instrument to the diffraction grating of the spectrometer. 

The USB2000 spectrograph uses internally a line CCD to collect the photons.  The 

complete spectrum was acquired by using GUI based another software, which was named 

as Tarang. It has a facility to generate the composite image from the acquired spectrums. 

To find the tuning range, composite image was generated during the wavelength tuning. 

By analyzing this composite image the tuning range measurement of the dye laser can be 

carry out.  

2.5.2 Pulse shape  

 Knowledge of dye laser pulse profile information is very important for 

applications. For the detection and measurement of optical pulse of the dye laser operating 

in nanosecond ranges, a very fast phototube/photodiode, along with digital oscilloscope, 
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are generally used [2.28-2.29]. Fast oscilloscopes are generally used to observe the exact 

wave shape of the signal generated across the detector. A commercially available biplanar 

phototube, capable of reproducing ultra-fast pulsed light signals with high accuracy, along 

with fast digital oscilloscope was used for acquisition of dye laser temporal behaviour of 

the pulses. Biplanar phototube model R1193U-51 (Hamamatsu, Japan) was used for the 

laser pulse profile measurements. The phototube system is connected through BNC to 

Tektronics 3052 oscilloscope, which is interfaced to PC through USB port by using GPIB 

to USB converter.  

Dedicated software, named as OsciloGraph, was used for temporal investigation 

of the dye pulses. This GUI based software was used for the dye laser pulse data 

acquisition and subsequent analysis. The acquired traces are displayed on the PC, moving 

mouse over it displays time in the selected unit, amplitude and its percentage with respect 

to peak value. A composite image generation technique, similar to described earlier, has 

been used to acquire and measure pulse width and its fluctuations, from the acquired 

oscilloscope (1-D) traces. The software provides detailed measurements of amplitude, 

temporal width, rise & fall time and counts under the trace, etc. The height of the stacked 

image depends on the number of traces acquired and its width depends on the number of 

elements used in the digitization of the trace.  

2.5.3 Optical average power  

Average output power of laser beam is generally measured by a pyro-electric 

detector, as it covers wide spectral response. In this type of detector, the incident radiation 

raises the temperature of the sensor which is measured by thermocouples or temperature 

dependent resisters attached to it. Average output power in our experiment was measured 
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with the help of a commercially available Ophir power meter. It consists of smart head 

(SH) and USB interface module, to connect the PC through the USB port for recording 

power. Power meter sensor heads 2A-SH and F300A-SH were used to record dye laser and 

copper vapour laser optical average power, respectively.   

2.5.4 Beam size and divergence  

 The divergence of laser beam is a measure for how fast the beam expands far from 

the beam waist, i.e., in the so-called far field. There are four types of beam size 

measurement techniques, namely, pin hole, slit, knife-edge and camera based system. Each 

technique has specific advantages and disadvantages. In this work, only CCD camera and 

imaging system was used to measure the horizontal and vertical divergences. The intensity 

distribution of the dye laser beam was recorded using PROMISE software by high 

resolution scientific grade 12 bit PixelFly CCD camera. The measurement from the 

recorded data directly provides the dye laser beam size and divergence in both horizontal 

and vertical direction with sub pixel accuracy by using second moment’s algorithm.  

2.6 Coherence measurements of pulsed dye laser 

Coherence is one of the fundamental characteristics of laser, which discriminate 

between laser radiation and other types of radiation (e.g., radiation of thermal origin). A 

very few studies were reported on coherence property of the tunable dye lasers [2.30]. 

Singh et al [2.30] measured the divergence of dye laser from the spatial intensity profile of 

the laser spot using a pinhole and photomultiplier tube (PMT). They reported that the 

output beam from the dye laser was elliptical in shape because of its different divergences 

in the horizontal and vertical directions. The divergence of the dye laser beam obtained 

was 10.2 mrad in the horizontal direction and 1.5 mrad in the vertical direction. This 
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asymmetry in the beam divergence arose because of the difference in the dimensions of the 

gain region in the horizontal and vertical directions. However, spatial coherence is the true 

representation of beam quality of a laser. Further, the study of coherence properties of 

tunable dye laser is also very essential in order to get tunable ultra-violet laser, by 

frequency doubling using an intra-cavity non-linear crystal, which has many applications 

in laser photo-chemistry and high-resolution spectroscopy. Measurement of temporal 

coherence is of almost importance being linked with bandwidth of laser.  

2.6.1 Spatial coherence  

Since early days of laser invention the reversible shear interferometer [2.31-2.32] 

and Young’s double slit [2.33-2.34] have been reported in the literature to measure the 

spatial coherence of laser. Reversible shear interferometer requires collimated beam and 

also reasonable beam size for overlapping of two beams in order to get number of fringes. 

For the study of spatial coherence of dye laser, which has different horizontal and vertical 

divergence and small beam size, reversible shear interferometer is not appropriate. 

Young’s double slit is standard technique, used to measure the spatial coherence of light.  

The visibility or contrast of the fringe due to interference of two beams of light 

from a source is defined in terms of the maximum intensity, maxI , at the center of a bright 

interference fringe and minimum intensities, minI , at the center of the adjoining dark 

fringe, as 

minmax

minmax

II

II
V

++++
−−−−====                                        (2.6) 

Furthermore, the intensity at any point can be written [2.35] as  
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where I is the intensity at the slit location, s is source size, R  is the distance of the source 

from the slit, D  is the distance of the fringe pattern location from the slit and d is slit 

separation. From the above equation, the fringe visibility can be written as  
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 Visibility of the fringe has been evaluated as a function of slits separation, for different 

source size of 0.1, 0.12 and 0.2 mm at the peak wavelength 576 nm of the dye laser [2.36]. 

Fig.2.7 shows the typical variation of visibility of dye laser (576.00 nm) with slit 

separation.    

 

 

 

 

 

 

 

 

Figure 2.7: The typical variation of visibility of dye laser (576.00 nm) with slit separation 
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The solid curve is for source size of 0.1 mm, dotted curve is for source size of 0.12 mm 

and dashed curve is for source size of 0.2 mm diameter. The various slit separation has 

been tried to maximize the visibility of the fringe of dye laser. Double slit interference 

fringes were recorded by the CCD camera using PROMISE software.   

The interference fringe of copper vapor laser, which is used for dye laser pumping, 

using Young double slit set-up, was also generated [2.36]. The double slit separated at 100 

microns was placed at a distance of 500 mm from the dye laser source. Fig.2.8 shows the 

typical (a) double slit fringe (b) intensity modulation, of copper vapor laser [2.36]. The 

central fringe visibility was 0.23. The same setup was used to generate fringe pattern for 

the dye laser. Fig.2.9 shows the typical double slit (a) fringe pattern, (b) intensity 

modulation, for the dye laser at 100 microns slit separation [2.36] 
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Figure 2.8:  Typical record of Young’s double slit (a) fringe, (b) intensity modulation, for CVL, at 
100 microns slit separation 
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Figure 2.9: Typical record of Young’s double slit (a) fringe, (b) intensity modulation, for dye laser, 
at 100 microns slit separation 

 
 The fringe visibility of 0.85 was observed for the dye laser. The dye laser is highly 

coherent, as compared to its pump source. It is because of the fact that the dye laser spatial 

coherence is primarily established by its resonator containing a point/shot type source.   

2.6.2 Temporal coherence   

It is known that perfectly monochromatic source is ideal one. It can be assumed 

that wave trains from any source contain a number of frequencies, rather than being strictly 

monochromatic. The intensity, therefore, involves a summation over frequency. The total 

intensity IT will be then,   

( )∑=
m

mT II ν              (2.10) 

if the distribution of frequencies involved is continuous rather than discrete, then the sum 

is replaced by an integral. Thus, the integral becomes  

( ) '' νν dII T ∫
∞

∞−

=              (2.11) 

if 0ν  be the value at the center of the spectrum produced by the source then we write 

ννν += 0' , hence 
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The cosine term of the above equation can be expanded to give  

( )[ ] ( ) ( ) ( ) ( )νπνπνππνννπ ∆∆−∆=+∆ 2sin2sin2cos2cos2cos 000                                 (2.13)             

With the substitution of  

02 νπθ ∆=           (2.14) 

( ) νν dIP ∫=           (2.15) 

( ) ( ) ννπν dIC ∆= ∫ 2cos          (2.16) 

( ) ( ) ννπν dIS ∆= ∫ 2sin         (2.17) 

The intensity equation become 

θθ sinScosCPI T −−−−++++====         (2.18) 

Using the value of intensities, the visibility V of the fringe due to interference of two 

beams of light from a source can be written as  
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Lasers of cavity length l  operate in a number of longitudinal modes corresponding to 

distance
l

c

2
, within the gain profile. For example, a laser operating in three frequencies 

component with relative intensity coefficients of A, B and C, then the expression for the 

intensity profile of the laser can be written as     
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where, δ  is the peak separation between modes and α  is the FWHM of the Gaussian 

beam. Therefore, the visibility function V  for the spectral distribution of laser can be 

analyzed by measuring the relative intensities and spectral width of the components.  

Michelson interferometer is generally used to measure the temporal coherence of 

the light [2.34]. In Michelson spectral interferometer the two light beams are derived from 

the same source, and they are brought together after traveling different path lengths. The 

basic properties of the Michelson interferometer are (a) the ability to make both arms equal 

in optical length to a fraction of a wavelength, (b) to measure changes of position as 

measured on a scale (the position of one of the mirror) in terms of wavelength by counting 

the fringes. The movable arm of Michelson’s interferometer has been used to find the 

shape and structure of a spectral line and hence measure the temporal coherence of light 

sources [2.31]. This involves the measurement of fringe visibility as a function of 

interference order; a subsequent Fourier transformation of the visibility curve gives the 

profile of the line. The resolving power is equal to the order of interference reached, which 

is naturally limited to the order necessary to reduce the visibility practically to zero and 

thus resolve the line. It is suitable and convenient where the coherence length is very small. 

However, for narrow bandwidth source where the coherence length is of order of tens of 

centimeters it become very difficult to align and use the interferometer because of 

impractical arm length. Fabry-Perot interferometer [2.37], used for high–resolution 

spectrum analysis, is very compact and free from alignment problem encountered in 

Michelson’s interferometer. In visible region it has largely superseded the Michelson 

interferometer (and Fourier transform spectroscopy) as a means of spectrum analysis 

because the spectrum can be read directly from a photographic record of the Fabry –Perot 
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interference (FPI) pattern. FPI has been used more frequently for high-resolution spectrum 

analysis. The direct computation of the line profile is easier now than it was with 

Michelson. Additionally, the Fabry–Perot interferometer easily attains a very high 

resolving power, in excess of 106, with a fairly good instrumental profile. It also has the 

great advantage of simplicity.  

The relation between spectral line width, and the coherence length and time of a 

light wave, is provided by damped simple harmonic motion. The spectral linewidth ν∆  of 

a light wave made up of a series of wave trains is determined by Qof the oscillator, which 

also determines the exponential decay time in each wave train. The temporal coherence is 

the average coherence length cl , during which the wave train exists for interference fringes 

[2.38] i.e.  

ν∆
= c

l c  ,          (2.21) 

Where, c is the speed of light and ∆ν is the spread in frequency (i.e. bandwidth).   

Therefore, from equation (2.5) and (2.21), the temporal coherence length become  
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Thus, by computing the parameters and measuring the diameter of fringe the 

temporal coherence length, associated with the dye laser can be measured by this 

technique. This technique is general in nature and can be used for any broad spectrum too. 

The temporal coherence lengths of the CVL pumped dye laser were analyzed using 

a FPI [2.25]. The FPI setup used for temporal coherence measurement was the same as 

described for spectral measurement for dye lasers. Fig.2.10 (a) shows typical Fabry-Perot 
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fringe of (a) multimode dye laser, (b) single mode dye laser, (c) He-Ne laser. The 

measured coherence length of this multimode dye laser was ∽10 cm. The coherence length 

of laser light is inversely proportional to the bandwidth of the output laser light; therefore, 

the coherence length can be extended by reduction of the bandwidth. The measured 

coherence length of single mode dye laser was ~60 cm. The temporal coherence length is 

related to the bandwidth of the source. The more narrow the bandwidth of the source, the 

longer the coherence length. The CVL pumped dye lasers have coherence length generally 

from a few millimeters to 7 cm [2.39]. 

 

(a) 
 

(b) 

 

(c) 

Figure 2.10: Typical Fabry–Perot fringe of (a) multimode dye laser, (b) single mode dye 

laser, (c) He-Ne laser 

Thus, the present tunable dye laser is highly coherent. It is because of the fact that the dye 

laser coherence is primarily established by its resonator components.   

In order to validate the alignment and performance of the FPI set-up, the temporal 

coherence length measurement for commercially available He-Ne (632.8 nm) laser was 

also carried out. Fig.2.10 (c) shows the typical Fabry-Perot fringe of He–Ne laser. The 

observed coherence length of He-Ne laser, used in the present experiment, was 19.2 cm. 

Generally, He-Ne (632.8 nm) lasers have a coherence length of around 10 to 30 cm [2.40]. 

The typical coherence length of the He-Ne laser is reported to be about 20 cm [2.41].  
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2.7 Summary  

In conclusion, a novel scheme for acquiring and presenting through composite 

image is formulated and implemented for the investigation of the high repetition rate dye 

laser characteristics. The work was carried out towards the development and evaluation of 

a multi-parameter spectral profile data representation model for interactive visualization 

and investigation of very large data of the high repetition rate dye laser. This technique 

provides a powerful and effective basis for real-time visualization of a large number of 

data sets, and is used effectively to represent the statistical feature of a large amount of 

scientific data.  

A diagnostic technique is established for the analysis of spectral structure of a high 

repetition rate dye laser by deriving explicit relationship of the parameters with ring 

diameter of the FP fringe. The output characteristics of dye laser are demonstrated by 

directly measuring the ring diameter of the FP ring. Techniques for precise peak 

identification, diameter estimation, and all other steps involved in the process for the 

analysis of the spectral distribution in the dye laser are presented through GUI based 

software.   

Major instruments involved for the dye laser diagnostic are briefly described. 

Techniques for coherence measurement of narrow bandwidth source, particularly, dye laser 

and CVL are presented. Spatial coherence measurement using standard double slit 

experiment shows that dye laser have fringe visibility of 0.85 as compared to 0.23 for 

CVL. Though the technique is used for dye laser measurement, but in general, can be 

applied to any source too. 
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Chapter 3 

Review and studies on Copper Vapour Laser 

3.1 Pulsed Excitation Sources  

Dye laser is optically excited either by flash lamp or another laser. The 

important parameters that decide the proper selection of excitation (pump) source are 

conversion efficiency (photon), spectral absorption range, peak power, pulse width and 

pulse repetition rate [3.1]. The broadband UV-VIS emission from flashlamp can excite 

the dye molecules; however, triplet effects become significant because of its long rise-

time or duration of the optical pulse. Short-pulse lasers like second/third harmonics of 

Q-switched Nd:YAG, nitrogen and excimer lasers are attractive excitation sources, 

however, with a moderate repetition rate (~100 Hz). Copper vapor laser is one of the 

most efficient excitation sources at high pulse repetition frequency (4-6 kHz) for the 

Rhodamine dyes [3.1].  

3.2 Copper Vapour Laser  

3.2.1 Energy levels and laser transitions  

Copper vapor laser (CVL) employs vaporized copper atoms as the lasing 

medium and produces green & yellow laser lights at 510.554 nm and 578.213 nm [3.2-

3.3], respectively. This is one of the most useful lasers in the class of pulsed metal 

vapor lasers [3.3]. High repetition rate pulsed operation makes it ideal source for 

applications like material processing and laser isotope separation applications. In 

atomic vapor laser isotope separation (AVLIS) scheme, a CVL is used as excitation 

source for the tunable dye laser [3.4-3.8]. Therefore, knowledge of fundamentals of this 

laser is essential prior to its potential application, such as pumping the dye laser. The 

atomic number of the copper is 29; its electronic configurations are,  
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                            29Cu: 11062622 4333221 sdpspss , 

                            29Cu: 2962622 4333221 sdpspss   

The copper atom has ground state
2

1
2S , which is formed by the electronic 

configuration 110 43 sd . The configuration 29 43 sd  gives rise to
2

5
2D  and

2
3

2D  

metastable states that constitute the lower laser level. By electron impact excitation the 

outer s4 electron, lifts to higher orbits and forms the configurations pd 43 10 , pd 53 10  

and so on. The pd 43 10  configuration has the states 
2

3
2P  and

2
1

2P , which form the 

upper laser levels of CVL. Fig.3.1 shows the typical energy level diagram of CVL. The 

upper laser levels 
2

3
2P  and

2
1

2P , has energy of 3.82 eV and 3.79 eV, while the lower 

laser metastable levels are at 1.39 eV (
2

5
2D ) and 1.64 eV (

2
3

2D ) from the ground 

state [5.9-5.10], respectively. The upper levels form a series of resonance P2  levels 

which are connected with the ground state via strong resonant transitions at 

wavelengths of 324.754 and 327.396 nm. The rapid relaxation (through radiative 

decay) of copper atoms from the resonance levels P2  to the ground state 
2

1
2S  brings 

about nonessential losses of copper atoms, because these are subjected to strong 

trapping of radiation. The other channel to decay of the resonance levels P2  is via the 

metastable levelsD2 . The transition 
2

5
2

2
3

2 DP →  and 
2

3
2

2
1

2 DP →  are optically 

allowed transitions. The transition 
2

5
2

2
3

2 DP →  leads to green line at wavelength

nm554.510=λ , while the transition 
2

3
2

2
1

2 DP →  is yellow emission at wavelength

nm213.578=λ . As the D2  states have same (even) parity as the ground state, the 

transitions from D2  states to the ground state are forbidden.  
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Figure 3.1: Typical energy level diagram of CVL 

Copper atoms are excited by electric field in the inert gaseous medium. 

Electrons in the electrical discharge collide with the vaporized copper atoms and excite 

them in a single step to the upper
2

3
2P and

2
1

2P  laser levels, as illustrated in Fig.3.1. In 

an electrical discharge, the upper and the lower laser levels, both are excited by electron 

impact excitation but with different excitation cross-sections. The excitation to upper 

level is at a much faster rate than that for the lower laser level. The excitation cross-

section of the upper levels are 9.7x10-16 cm2 (S1/2→P3/2) and 4.5x10-16 cm2 (S1/2→P1/2), 

respectively. The radiative life times of P1/2,3/2 are 10.5 ns and 9.8 ns, respectively, for 

an isolated atom. Although, the transition from P2  to 
2

1
2S  are resonance transitions 

i.e. highly optically allowed transitions, depopulation of the P2  states does not take 

place through this route, due to radiations trapping [3.11]. The upper laser level lifetime 

is of the order of 500-600 ns while the lower laser level is of the order of 130 µs [3.12]. 

Hence, the population inversion reduces to zero and the laser action terminates after 30-

60 ns. Because of this characteristic the laser is termed as self-terminating. The lower 

laser level is depopulated by diffusion of the excited atoms to the wall of the discharge 
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tube and/or subsequent collisions with the buffer gas. Maximum pulse repetition 

frequency of the laser is governed by the time needed for the metastable level 

population to decay [3.13].   

3.2.2 Kinetics of CVL 

The CVL output characteristics depends mainly on excitation and decay of 

excited levels, copper density, electron density, etc. The peak electron temperature and 

the initial meta-stable density are the prime factors that decide the performance [3.14-

3.15]. The ratio of excitation rates to 2P, 2D and higher energy levels depend on the 

electron temperature. The lower laser metastable level has lower excitation cross 

section than that of the upper laser level. At low electron temperature, the excitation 

rate for (D3/2, 5/2) state exceeds the excitation rate to (P3/2,1/2), as  the metastable state is 

at low level (1.39 eV) as compared to the upper laser level (3.82 eV). At high electron 

temperatures, excitation to higher excited states and ionisation states dominate. The 

optimum electron temperature is in the range of 4.0 to 10.0 eV [3.14]. The electron 

temperature depends on various discharge parameters like buffer gas pressure, tube 

temperature, copper ground state density, pulse repetition rate, excitation voltage and 

current. At an optimum tube temperature (1400-1500 oC), the laser provides maximum 

output power. By increasing tube temperature, the copper density increases, which in 

turn decreases the peak electron temperature. This is due to the fact that momentum 

transfer cross-section for copper is large as compared to the buffer gas. Further increase 

in tube temperature increases the excitation rates to the copper atoms but the ratios of 

populations in upper laser level to lower laser decreases which reduces the output 

power. The electron temperature is low at low charging voltage, so that the rates of 

excitation to both lower and upper levels are comparable and competitive and hence the 

laser power decreases. High Cu ground state density, take over excitation to the lower 
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laser level, hence laser oscillations cannot be continued. The optimum electron 

temperature (��������), the charging voltage �	 and the wall temperature (�
) are 

approximately related as [3.16]  

�������� =
�

����
                                                                                                      (3.1) 

The peak electron temperature increases with increasing the charging voltage. 

The laser power also depends on the buffer gas pressure. Decrease in laser power with 

increasing buffer gas pressure is due to decrease in the electron temperature [3.16]. As 

the pressure of the buffer gas is increased, peak current decreases but the current pulse 

duration increases, both result in decrease of electron densities. At buffer gas pressure 

below the optimum value, the excitation of copper to higher excited state and ionisation 

increases, hence the laser output power reduces. 

 The pulse repetition rate affects the metastable population. At lower 

repetition rate, sufficient time is available for the metastable state to decay to the 

ground state, which results in higher population inversion. As the pulse repetition rate 

is increased, energy per pulse decreases, the average power decreases if the rate of 

decrease in energy is slower than the rate of rise in pulse repetition rate. Maximum 

power is observed, in elemental CVL, depending on the discharge tube diameter for 

pulse repetition frequency in the range of 4.0 to 6.0 kHz.  

3.2.3 Design, assembly and excitation source of CVL 

An indigenously developed CVL [3.17-3.18], used in the present work consists 

of discharge tube (47 mm inner diameter, 1500 mm length) surrounded by thermal 

insulation, placed concentrically in a borosilicate glass tube envelope, which is placed 

in a water-cooled stainless steel jacket. Cooled water was circulated through external 

chiller unit to the stainless steel jacket assembly to remove thermal heat. The refractory 
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re-crystallised alumina tube of high density was used for the discharge tube, because of 

its non-reactivity with copper at high temperature (15000C). This refractory tube is 

filled with pellets of high purity copper, distributed at regular intervals along the length. 

Generally, inert gas preferably neon is used as buffer gas to help in initiating the 

discharge under cold conditions and also minimise diffusion of copper vapour out of 

the hot zone. Though other inert gases like helium, nitrogen and argon were also used, 

but the best performance was reported with neon as buffer gas. Neon gas at a pressure 

of 25 mbar was used as the buffer gas to (a) provide a discharge medium before the 

tube has reached a temperature sufficient for the generation of Cu vapour, (b) inhibits 

loss of Cu atoms by diffusion into the cold window regions, (c) convey heat from the 

tube axis to the wall, and for many more advantages. 

 Hence neon gas of purity 99.999% was used as a buffer gas at 25 mbar tube 

pressures and the flow rate was maintained at around ~1 litre-atm/hr, inside the 

discharge tube. The annular space between the alumina tube and the glass tube was 

filled with insulating layers of bulk fibers at a suitable packing density. These thermal 

insulation confines the heat in the tube to maintain the operating temperature of CVL.  

The entire discharge tube and thermal insulator assembly was contained within an 

envelope of silica, and closed at both ends by silica windows set at Brewster’s angle. 

Fig.3.2 shows the CVL discharge tube schematic [3.1]. The pulsed electrical discharge 

between electrodes at each end of the tube was used to raise the temperature of around 

1500 0C. Since melting point of copper is 1028 0C, it requires sufficient electrical 

power to heat the discharge tube. The excitation source consists of high voltage 

variable DC power supply, charging capacitor, inductor and a hydrogen thyratron. This 

pulse forming network was used to initiate the fast excitation pulses at high voltage and 

at high repetition rate (∼ kHz). In this self-discharge heated system, high repetition rate 
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and high voltage discharge pulse itself heats and excites the copper vapour [3.19]. As 

the gain of the medium depends on the rate of excitation i.e. rate at which discharge 

current builds up, a high voltage pulse with rise time less than hundred nano-second 

(ns) is required for efficient excitation. Fig.3.3 shows typical power supply high voltage 

circuit [3.1]. Variety [3.20-3.21] of optical resonators has been commonly employed 

for CVL.  

 

Figure 3.2: Typical CVL discharge tube schematic [3.1] 

 

Figure 3.3: Typical power supply high voltage circuit [3.1] 
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3.2.4 Operating Characteristics of CVL  

The typical operating characteristic of CVL is summarized in table 3.1. 

Table 3.1: Typical operating characteristics of CVL  

Pulse width : 40-50 ns 

Wavelengths : 510.554 and 578.213 nm 

Pulse repetition rate :  5- 6 kHz 

Operating temperature of the laser tube : 1400-1500oC. 

Warm up time for lasing : ~ 60 minutes 

Average output power range : ~ 20 W 

Ratio between green and yellow : 1.2, at 15000C 

Beam diameter : ~ 45 mm  

Resonator Plane-plane 

Beam divergence  3-5 mrad 

 

3.3 Spectral Characteristics of CVL 

In the literatures, CVL characteristics namely peak power, average power, 

efficiencies, pulse duration, pulse repetition rate, etc. were extensively reported [3.14, 

3.16, 3.22]. However, a very few reports are available on spectral characteristics of 

CVL. Also, these reports differ in experimental observations. Therefore, spectral 

characteristics of CVL are extensively investigated.   

3.3.1 Review of spectral characteristics of CVL  

A very few studies have been reported on the spectral characteristics of CVL 

[3.23-3.28]. Tenenbaum et al [3.29] have investigated the spectral structure of CVL and 

their dependence on temperature and buffer gas pressure. They observed that 510.6 nm 

lines have only one intense peak at threshold, two peaks slightly above the threshold, 

while third peak appears only after particular temperature. Moreover, the relative 

positions of the peaks and their relative intensities were temperature dependent, and the 
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shape and width of these lines were almost insensitive to the neon buffer gas pressure 

(from 25 to 470 mbar). Similarly, the 578.2 nm line spectrum shows only one peak at 

threshold and two more at higher temperature. Yang et al [3.30-3.32] have studied the 

structure of the copper laser lines and observed three lines with different peak 

intensities at different time under same experimental conditions for the 578.2 nm.  

However, they did not observe multiple peaks for the 510.6 nm. Thus, varied 

observations were reported in the literatures regarding the spectral lines of CVL and 

influence of other physical parameters on them. Therefore, the needs for more detailed 

investigations were realized.     

3.3.2 Relevant theory and analysis of hyperfine spectral lines of CVL 

The copper has two isotopes Cu63  and Cu65 , which occur in the ratio 69:31 in 

the nature. Both isotopes have a nuclear spin 
2

3=I  and acquire nonzero magnetic 

dipole and electric quadrupole moments. This additional interactions of the electrons 

with the nuclear spin leads to splitting of the atomic levels having total electron angular 

momentum J  into a number of hyperfine components, each of which corresponds to a 

definite value of the total angular momentum F of the atomic state such that   

→→→
+= JIF                                 (3.2) 

where 
→
I  is the nuclear spin and  

  
→→→→

+≤≤− IJFIJ                                    (3.3) 

In addition to this, isotopic shift is also combined with hyperfine structure. The state

2
1

2P , which is an upper state for 578.2 nm emission, splits into two hyperfine 
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components, while the
2

3
2P , 

2
3

2D  and 
2

5
2D  states split into four components. The 

numbers of components are governed by equation (3.3). The allowed transitions 

between hyperfine components are restricted by the selection rule 1,0 ±=∆F . A 

symbolic representation of the various allowed transitions between the hyperfine 

components of both green and yellow emission lines is shown in Fig. 3.4.   

 

Figure 3.4: Typical energy levels splitting of copper atom and its transitions (a) 510.6, 

(b) 578.2 nm  

The frequency shiftν∆ , of the hyperfine components can be calculated using formula 

[3.33] 

( ) ( ) ( )
( )( )1212

11212
3

42 −−

++−+
+=∆

JIJI

JJIICCBACν       (3.4)  

whereA  is the magnetic dipole moment, B  is the electric quadrupole moment of the 

nucleus and  

( ) ( ) ( )111 −−+−+= IIJJFFC                    (3.5) 

The transition probability between the hyperfine structure components of two different 

levels J and 'J  was determined by the expression [3.33], 
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� =
�	��

�	ℏ	��

�

�	���
�� ,  ′#	                                          (3.6) 

where  

( ) ( )( ) ( )( )1'21
1'

1212
2

',

2

'

'
2

2 ++×








++






= JJJ
JF

IFJ
FF

mc

e
gJJS

h
          (3.7) 

Here, g  is the Lande factor for this level. Therefore, the line strength or transition 

probability of the various transitions can be estimated numerically by solving the 

equation (3.6) and (3.7). The transition probability of different transitions (shown in 

Fig.3.4) has been calculated by solving 








1'' JF

IFJ
for differentJ , 'J , F and 'F . The 

numerical value of 








1'' JF

IFJ
has been obtained using Wigner j Symbol [3.34-3.35]. 

Fig.3.5 shows the transition probabilities of the hyperfine components of 510.6 nm, (b) 

578.2 nm. The frequencies are slightly shifted due to isotopic effects. Fig.3.6 shows 

transition probabilities versus frequency shifts of hyperfine transitions of (a) 510.6 nm, 

(b) 578.2 nm, for both the isotopes.  
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Figure 3.5: Transition probabilities of the hyperfine components of (a) 510.6 nm, (b) 

578.2 nm emission 
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Figure 3.6: Transition probabilities versus frequency shift of hyperfine transitions of (a) 510.6 

nm, and (b) 578.2 nm, emissions for both the isotopes 

3.4 Results and discussion 

The green and yellow components of CVL were separated through a dichroic 

mirror into two different beams. These separated laser beams were investigated through 

high resolution Fabry-Perot etalon (FSR 10 GHz and finesse ~100) and CCD camera 

based setup, as described in Chapter 2.  

3.4.1 Hyperfine lines of CVL 

  Fig.3.7 shows typical (a) Fabry-Perot fringe, (b) intensity modulation along a 

line of the fringe, of 510.6 nm, just above threshold [3.36]. It has three distinct 

frequency components with difference in their relative intensities. The central peak, 

which is most intense, is accompanied by two side peaks of lower intensities. The three 

peaks are labeled as A, B and C in order of increasing frequency, as labeled in Fig.3.7 

(b). The widths (FWHM) of the peaks A, B, and C are 0.87, 1.30 and 1.38 GHz, 

respectively.  The peaks A and B are close as compared to C. The linewidth of AB is 

3.50 GHz and ABC is 6.05 GHz. The separation between the peaks B, C is 2.50 GHz, 

and between A, B is 2.20 GHz. 
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(a)  

(b) 

Figure 3.7: Typical (a) Fabry-Perot fringe, (b) intensity modulation along a line of the fringe, 

for 510.6 nm just above threshold 

The transition probability and frequency shift analysis [3.36] suggests that the peak B is 

probably due to the transition ( ) ( )4'3
2

5
2

23
2 =→= FDFP , A is 

( ) ( )3'2
2

5
2

23
2 =→= FDFP  and C is ( ) ( )2'1

2
5

2

2
3

2 =→= FDFP . However, the other 

possible low intensity transitions were not detected.   

Fig.3.8 (a) shows the typical Fabry-Perot fringe of 510.6 nm, far above the 

threshold. Composite image of the line scans across the diameter of the fringe has been 

generated over the time. Fig.3.8 (b) shows the composite image of a line scan across the 

diameter of the fringe of 510.6 nm lines. In Ref.3.31, fluctuations in the intensities of 

two higher frequency components of the 578.2 nm line of a CuBr laser were reported. It 

was proposed (Ref.3.31) that the two transitions starting from the same upper level 

compete in lasing action and this is responsible for intensity fluctuations. However, 

these intensity fluctuations may not be because of competition but may be due to 

instantaneous variation in other microscopic physical parameters such as electron 

density and electron temperature and other due to instability in electrical discharge of 

CuBr laser. 
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(a) 

 

(b) 

Figure 3.8: Typical (a) Fabry-Perot fringe far above the threshold, (b) composite image of a 

line scan across the diameter of the fringe, of 510.6 nm lines 

Moreover, they had used a pressure-scanned Fabry-Perot etalon of FSR 30 GHz and 

finesse greater than 30, to analyze the fringe. This etalon (having low resolving power) 

was unable to resolve the hyperfine components and hence no explicit multiple line of 

510.6 nm were observed.   

Fig.3.9 (a) shows typical Fabry-Perot fringe of 578.2 nm line just above the 

lasing threshold. This has a single frequency component of 700 MHz linewidth.  

Fig.3.9 (b) shows the composite image of a line scans across the diameter of fringe 

578.2 nm lines near threshold over the time. However, the observed behaviors for 578.2 

nm at far above the threshold (i.e. at optimized parameters of operation) were different. 

Fig.3.10 shows the typical FP (a) fringe, (b) intensity modulation along a line scan 

across the fringe diameter, of 578.2 nm lines, far above the lasing threshold. It consists 

of three well-resolved frequency components. Two additional peaks of higher 

frequency and lower intensity accompany the most intense one. 
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(a) 

(b) 

Figure 3.9: Typical Fabry-Perot (a) fringe, (b) composite image of a line scans across the 

diameter of the fringe, of 578.2 nm lines near the threshold  

 

(a) 

 

(b) 

Figure 3.10: Typical Fabry-Perot (a) fringe, (b) intensity modulation along a line scan across 

the diameter of the fringe, of 578.2 nm, far above the lasing threshold 

The three peaks are labeled as A, B and C in the order of increasing frequency, as 

labeled in Fig.3.10. The linewidth of these peaks are 0.895, 0.960 and 1.380 GHz, 

respectively. The peak separations between (A, B) and (B, C) are 1.94 and 2.76 GHz, 

respectively. At the lasing threshold, only peak A is observed, while peaks B and C 

appeared at optimum operation.   
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 3.4.2 Effect of electrical input power on spectral width of CVL 

A CVL is a self heated electric discharge device, in which the discharge itself 

provides the energy needed to heat the lasing medium (inside the laser tube) and to 

vaporize the copper metal. The output characteristics of copper vapour laser depends 

on, (a) parameter of medium such as pressure of the vapour of an active substance, 

pressure and type of buffer gas, etc., and (b) gas discharge excitation parameters such 

as power supply voltage across the discharge tube, rate of rise of the discharge current 

density, characteristics impedance of the laser, etc. In addition to this, the other key 

parameters responsible for the output characteristics of CVL are gas temperature, 

electron temperature, electron density, copper atom density, upper level population and 

lower level population (metastable atom density), all interdependent as well as be a 

function of specific laser systems (e.g. thermal design, tube bore, electrical circuit, 

etc.).  

   Kushner [3.16] in his ‘self consisted model for high repetition rate CVL 

outlined the laser power, laser energy density, optimum tube temperature as a function 

of charging potential. The peak electron temperature, which is a function of the tube 

temperature, also depends on the charging voltage. Also an optimum tube temperature 

increases with increasing charging potential. Therefore, fields generated inside the 

discharge tube have major influence on the output characteristics of CVL. The spectral 

composition of the laser was investigated for different electric power sampled across 

the discharge tube. A very few study on the spectral width of CVL with electrical input 

power has been reported [3.29-3.31].  

Study on spectral characteristics of 510.6 nm lines of CVL was carried out by 

varying the input power from 2.0 to 4.2 kW [3.37]. This has three distinct frequency 

components with difference in their relative intensities. A, B, and C identifies the peaks 
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of the hyperfine lines, labelled in Fig.3.7 (b). Initially, when lasing starts, peak B 

dominant followed by peak A while peak C has the lowest intensity. The peak B has 

linewidth of 1.64 GHz. The linewidth of peak ABC lumped together was 4.82 GHz. 

The intensity and width of peaks increases with increasing an electric power, which 

finally makes it difficult to find FWHM of peak A, B and C, separately. Measurement 

of individual fringe provides linewidth transformation. The linewidth of peak AB 

lumped together increases from 3.12 GHz to 3.37 GHz with increasing power in 2.2 to 

3.5 kW range. Further increasing power from 3.5 to 4.2 kW, the linewidth of peak AB 

lumped together varies from 3.35 to 3.92 GHz. The linewidth of peak C increase from 

899 to 1132.8 MHz, from where it was difficult to find FWHM because of increased 

intensity of peaks. Fig.3.11 shows the typical Fabry-Perot interference (a) fringe 

pattern, (b) intensity modulation along a line scan across the diameter of the fringe, at 

4.2 kW input power. This shows that resolution of the 510.6 nm spectral line decreased 

by increasing input power. Beyond 4.2 kW input power the laser tube was overheated 

leading to eventually decrease in output power slowly. Both, the intensity and the width 

of three peaks increase as the temperature inside the gain medium was increased by 

increasing the electrical input power. The change in temperature of the gain medium 

modifies the width of spectral transition. However, the peak separation between the 

components remains unchanged with increasing temperature through increasing 

electrical input power. As expected, the temperature of the gain medium does not alter 

the emission frequencies or increase the number of hyperfine components, but only 

increases the intensity and the width of the 510.6 emission lines. The lumped linewidth 

of peaks ABC was 6.51 GHz at 4.2 kW input power of CVL. The linewidth reduces 

with decreasing input power from 4.2 kW. However, the intensity and spectral width of 

peaks changes quickly and it become difficult to get linewidth of peaks together. 
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Figure 3.11: Typical Fabry-Perot (a) fringe, (b) intensity modulation along a line scan 

across the diameter of the fringe, at 4.2 kW input power 

Therefore, voltage was reduced gradually (but not uniformly). The linewidth of 

peaks AB starts decreasing from 4.19 to 3.21 GHz. The peak C has initially linewidth 

of 1.39 GHz, which reduces to 899.8 MHz. The intensities of peak A and C decreases 

sharply, which make them difficult to get FWHM. However, the most intense central 

peak B, which left alone, shows linewidth variation from 1.69 to 1.31 GHz. Evident 

variations in the spectral widths are probably due to instantaneous pulse-to-pulse power 

levels variation because of the repetitive pulsing and instability in the gaseous 

discharge medium. This is probably due to instantaneous instability in environment of 

emitting atoms in the discharge tube.  

Tenenbaum et al [3.29] have reported the spectrum of 510.6 nm lines at four 

temperatures. They observed one intense peak at threshold and two additional peaks 

above the threshold. Yubo et al [3.30] have shown that the resolution of the 510.6 nm 

spectral line decreases with increasing input power (0.99, 1.3, 1.51, and 1.74 kW). 

Yongjiang et al [3.31] observed in the spectra of the 510.6 nm of CuBr vapor laser line 

that the intensity experiencing the same process of increase first and then decrease last 
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as the voltage increases (3.5, 4.0, 4.5, 5.0 kV). However, they observed that the 

linewidth is insensitive to the voltage applied. However, in this study, it was observed 

that spectral width of components was susceptible to the power [3.37]. An input electric 

power governs the tube/gas temperature and hence the linewidth of predominantly 

Doppler broadened CVL atomic transitions.  

3.4.3 Buffer gas pressure  

Buffer gas helps to (a) provide electrons for excitation of copper atoms, 

directly/indirectly to the upper laser level, (b) quickly cool electrons to allow 

superelastic collisions, electron-ion recombination, attachments, and in deactivation of 

the metastable lower level, (c) to provide a medium to run the discharge to heat up the 

copper atoms to the operating temperature and then prevents diffusion of the vapors 

from the hot zone to cold region of the discharge tube. The output power, average gain, 

saturation intensities strongly depends on the buffer gas pressure [3.1-3.2]. However, a 

very few study on the effect of buffer gas pressure on the spectral width of CVL has 

been reported [3.29-3.31]. Thus, influence of buffer gas pressure on the spectral width 

of 510.6 nm lines of CVL was investigated [3.38].  

Tenenbaum et al [3.30] has reported that the shape and width of hyperfine lines 

of CVL were almost insensitive to the buffer gas pressure. Yongjiang et al [3.31] have 

found that the shape and width of CuBr vapour laser lines are sensitive to the neon 

buffer gas pressure (in the range 53.33-213.32 mbar). They have observed that the 

spectral width of 510.6 nm line decreases from 6.40 to 3.00 GHz by increasing the 

buffer gas pressure from 40 to 160 mbar. Yubo et al [3.29] have also analyzed the 

spectral profile of 510.6 nm line of copper at different buffer gas pressure and found 

that the increase of gas pressure from 14.4 to 77.1 mbar the intensity of the peaks of the 
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510.6 nm laser line shape decrease slightly while no appreciable change in spectral 

width was noticed.  

In the present investigation, we have observed not only the intensity but also the 

spectral width of 510.6 nm laser line of an elemental CVL. Buffer gas pressure was 

varied from 5.0 to 470.0 mbar. The relative intensity and width of the frequency 

components were decreased at 5 mbar pressure [3.38]. Fig.3.12 shows the typical 

Fabry-Perot (a) fringe, (b) intensity modulation of a line scan across the diameter of the 

fringe, of 510.6 nm at 180 mbar pressure. The relative intensity and width of the 

frequency components decreased. Only peaks A and B dominating, while the peak C is 

barely seen at 180 mbar. The peak AB has 2.04 GHz linewidth. Fig.3.13 shows the 

typical Fabry-Perot (a) fringe, (b) intensity modulation of a line scan across the 

diameter of fringe, of 510.6 nm lines at 470 mbar. The relative intensity and width of 

the frequency components decreased drastically. Only two frequency components A 

and B are seen, in which peak B is dominating, which has 0.751 GHz linewidth. 

Fig.3.14 (a) shows variation of linewidth of peaks AB and B with buffer gas pressure. 

The peak B is sustained at all observed pressure range from 5-470 mbar range. 

However, intensity of peak B changes with buffer gas pressure. Fig.3.14 (b) shows the 

typical variation of relative intensity of peak B with buffer gas pressure. Initially, the 

intensity increases and then decreases with increasing buffer gas pressure. The spectral 

intensity and width decreases with increasing pressure.  Therefore, one can see that 

with the increase of gas pressure from 25 mbar to 470 mbar the intensity of peaks of the 

510.6 nm laser line shape decrease [3.38]. The energy is coupled to the discharge from 

the applied electric field principally via the electrons.  
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(a)  

(b) 

Figure 3.12: Typical Fabry-Perot (a) fringe, (b) intensity modulation of a line scan 
across the diameter of the fringe, of 510.6 nm at 180 mbar pressure  
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(b) 

Figure 3.13: Typical Fabry-Perot (a) fringe, (b) intensity modulation of a line scan 
across the diameter of the fringe, of 510.6 nm lines at 470 mbar 
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(b) 

Figure 3.14: Typical variation of (a) linewidth of peaks AB and B, (b) relative 

intensity of peak B, with buffer gas pressure 
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The electric field influence the rate at which electrons pick up energy between 

collisions while the pressure controls the mean free path between these collisions i.e. 

electron temperature, 







=

0p

E
fTe , where E  is the electric field and 0p  is the pressure 

that corresponds to the (hot) particle density in the tube reduced to standard 

temperature and pressure (STP). 

The electron temperature depends on various discharge parameters like buffer 

gas density, copper atom density, and excitation discharge current pulse. With the 

increase of gas pressure the collision frequency increases among particles, which would 

decrease the electron temperature, the excitation rates and the lifetime of excited upper 

state particles. The decrease in laser intensity with increasing buffer gas pressure is due 

primarily to the decrease in electron temperature. Increasing of buffer gas pressure, 

decreases the electron density and hence electron temperature. At buffer pressure below 

optimum, excitation and ionization rates to states with thresholds greater than the P2  

copper levels become increasingly more probable and hence intensity decrease at low 

pressure.  

In the present study, the pressure was varied from 5 mbar. At this low pressure 

the linewidth was less than the value at optimal operating pressure (20-25 mbar). The 

increased buffer gas pressures decrease the electron temperature and hence reduce the 

energy of the electrons. The excitation rates, which are proportional to electron 

temperature, decrease with increasing pressure. This results in decreasing the 

population in the upper state. Alternatively, gains of the components are proportional to 

the transition probabilities between these two laser states. Therefore, when the 

excitation rates decreases, the frequency components having comparative smaller gain 

will disappear. This causes the number of the hyperfine components, which reach the 



78 
 

laser threshold decrease, and the width to reduce. Thus, in fact, the change of pressure 

may destabilize the optimum equilibrium of the gain medium.    

 

3.5 Summary 

In conclusion, succinct description of copper atom laser transition mechanisms, 

kinetics, design, construction and working principle of CVL are presented. The 

theoretical analyses of energy level splitting of copper atom, transition probabilities 

between these levels are also investigated. The emission of green lines starts somewhat 

earlier than that of the yellow lines. The 510.6 nm lines consist of three distinct 

frequency components, which are result from the transitions of the hyperfine 

components. For the 578.2 nm line, the observed behavior is quite different. At the 

lasing threshold, only one frequency component was observed. However, far above the 

threshold, two additional components of higher frequency (and lower intensity) 

accompanying the most intense line is observed. The frequency components are well 

resolved, stable and reproducible. Input electric power in the discharge tube also plays 

a significant role on the spectral width of CVL emission.  An additional broadening of 

almost 1 GHz at the highest input power for optimum operation is observed. The input 

electrical power decides the tube/gas temperature and hence the linewidth of 

predominantly Doppler broadened CVL atomic transitions. The intensity and the 

spectral width of 510.6 nm laser line are sensitive to the buffer gas pressure. The 

hyperfine components having highest gain appear first in lasing and are also the last to 

disappear. Altering the buffer gas pressure reduces the number of components (and 

hence the overall linewidth). Typical CVL parameters such as repetition rate, power, 

pulse width, beam diameter etc. are also listed. 
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Therefore, very stable spectral characteristics in the visible region of 

electromagnetic radiation made CVL an ideal source for high repetition rate excitation 

of the dye laser as well as for other applications. The present high resolution spectral 

study also builds formidable experimental technique for such studies on dye laser, 

described in later chapters.   
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Chapter 4 

Studies on pulsed dye laser resonator 

4.1 Introduction 

A resonator plays a vital role in building up the laser beam characteristics. The 

spectral characteristics of a laser, such as spectral width and coherence length are 

primarily determined by the longitudinal modes; whereas beam divergence, beam 

diameter, and energy distribution are governed by the transverse mode structures that 

survive inside the resonator. The resonator has resonance frequencies of its own that 

interact with amplifying medium and controls energy, spatial, spectral and temporal 

properties i.e. output power, monochromaticity, divergence and spatial intensity 

distribution of the laser output. 

 Pulsed dye laser, like other lasers, typically consists of organic dye as gain 

medium, an excitation source, and an optical resonator. Optical resonator is the optical 

system that reflects radiation back to the gain medium and determines the mode 

properties and power/energy of the laser [4.1]. The most basic resonator, regardless of 

the method of excitation, is that composed of two mirrors aligned along a single optical 

axis. In general, optical resonator is made of two mirrors in which one of the mirrors is 

~ 100 % reflective at the wavelength or wavelengths of interest while the other mirror 

is partially reflective. The amount of reflectivity depends on the characteristics of the 

gain medium. The optimum reflectivity for the output coupler is often determined 

empirically [4.1]. For a low-gain laser medium the reflectivity can approach 99%, 

whereas for a high-gain laser medium this reflectivity can be as low as a few % [4.1].  

The dye laser is a high gain laser in which a ~ 100 % reflective optics is often 

replaced by a diffractive element(s) like prisms/grating in either Littrow or grazing 

incidence grating (GIG) configuration, as a part of the resonator [4.2]. The grating, 
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which controls the wavelength of oscillation and reduces the laser emission spectral 

width, has been used as the principal element. In this type of laser resonator system, 

narrow wavelength operation is generally achieved by allowing the broadband emission 

emerging from the dye cell to pass over the surface of a diffraction grating and the 

grating exerts maximum angular dispersion on the spectral components of the incident 

light.  

4.2 Theory of pulsed dye laser resonator 

4.2.1 Theoretical analysis 

The spectral width of the dye laser output depends mainly on the passive 

bandwidth of the resonator and the number of round trips taking place in the resonator 

[4.2]. Passive bandwidth of the resonator is determined by the angular dispersion of the 

wavelength selector and the divergence of the dye laser beam incident on it [4.1-4.3]. 

Narrow bandwidth laser output is obtained by making passive bandwidth small, using 

highly wavelength selective elements and/or by allowing a large number of round trips 

to take place within the resonator. For short pulse dye lasers where the number of round 

trips are only a few, the laser bandwidth is determined mainly by the passive bandwidth 

of the resonator.  

For pulsed dye laser resonator incorporating dispersive elements, the single pass 

bandwidth is given to a first approximation [4.2] by  

Δ� = ��
����	
�

                    (4.1) 

where Δ� is the beam divergence and ���
�  is the total dispersion provided by the 

optical components in the resonator. Thus, bandwidth is minimized by reducing Δ�  

and increasing the dispersion. For the grating-mirror cavity, the emission wavelength is 

governed by the grating equation  
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�	� = ��sinΘ ± sinΘ′�         (4.2) 

where � is the order, � is groove spacing, Θ	 is the angle of incidence, and Θ′ is the 

angle of diffraction.  

For a grating utilized in Littrow configuration (i.e., Θ = Θ′), the grating dispersion 

becomes  

���
� = 2 tanΘ �                     (4.3)    

And for grazing incidence grating configuration, the grating dispersion is  

���
� = 2	�sinΘ ± sinΘ′� � cos Θ                     (4.4) 

Or equivalently,  

���
� = 2	� � cos Θ           (4.5) 

Fig.4.1 and Fig.4.2 show the typical dye laser setup in Littrow and GIG configurations, 

respectively. While in GIG configuration, the resolution of the cavity is enhanced by 

illuminating the whole grating with the unexpanded beam (which is widened by natural 

beam divergence only) using the grating at a large angle of incidence. Thus, the way to 

reduce linewidth is to use a highly dispersive grating (a grating used at large angles of 

incidence) and simultaneously reduce the beam divergence Δ� by expanding the beam 

incident on the grating. 

 
(a) 

 

(b) 
Figure 4.1: Typical dye laser setup in (a) Littrow, (b) GIG configuration 
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Beam expansion by a ratio M decreases the beam divergence 	Δ�  by the same factor 

M, so that [4.2] 

Δ� = ��
#

$
	����	
�

               (4.6) 

In other way, the angular dispersion of the beam expander-grating combination is M 

times the angular dispersion of the grating used alone, i.e.  

Δ� = ��
#	����	
�

                                                                                                                (4.7) 

The resolving power of grating depends on the order of diffraction. In a given order, it 

is proportional to the total number of lines illuminated. The illuminated width ( %) of 

the grating is given by 

% = &
'()�                    (4.8)  

where * is size of beam incidence on the grating. Therefore, to maximize the resolving 

power of grating either size of the incident beam is large enough or it should be kept at 

higher angle of incidence (i.e. at grazing incidence). The grating efficiency reduces 

drastically at grazing angle of incidence [4.4]. Therefore, effective way to increase the 

resolving power of the grating is to increase the beam size before its incidence on 

grating. Expansion of the beam inside the resonator is accomplished by using optical 

element, called beam expander. Several methods have been used to expand the beam 

inside the resonator and reduce the spectral width of pulsed dye laser [4.5-4.11]. 

Hänsch [4.5] used a telescope to expand the laser beam so that it illuminates maximum 

length of the diffraction grating, which was set in a Littrow configuration. Eesley et al 

[4.6] used mirror-telescope as an intra-cavity beam expander. Telescopic beam 

expander provides two dimensional beam expansion and made resonator length 

relatively long, although, in laser spectral narrowing mechanisms beam expansion 

along the length of grating is effectively useful. Keeping these facts in mind, Hanna et 
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al [4.11] proposed prism as a one dimensional compact intra-cavity beam expander and 

demonstrated the narrow bandwidth operation of dye laser. After that a number of 

authors have implemented prism or multiple prisms to reduce the bandwidth and 

improve the efficiency of dye laser.  

The main role of the beam expander is to expand the laser beam and fill 

maximum length of the grating. Magnification provided by the prism, which depends 

upon angle of incidence, apex angle and refractive index of material used for 

construction, plays an important role on the spectral narrowing of the dye laser. The 

magnification provided by the prism is given [4.12] by  

M =
31

42

coscos

coscos

θθ
θθ

            (4.9) 

where 21, θθ  and 43, θθ   are the angles of incidence, refraction at the first surface and 

second surfaces, respectively. These involved angles in beam transmission through 

prism are shown in Fig.4.2 (a). The angles are related with prism parameters such as 

refractive index and apex angle through, 

]/)[(sinsin 1
1

2 nθθ −=                    (4.10) 

23 θθ −= A , and  )sin(sin 3
1

4 θθ n−=                           (4.11) 

And angle between the entrance and the exit beams is by  

A−+= 41 θθε                             (4.12) 

 where n is the refractive index, A is the apex angle of prism.  

To fully illuminate the grating and achieve maximum resolution, the frequency 

selectivity is improved using a prism as an intra-cavity beam expander. However, to 
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reduce contraction on leaving the prism, the exit surface of the prism has been made 

approximately normal to the beam. 

 

(a) 

 

(b) 

Figure 4.2: Systematic of (a) angles involved in beam transmission through prism, and (b) 

beam expanding view through the right angle prism  

When a beam of size +$ incident at an angle θ$ on the first surface of the right angle 

prism and +- is the beam size after passing through it, then the magnification factor  . 

of the beam is given by [4.2] 

. = &/
&0

= � 1/2341/	50
1/21/	341/	50


$ - 
                                                                                     (4.13) 

The systematic of beam expanding view through the right angle prism is shown in 

Fig.4.2 (b). The reflection losses are also an important factor on the design of optical 

element because they affect significantly the efficiency of the system. According to 

electromagnetic wave theory, when a beam of light incident at an angle it is partly 

reflected and partly transmitted. The reflection coefficient 6 for  7 polarized light at 

first surface of the prism is given by [4.2],  

 6 = 891	/	�5025/�
891	/	�50:5/�                    (4.14) 

The transmission coefficient  ; is related with reflection coefficient R by  

; = 1 − 6 = )>?-	50 )>?-	5/	
341	/	�50:5/�@A3	/	�5025/�                  (4.15) 
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The multiple-return-pass linewidth for a multiple-prism grating oscillator is given by 

[4.2], 

 Δ� = �5B
�C	∇	EF:C	#		∇	�G�              (4.16) 

where ∇�Θ� is the total grating dispersion, ∇�ΦI is the total prism dispersion, . is the 

intra-cavity beam expansion ratio, here 6 is the total number of return passes. The 

multiple-return-pass beam divergence	ΔθJ is given by [4.2] 

ΔθJ = � K
L	M
 N1 + �PBQB


- + �RB	PB
QB 
-S

$ - 
             (4.17) 

Where LJ is the Rayleigh length, AJ and BJ are the multiple return pass transfer matrix 

coefficients, W is beam waist size, and λ is the wavelength.  

4.2.2 Numerical analysis  

In this section, the numerical analysis of beam magnification and dispersion 

provided by prism and grating is presented for the parameters used in the experiments 

of later chapter. Magnification provided by the prism, in fact, depends on the angle of 

incidence and refractive index of the prism material.  Here, results of the calculations 

associated with dependent parameters are discussed.  Fig.4.3 shows variation of 

magnification with (a) angle of incidence on the prism, (b) refractive index of the prism 

material. Magnification increases with increasing angle of incidence, for a given prism 

apex angle and refractive index.  The increase in magnification is very small for angles 

less than 850, however, it changes drastically for angles in the ranges 860 to 890. Fig.4.4 

shows variation of beam transmission and reflection coefficient with angle of incidence 

on the prism. The transmission below 550 is almost constant and reduces drastically in 

the range of 80-89 0 angle of incidence, irrespective of the refractive index of material. 
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Figure 4.3:  Variation of magnification with (a) angle of incidence, and (b) refractive index, of 

the prism  
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Figure 4.4: Variation of beam transmission and reflection coefficient with the angle of 
incidence on the prism 

Therefore, in practice, to reduce the reflection losses and get higher magnification, 

multiple prisms are generally used at relatively lower angle of incidence.  

The single pass dispersion of the prism [4.13] is  

∇�ΦI = )>?X
'()�/ '()�Y 	

Z1
Z�                                                                           (4.18) 

where  
Z1
Z�   is the dispersion of the prism material.  
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For prism apex angle 700, angle of incidence 880 to the first surface, hence 340 to the 

second surface, the typical calculation for the angles described above shows that the 

prism dispersion is  

	�E�
I = -	 )>?X
'()�0 '()�[ 	

Z1
Z� = 0.3897		�b�c d                                                 (4.19) 

where  
Z1
Z� = −6 ∗ 102g	/d 

For 880 angle of incidence to the grating (magnification 8.7, beam size 0.1 mm from 

dye cell), the illuminated width G, of the grating is 24.93 mm. For the grating with a = 

4.17x 10-4 mm (grating 2400 lines /mm). Dispersion of the grating is  

	���
� = 9.7162		�b�c/d                (4.20)  

Thus, the total dispersion 	�E�
I + 	���
� = 10.1059		�b�c/d 

For a prism beam expander-grazing incidence grating-tuning mirror configuration, the 

typically passive bandwidth [4.13] is  

Δ� = -√-	�
k	#	& 	 $

�	��l�	
F:	�
��
�	
G


                                                                    (4.21) 

These numerical analysis shows that the dispersion provided by the prism is very small 

as compared to the dispersion by the diffraction grating. For the dye laser emission 

peak wavelength λ = 576.00 nm, the typical estimated passive bandwidth is	Δ� = 4.28	 
GHz. However, it is known that the passive bandwidth is always larger than that 

experimentally observed, due to the gain narrowing.  

Numerical analysis of bandwidth is further estimated at different angle of incidence on 

prism and grating. Fig.4.5 shows variation of bandwidth with angle of incidence on the 

(a) prism, (b) grating. Fig.4.6 shows variation of (a) bandwidth with beam waist size, 

(b) the ratio of bandwidth and wavelength with beam waist size for different angle of 
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incidence. The dispersion due to the prism is much smaller than that due to the grating, 

hence after neglecting the prism dispersion term, the ratio of bandwidth and wavelength 

were estimated for different angle of incidence on the grating with beam waist size. 

 Δ� = -√-	�
k	#	& 	 $

�sin Θ±sin Θ′�                                                                            (4.22) 
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Figure 4.5: Variation of bandwidth with angle of incidence on the (a) prism, and (b) grating 
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For constant angle of incidence Θ and diffraction angle Θ′,   

Δ�/� = n	
	&	                 (4.23) 

where o = 2√2	
p	.	 	 1

�)>?�±)>?�q�. Therefore, variations of Δ�/� with beam waist size were 

estimated at different angle of incidence.    

4.2.3 Optimization of dye laser output power  

A typical tunable laser usually permits power output coupling from one side of 

the optical resonator with a partially transmitting mirror, whereas dispersive element is 

generally used as a reflective optics on the other side [4.2]. In the open cavity of Saikan 

[4.14] the laser output was taken directly from the grating in the form of the zero order 

beams. The closed cavity used by Littman and Metcalf [4.9], in which the output beam 

was taken from a partially transmitting mirror at the opposite end of the cavity. For 

power extraction the transmission coefficient of the output coupling mirror is a very 

important factor. If it is very large then loss exceed the gain and no lasing is possible 

and if it is small then laser may oscillate brightly inside the cavity but output coupling 

is very small. For an efficient laser operation and maximum power extraction, 

optimization of reflection coefficient of partially transmitting output coupling mirror is 

an important aspect.  

Dasgupta and Nair [4.15] have optimized the gain length for maximum 

extraction efficiency. Zhang and Tokaryk [4.16] have proposed a new geometry for 

grating-tuned cavities that reduces optical losses from the gratings, lowers the lasing 

threshold, and enhances the laser output. Mashev et al [4.17] has treated the 

optimization of the grating efficiency in grazing incidence. Munz et al [4.18] have 

addressed the problem of output–coupling optimization dye laser in terms of a rate 

equation approach under steady state, spatial variation of the gain distribution, 
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reabsorption, triplet effects and excited state absorption. In the present study, effect of 

output coupler mirror reflectivity on the optical power of dye laser in GIG 

configuration was investigated theoretically and experimentally. The two mirror cavity 

approach has been simplified and optimized for the dye laser output power. A 

schematic representation of the dye laser setup employed for this study is shown in 

Fig.4.7 (a). The prism beam expander, grating at grazing incidence, highly reflecting 

mirrorM , and a partially transmitting mirror 2M  forms the resonator of dye laser. The 

tuning mirror M of reflectivity R and the grating with first order are positioned as 

shown in Fig.4.7 (a). The combination of the grating and the tuning mirror is lumped 

together and represented as a flat mirror of reflectivity ( )dRRR 2.1 = , where dR is the 

grating diffraction efficiency. The simplified resonator, typically, consists of two 

mirrors of transmission coefficient ;$ (reflection coefficient,1 − 6$) and transmission 

coefficient ;- (reflection coefficient,1 − 6-) separated by the active medium length r. 

 
(a) 

 
(b) 

Figure 4.7: Schematic representation of the (a) dye laser setup, (b) simplified symbolic 
representation of the dye laser resonator  

The quantities st: and st2  are the internal photon intensities propagating in the positive 

and negative x-direction (as shown in Fig.4.7 (b)) with the total intensity st at any point 

given by   

st = st: + st2                    (4.24) 
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In Fig.4.7 (b),  ;9  and ;u are the transmission coefficient of the dye cell windows, ;I is 

the transmission coefficient of the prism beam expander, respectively, 6$ is the lumped 

reflection coefficient of grating-mirror, 6- is reflection coefficient of the output coupler 

mirror. It was assumed that the losses of the beam passing through both the windows 

are same i.e. ;9 = ;u.  

In the resonator, which support substantially plane electromagnetic waves, the loss due 

to output coupling is defined by  
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For an optical resonator containing an active medium as an amplifier, the self-

oscillating condition for a resonator shown in Fig.4.7  can be written as,  

( ) ,12exp222
12 =lTTTRR bap α                                          (4.26) 

where α  is the gain coefficient. 

The output intensity outI  of laser in a gain medium having small signal gain 0α  and 

saturation intensity sI , in absence of expander, is given by [4.19]  
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With inclusion of another losses (prisms, windows etc.), above equation can be 

modified as, 
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For theoretical investigation, 3.02.01 −=R , as feedback through grating-mirror in first 

order never exceeds 30% at grazing incidence [4.13], and 96.0== ba TT  are used. For a 
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specific and known values of aT , bT , pT , 1R , and l0α , the transmission coefficient, 1T  

and 2T varied in the range of 0.1 - 0.9. Fig.4.8 shows the variation of normalized output 

intensity with transmission coefficient of grating-mirror. Intensity decreases 

monotonically with increasing transmission coefficient. In dye laser resonator 

reflectivity 1R of grating-mirror system mainly depends on the angle of incidence of 

light on the grating and diffraction efficiency, which governs the spectral properties of 

radiation [4.2, 4.13]. In dye laser, transmission coefficient of gratig-mirror system 

mainly depends on the angle of incidence of light on the grating and diffraction 

efficiency.   

Fig.4.9 (a) shows variation of normalized output intensity with transmission coefficient 

of the coupler mirror. This showed maximum intensity coupled outside the cavity near 

transmission coefficient 0.7, i.e. 30 % reflectivity. Experiment has been carried out to 

optimize the output coupler mirror transmission coefficients for CVL pumped dye 

laser. Fig.4.9 (b) shows variation of dye laser output power at different transmission 

coefficients (0.1-0.9) of output coupler mirror. The maximum output power was 

observed in the range of 0.7-0.8 transmission coefficient.
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Figure 4.8: Typical variation of normalized output intensity with transmission 

coefficient ;$ of the grating-mirror 
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Figure 4.9: Typical variation of normalized output (a) intensity, (b) optical power with 

transmission coefficient (0.1- 0.9) of the coupler mirror
 

Hence, the transmission coefficient of the coupler mirror has an effect on the output 

optical power of dye laser. Its selectivity is an important step for maximum average 

optical power extraction from the dye laser. Thus, a two-mirror simplified cavity 

approach has been used for optimization of output power through transmission 

coefficient of mirrors of the dye laser resonator, both theoretically and experimentally. 

The maximum output power was observed in the range of 20-30 % reflectivity of 

output coupler mirror. The experimental results well agree with the model developed. 

This study has helped us for selection of transmission coefficient of partially 

transmitting output coupler mirror in the design and development of the narrow 

bandwidth dye laser oscillator for further investigations of other issues of dye laser 

undertaken in the subsequent chapters.     

4.3 Spectral width of a dye laser  

Dye lasers have their very wide gain bandwidth (~ 50 nm). In a laser with cavity 

length of few tens of centimeters, numbers of modes oscillating are large and the laser 

is said to be multimode or broadband laser. For many spectroscopic applications, a 
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narrow bandwidth dye laser is essential. Narrow-bandwidth dye laser is defined as a 

source of highly coherent emission having a bandwidth [4.1] narrower than  ∆w ≈
3%yz , which is approximately ∆� ≈ 0.0017	{� at 510 nm. Therefore, a rigorous 

attempt was on the development of tunable optics for narrow linewidth operation of dye 

laser. The dye laser is a homogeneously broadened system; hence the gain available can 

be efficiently channeled into a narrow bandwidth output. Therefore, spectral narrowing 

occurs, without appreciable change in energy, when a wavelength selector is introduced 

in the resonator. A large variety of wavelength selective optics has been used for 

spectral narrowing of the dye laser. The reported typical bandwidth of dye laser using 

broadband dielectric mirrors resonator was ~	6.0	 nm [4.20]. Replacing one of the 

broadband mirrors by a grating in Littrow configuration reduced the linewidth to 

~	0.06	 nm [4.20]. Bradley et al [4.21] reported a refinement of the grating-mirror 

cavity that incorporate an intra-cavity etalon to achieve bandwidth of about 0.05 nm. 

Myers [4.7] incorporated a prism positioned at a very large angle of incidence 

approaching 90o in the optical cavity of dye laser. He found that the bandwidth was 

narrowed from 10 nm to 0.2 nm when the prism was placed in a broadband cavity 

consisting of two high reflecting mirrors. When the same setup was put in a grating 

cavity-mirror, the reduction in bandwidth was from 1.1 nm to 0.09 nm.  

Hänsch [4.5] demonstrated bandwidth of about 0.003 nm at �~600	{�, using 

intracavity telescopic beam expansion in Littrow-grating configuration and a further 

refinement (reduced to less than 0.0004 nm) in the telescopic device was achieved by 

employing an intracavity etalon. As telescopic beam expander is long, expensive and 

cumbersome to align, an alternative beam expander, which is much simpler to use, 

compact and also less expensive, is a prism at a grazing angle of incidence to expand 

the beam in one dimension (in the plane of incidence). Hanna et al [4.11] have 
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incorporated prism as an intracavity beam expander and etalon in Littrow and achieved 

bandwidths in the 0.003-0.007 nm range.   

A significant development in the area of resonator compactness and narrow 

bandwidth operation was the GIG resonator, developed independently by Shoshan [4.8] 

and Littman and Metcalf [4.9]. It provided a alternative design for compact narrow-

bandwidth dye laser in which grating was illuminated at a grazing angle of incidence, 

in conjunction with a tuning mirror and reported linewidth of 0.003 nm at 600 nm. 

Littman [4.10] used a grating-grating combination and reported single mode linewidth 

of 300 MHz.  

  Shoshan et al [4.8] have used a 100% reflecting mirror at one end of the cavity, 

grating in grazing incidence, and tuning mirror at the other end. The laser output was 

taken directly from the grating in the form of the zero-order beam and they have 

achieved narrow linewidth of 2.4 GHz. Since the output was taken from the grating 

zero-order, it contains a large fraction of amplified spontaneous emission (ASE). The 

ASE has several undesirable effects on the performance of a narrow band pulsed dye 

laser [4.22] such as reduction of the laser efficiency, restriction of the tuning range, and 

formation of a broad band spectral background superimposed on the narrow band laser 

output. Littman et al [4.9] have used partially reflecting output mirror, grating in 

grazing incidence with tuning mirror and have achieved bandwidth of 1.25 GHz.  

Littman [4.10] have used another grating in Littrow configuration in place of tuning 

mirror and achieved a single mode linewidth of 750 MHz. Duarte et al [4.13] have used 

additional prism beam expander in configuration used by Littman et al [4.9] to obtain 

the bandwidth of ~ 1 GHz with improved efficiency. Maruyama et al [4.23] have used 

double prism beam expander in Littrow configuration with intra cavity etalon of FSR 

30 GHz and a finesse of around 20 and achieved a bandwidth of 62 MHz. Bernhardt et 



100 
 

al [4.24] have used intra cavity etalon (FSR 20 GHz, finesse ~ 13) in addition to a 

multiple prism beam expander (magnification ~ 40) in Littrow configuration to force 

the oscillations into a single mode and have achieved 60 MHz linewidth. In all these 

cases, narrow bandwidth of dye laser has been achieved by effectively increasing the 

dispersion in the cavity and single mode operate by increasing the losses for all except 

one mode.  

4.4 Single mode dye laser 

Single mode pulsed dye laser is widely used in resonance ionization 

spectroscopy, high-resolution optical spectroscopy as well as in the efficient optical 

pumping of the excited species, where the spectral lines are very close to each other. 

Narrow bandwidth dye lasers have been realized in Littrow, multiple prisms Littrow 

(MPL), grazing–incidence grating (GIG), multiple prisms grazing incidence grating 

(MPGIG), or hybrid multiple prism grazing incidence grating (HMPGIG) dispersive 

cavities [4.2]. These usually operated with a number of axial modes. In a laser with 

cavity length , the longitudinal modes spacing in frequency domain is given by  

 and the number of longitudinal modes  is given by , where 

 is the gain bandwidth. Thus, number of longitudinal modes, within the gain profile, 

can be reduced to single mode by reducing the cavity lengths appropriately. The 

reduced/compact cavity length realization is limited by physical dimensions of the 

components of the resonator.  

It is common practice to use long cavity and introduce additional optics (to 

suppress all modes except one below the loss line) to get single mode. Laser oscillation 

on a single mode can be achieved if the losses for all, except the desired mode, are 

increased to such an extent that they do not reach oscillation threshold. Another 

approach to ensure single longitudinal mode operation is to increase the effective gain 



101 
 

of the desired mode by injecting radiation seed at that mode so that it builds up faster 

and dominates. However, the power needed to lase at a particular mode will increase 

rapidly as the desired mode moves farther from the line center. Further, the injected 

radiation must be an allowed mode of the resonator, which requires a careful control of 

the resonator length.  All these approaches have their own technological challenges.   

A number of techniques [4.8-4.9, 4.14, 4.23, 4.25-4.31] have been reported for 

the single mode operation of pulsed dye lasers, including pulse amplification of cw 

single mode [4.32], external filtering of a multimode laser oscillator [4.33], and a very 

short cavity oscillator incorporating frequency selective elements [4.26] such as intra-

cavity etalons [4.23-4.24]. Single mode operation by using intra cavity etalon can be 

achieved by varying the optical path length of the etalon (by adjusting its tilt or 

temperature) such that one of its transmission maxima coincides with the desired mode 

and no other transmission maximum falls in the gain bandwidth. The later condition 

requires that the free spectral range (FSR) of the etalon should be greater than half the 

gain bandwidth if the desired mode coincides with the center frequency, or in general, 

greater than the gain bandwidth. This requires precise selection of the FSR and finesse 

of the etalon to force the lasing in single mode. The Free spectral range ( ) of an 

etalon is given by  , where de is thickness of the etalon,  is the refractive index of 

the medium of the etalon. The estimate of minimum resolvable linewidth or resulting 

laser linewidth obtainable from the etalon is given by ratio ,  is the effective finesse 

of the etalon. The finesse of the etalon is a function of the flatness of the surface (often 

in the range of ), the dimension of the aperture, and the reflectivity of the 

surfaces. The effective finesse is given [4.1] by 

                                             (4.29)  
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where ,  and  are the reflective, flatness, and aperture finesse, respectively.  

Hung et al [4.25] have reported a novel simple cavity for grazing incidence 

pulsed dye laser in which the tuning mirror was rotated from Littman’s working 

position so that the beam diffracted at an angle was reflected back to the grating at the 

Littrow incidence angle. This modification is equivalent to the use of the second grating 

in Littman’s double grating design. Thus, single mode operation with a spectral 

bandwidth of 385 MHz was achieved using only one dispersive element (grating) in the 

linear cavity. However, in this technique the tuning mirror was rotated about the same 

axis for single mode operation and tuning of the dye laser. Hence adjustment of angle 

of tuning mirror for single mode operation may also result in tuning of wavelength of 

the dye laser. A new technique for single mode operation of dye laser was anticipated 

and successfully demonstrated, in this thesis, in a grazing incidence grating long cavity 

without using any additional optics or modifications in prism GIG long cavity, by 

introducing losses in the resonator through beam walk-off [4..34]. Fig.4.10 shows 

schematic diagram of CVL pumped dye laser. In this setup, resonator typically consists 

of output coupler mirror (20% reflectivity), dye cell, single prism beam expander 

(magnification ~ 8) and grating (2400 lines / mm) in grazing incidence with tuning 

mirror. The overall cavity length was 16 cm, in which dye laser oscillates in three axial 

modes successfully. 

 

Figure 4.10: Schematic diagram of dye laser 
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Fig.4.11 shows dye laser FP fringe of (a) three axial modes, (b) double axial modes, 

and (c) single mode. In normal operation of the dye laser, without any additional loss in 

the resonator, the observed separation of the axial modes was ~ 990 MHz, close to the 

value of ~ 937 MHz estimated from the resonator length. The number of axial modes 

was reduced by introducing losses in the cavity through rotating the tuning mirror about 

an axis parallel to the plane of incidence of diffracted beam from the grating. When the 

tuning mirror was aligned in such a way that the first order diffracted beam from 

grating is incident normally on the tuning mirror, three axial modes lasing. It was 

observed that the rotation of the tuning mirror about an axis parallel to the plane of 

incidence, rather than perpendicular, discriminates the number of axial modes. Fig.4.12 

shows the schematic of the rotated positions and direction of the tuning mirror.  

 
(a) 

 
(b) 

 
(c ) 

Figure 4.11:  Dye laser fringe of (a) three axial modes, (b) double modes, and (c) single 

mode 

The maximum angle of rotation of tuning mirror in one direction depends on the 

beam size perpendicular to the plane of incidence and distance of tuning mirror from 

the grating.  If d is the distance between grating and tuning mirror and w  is the beam 

size (along minor axis), then the maximum angle of rotation θ  in either direction is 

d2

w≈≈≈≈θ . The angles of rotation θ  are very small and require precise control on the 

rotation to discriminate the number of modes. 
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Figure 4.12:  Schematic of rotated positions and direction of tuning mirror 

Precise rotations in either direction resulted in single mode, as shown in Fig.4.11 (c). 

Thus the position of tuning mirror plays significant role on the performance of the dye 

laser. As a result, the same cavity, without using any additional optics, can be made to 

operate in single axial mode just by controlling the rotation of tuning mirror along an 

axis parallel to the plane of incidence of the diffracted beam from the grating. This 

novel technique gives single mode of 360 MHz [2.34] bandwidth from a dye laser 

which normally (i.e. in symmetrically aligned condition) operating in three axial 

modes. The beam diffracted from the grating suffers beam walk–off through tuning 

mirror, which introduces losses in the resonator. As our configuration employs 

minimum number of optical components, hence misalignment and instability are 

greatly reduced.  

 

 

 

 

Tuning mirror 
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Grating 
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4.5 Summary  

In conclusion, pulsed dye laser resonator characteristics are extensively 

investigated. The dispersion theory for narrow bandwidth pulsed dye laser is analyzed 

theoretically and numerically. The pulsed dye laser dispersive resonator is analyzed.  

The simplified two-mirror cavity is used for optimization of the output coupler mirror 

transmission/reflection coefficients for maximum optical power extraction from the 

resonator. The optical power of the dye laser is influenced by the reflectivity of an 

output coupler mirror. Maximum output power is observed at 20-30 % reflectivity of 

the partially transmitting output coupler mirror. The experimental results agree well 

with the model developed, which should help in development of the tunable dye laser 

oscillator.     

The bandwidth issues associated with pulsed dye laser resonators are reviewed. 

A cavity with single prism beam expander and grating in grazing incidence with tuning 

mirror, which operates in three axial modes is used for single mode operation, without 

using any additional optics. This technique is very simple for reducing the number of 

modes in a multi-mode long cavity.  

  

Publications based on this chapter 

1. Single mode operation of a narrow bandwidth dye laser in single prism grazing 

incidence grating cavity 

  Optics and Laser Technology 39, 1140 (2006) 
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Chapter 5 

Studies on high repetition rate dye laser subsystem 

High repetition rate dye laser typically consists of dye cell for containing the gain 

medium, excitation (pump) source, resonator for obtaining narrow bandwidth, dye solution 

circulation (DSC) and cooling system for minimization of thermal effects. In the previous 

chapters, the excitation source and the narrow bandwidth resonators for the dye laser have 

been extensively investigated. In this chapter, significance of associated sub systems like 

DSC system, dye cell flow channel geometry and flow characteristics of a high repetition 

rate dye laser has been studied.   

5.1 Studies on dye laser flow subsystem 

For efficient and long-life stable operation of dye laser at high repetition rate, the 

active dye volume exposed by the excitation source needs to be rapidly removed between 

successive pulses. Thus, it becomes imperative to flow the dye solution through the dye 

cell at a sufficiently high speed. High clearing ratios of dye volume results in minimum 

thermal effects and extended dye lifetime. Therefore, dye-flow handling system 

considerations become a major concern for dye lasers operating at high repetition rates. 

The mechanical pump motor system associated with the DSC system is the largest source 

of heat generation and mechanical vibrations. Thus, a design detail of DSC system, which 

is major subsystem of the dye laser, is presented in this chapter. Design of flowing type 

dye cells of different flow channel and numerical analysis of velocity vectors inside the 

dye cells is briefly presented. Theoretical analysis of the microstructure of the liquid flow 

is also presented in the subsequent sections.   
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5.1.1 Design detail of the dye circulation system 

Passive stability of dye lasers is affected by the DSC system [5.1]. Therefore, first 

of all DSC system was especially designed and fabricated for the flowing the dye solution 

through the laser gain medium. The DSC system typically consisted of a closed loop dye 

solution reservoir, mechanical pump motor, compact brazed plate heat exchanger, SS 

sintered filter, temperature sensor (PT-100), pressure gauge, self-tuned PID temperature 

controller and digital flow meter. The SS 316 material, which is non-corrosive and 

compatible with the organic dye, was used for all mechanical components which are in 

direct contact to the dye solution. To adjust the flow rate, a part of the dye solution returns 

through an adjustable by-pass valve while remaining part of the solution flows through a 

filter system to the dye cell and finally return to the dye reservoir. In this way, mass flow 

rate through the dye cell can be adjusted by means of by-pass valves at constant pressure. 

Fig.5.1 shows dye circulation and cooling unit schematic.   

 

Figure 5.1: Dye circulation and cooling unit schematic 
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Figure 5.2: Simplified schematic of dye cell and flow loop 

The liquid volume capacity (∽ liters) of the dye solution reservoir was chosen in such a 

way that flow can be adjusted up to 20 liters per minute (LPM) while dye solution 

temperature controlled within ± 0.1 0C by PID controller. Fig.5.2 shows simplified 

schematics of dye cell and flow loop. 

5.1.2 Studies on mechanical vibrations                                                     

Liquid dye laser, operating at high repetition rate (∼ kHz), is coupled with the DSC 

system. One of the key components in the DSC system is mechanical pump motor, which 

inherently generates vibrations. These vibrations are transmitted through the flow loop 

system to the dye cell. In this way, it can cause the mechanical vibration of the dye cell, 

which is intra-cavity part of the dye laser. Therefore, identification of these vibrations is 

essential for stable operation of the dye laser. There is a possibility that mass flow may 

also generate vibrations. Reynolds numbers, which characterize the liquid flow, was 

estimated for the mass flow rates of the dye solution (dye dissolved in ethylene glycol and 

ethanol mixture). Thus, vibrations transmitted through mechanical pump motor and 

Reynolds number of the flow were measured using commercially available portable 

vibration meter (Cardvibro VM-2004 Neo model). Vibrational frequencies were measured 

at different location on the flexible pipe used for connecting the dye cell to the outlet of 

dye circulation system. Fig.5.3 (a) shows frequencies present at different locations away 
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from the dye cell. The distance towards pump motor from dye cell was taken as positive 

while in other direction as negative.  
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(b) 
Figure 5.3: Variation of vibrational frequency (a) on pipe from the dye cell at Reynolds 

number 1000 (b) with Reynolds number of the flow  

Vibration of 38 Hz frequency was detected near the dye cell while maximum 

frequency present on the pipe was less than 200 Hz, at Reynolds number of 1000. 

Frequency of vibrations was also measured at the dye cell as a function of Reynolds 

number. Fig.5.3 (b) shows variation of vibrational frequency with Reynolds number of the 

liquid flow. As the Reynolds number of flow increases the frequency of vibrations also 

increase and approach saturation. The vibration frequency of the optical table was 487.5 

Hz during DSC flow system off while it was 1143.75 Hz during on condition. The lower 

frequencies are always present while higher frequencies in kHz range were due to the DSC 

system. This exercise of measurement helped in design and development of experimental 

work station for the characteristic investigation of dye laser. Based on these observations, 

rubber stud pads were used to isolate these kHz range frequencies. It was observed that the 

pads offer the most effective and easily applicable vibration/shock isolating resilient 
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material for passive stabilization of the dye laser system. The pads reduce ground borne 

vibration. Further it also isolate the vibration produced by flow & noise from heavy 

machinery and even passing traffic for giving protection from external disturbances.   

5.2 Development and studies on dye cells 

Dye cell, used to enclose the gain medium, is one of the critical components of a 

high repetition rate dye laser. A number of dye cell geometries have been reported in the 

literatures for a high repetition rate pulsed dye lasers. Many of these have specific 

experimental objectives in mind or offer specific advantages. The planar cell is the most 

commonly used dye cell. In the planar duct dye cell, the flow channel is profiled on the 

inner surfaces such that the cross sectional area reduces to increase flow speed in the pump 

beam region.  

For a high repetition rate dye laser, several types of dye cell conduits were reported 

in the literatures [5.2-5.12]. Zemskov et al [5.2] used planar nozzle of 0.5 x 6.0 mm2 

dimensions for studying the energy and time characteristics of jet dye laser pumped by 

CVL (10 kHz). Pease and Pearson [5.3] investigated pulse to pulse mode structure 

fluctuations in narrow linewidth dye laser pumped by CVL (6 kHz) using 8 mm dye cell. 

Zherikin et al [5.4] used slit-like gap of 15.0 x 0.5 mm2 rectangular quartz cell and studied 

the efficiencies, narrow bandwidth operation, and tunable second harmonic generation of a 

dye laser operating at 10 kHz. Bernhardt and Rasmussen [5.5] have used quartz dye cell 

having internal dimensions approximately 8 x 8 x 22 mm3 and inserted a curved metal 

piece into the dye cell to constrict the flow through an area of 8.0 x 0.3 mm2 across the 

pumping region. Broyer et al [5.6] have used a dye cell, assembled from four optically 

contacted fused silica plates, in which the dye solution flow channel was restricted by an 
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inserted ventury, which left a total clearance of 13.5 x 0.4 mm2. Duarte and Piper [5.7] 

characterized the high pulse repetition frequency (8-13 kHz) dye laser resonator using 

flowing dye cell of trapezoidal cross-section of dimensions 11 mm wide x 1 mm thick. 

Lavi et al [5.8] had designed the dye cell (10.0 mm x 0.1 mm ) and studied the pulse to 

pulse mode structure fluctuations of a CVL (at 4 kHz) pumped dye laser. Amit et al [5.9] 

had investigated the temperature gradients, generated by a high pulse frequency (4 kHz) 

CVL, in a planar dye cell (gap, 0.5 mm). Maruyama et al [5.10] characterized the output of 

high repetition rate dye laser, using 8 mm gain length of the dye medium in a rectangular 

cross-section dye cell. Sugiyama et al [5.11] reported temperature and pressure controlled 

frequency tuning of a dye laser using a dye cell active region dimensions 8 x 0.2 x 1 mm3.  

All of these dye cells, used for the high repetition rate dye lasers, were of diverse 

liquid flow characteristics and hence differed in flow induced inhomogeneity in the gain 

medium. Therefore, high repetition rate dye laser still needs a good optical quality lasing 

medium for better passive stabilization. In this road, we made an effort to develop dye cells 

with enhanced spectral stability for a high repetition rate dye laser. In this thesis work, new 

dye cells for a high repetition rate dye laser were designed. Numerical simulations of the 

dye solution flow in some of the dye cell were also carried out for better understanding. 

The brief description of the dye cells design is presented as follows. 

5.2.1 Planar duct dye cell 

A planar duct dye cell is generally used for CVL pumped dye laser. Fig.5.4 shows 

side view of schematic of the planar dye cell. The dye cell is typically consisted of glass 

windows which were assembled in such a way that straight long channel function for the 
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liquid flow. These windows were sealed with the help of ‘O’ rings. The dimension of these 

glass windows typically provides the characteristic flow area cross-section. The gap 

between the optical windows can be adjusted manually during the assembly. Hence the 

flow speed of the dye solution can be varied also by changing the gap between the 

windows to have optimum flow velocity. During the operation of dye laser using planar 

dye cell, it was noticed that the output of dye laser suffer from fluctuations, in spite of the 

best efforts towards mechanical stabilizations.   

 

Figure 5.4: Side view of schematic of the planar duct dye cell 

Then it was anticipated that sudden change of flow cross-section in the planar dye cell, to 

some extent, is responsible for these fluctuations. Therefore, a need was felt for other dye 

cell geometries which intend to minimize the sudden change in flow cross-sectional area 

near to the pumping region. 

5.2.2 Concave-convex duct dye cell 

For a gradual change in flow cross-sectional area near the pumping region, a curved 

profiled flow channel dye cell was used. In this dye cell, the flow profile was nearly 3600 

curved with aspect ratio continuously decreasing/increasing from 22 mm to 0.5 mm and 
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height 25 mm. Schematic of flow channel of curved duct dye cell is shown in Fig.5.5. The 

duct was formed by two cylinders of radii of curvatures of 46 mm (outer radii) and 35.5 

mm (inner radii) with a height of 25 mm [5.12]. The axis of the inner cylinder was shifted 

such that a gap of 0.5 mm was maintained at the pump region. The cross sectional area at 

the pump region was thus 25 x 0.5 mm2. The inlet and the outlet were located close to 

0/3600 with a suitable separator. Thus, this curved geometry has concave-convex flow 

channel for the liquid flow.  

 

Figure 5.5: Schematic of flow channel of concave-convex duct dye cell 

5.2.3 Pinched dye cell 

For smooth flow of liquid in the pumping region, another dye cell was designed. 

The dye cell was made by pinching a glass tube from two sides. The borosilicate glass tube 

was heated and then quickly transferred for pinching the heated region between two 

spatially profiled graphite jaws in such a way that it is flat in the pinched region of height 5 

mm and length 10 mm, inside the dye cell [5.13]. Special technique was applied to obtain 

uniform gap inside the pinched region of the dye cell. The flow channel gap can be 

adjusted from 0.02 to 0.5 mm during the pressing operation. The ends of the tube were 

maintained at positive pressure to keep the walls from collapsing, during the pressing 

operation. The uniformities of the gap were inspected physically. The outer sides of the 
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glass tube, in the pinched region were polished with tapering of 60 on both sides to avoid 

the reflection from it. Ends of the glass tube were fitted in a stainless steel (SS 304) blocks 

and sealed with help of EDPM ‘O’ ring. It offers narrow region for dye solution to flow at 

high velocities in the pump region. Fig.5.6 shows photograph of dye cell fitted in SS 

assembly and flowing dye solution with (a) optical pumping region, (b) dye laser emission 

region, faces.  

  

(a) (b) 

Figure 5.6: Photograph of dye cell fitted in SS assembly and flowing dye solution with (a) optical 

pumping region, (b) dye laser emission region, face 

Further, an investigation of the liquid flow through this dye cell has been carried 

out via computational fluid dynamics (CFD) analysis. The cell was modeled with NX 

software. A finite volume analysis technique was preferred to calculate the flow velocity 

distribution in and around the pinched region of dye cell. Ansys fluent software (NX7) was 

adapted for meshing and analysis. A fine mesh was taken in the pinched region to take care 

of the boundary effects. A simple algorithm has been used to solve the flow equations. 
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Fig.5.7 shows velocity profile of the liquid flow through the dye cell as analyzed by CFD 

(a) along the width, (b) along the length. Fig.5.8 shows liquid flow (a) velocity contour, (b) 

velocity vector, through the dye cell. There is no signature of any kind of flow disorder 

noticeable in the velocity vector and contour of the liquid flow, before and near the 

pinched region inside the dye cell. 
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Figure 5.7: Typical velocity profile of the liquid flow through the dye cell as analyzed by CFD 

along (a) width, (b) length 

 

(a)  

 

(b) 

Figure 5.8: Liquid flow (a) velocity contour, (b) velocity vector, through the dye cell  
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5.2.4 Convex-plano duct dye cell 

Another dye cell with specially profiled flow channel was designed. The cell was 

made from solid 30 x 30 x 30 mm3 single piece borosilicate glass cube. Two 

perpendiculars through holes of diameter 20 mm were made in the cubical solid glass. The 

inside and outside surfaces were optically polished. Fig.5.9 (a) shows the photograph of 

exposed outlook of glass piece of the dye cell. A stainless steel (SS) cylinder of length 24 

mm with specially profiled curved surface was designed. The cylinder has been designed 

to seal the flow from one side and allow 1 mm gap from other side. The cylindrical rod 

was made of two half cylinders of radius 19 mm and 18 mm. The cylinder was inserted in 

the glass piece in such way that it provides nearly 24 mm length and 1 mm gap between 

metal and glass in one side [5.14]. The opposite side was sealed with help of EDPM ‘O’ 

ring, inserted in cut made in the cylinder. In this way liquid flow through the one side only. 

Fig.5.9 (b) shows 3D model of the dye cell flow channel. In this model, white, gray and 

yellow color represents glass, steel and dye liquid flow zone, respectively. The flow 

channel gap can be adjusted by varying the diameter of the cylinder. Ends of the cylinder 

were sealed with help of EDPM ‘O’ ring and optical windows.  Also, an investigation of 

the liquid flow through this dye cell has been carried out as described in section 5.2.4.  

 

(a) 

 

(b) 

Figure 5.9: (a) Typical photograph of glass piece, (b) 3D model, of the dye cell flow channel 
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(a) 

 

 (b) 

Figure 5.10: Typical  (a) velocity vector of the liquid flow through the dye cell, (b) photograph of 

dye cell assembly along with dye solution 
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(b) 

Figure 5.11: Velocity profile of the liquid flow through the dye cell as analyzed by CFD along (a) 

length, (b) width 

Fig.5.10 shows (a) velocity vector of the liquid flow through the dye cell, (b) photograph 

of dye cell assembly along with dye solution. Fig.5.11 (a) shows liquid flow velocity 

profile along the width of the dye cell. Fig.5.11 (b) shows liquid flow velocity profile 

along the length of the dye cell. It appears that the velocity vectors of the liquid flow, near 

the pumping region in the dye cell, are free from any kind of vortices.  



120 
 

5.3 Microstructure of the flowing gain medium  

In the dye laser operating at low repetition rate, the gain medium remains stationary 

or flowed at a relatively low speed transverse to the dye laser axis. However, for the high 

repetition rate dye laser, the dye solution is necessarily flown at high speed and cooled to 

minimize thermal problems. The flow speed of the dye solution depends on the pulse-

repetition-frequency and power of the pump laser. Generally, flow rate is chosen to replace 

the optically pumped dye molecules after each pump laser pulse. For this, the mass flow 

rate must be sufficient to remove the slow moving boundary layer, existing at the window 

surface. Thus, the volume flow rate must exceed the average volume flow rate i.e. 
T

V
V P

a <

, 
where aV  is the average volume flow rate, PV  is the cell volume being optically pumped 

and T is the pulse repetition period. Typically, the number of dye volume replaced per 

pulse is at least two or more and also a high clearing ratio is necessary to have extended 

window and dye lifetimes [5.15].  

The liquid flow is characterized by Reynolds number. In fact, the value of the 

kinematic viscosityν , the characteristics velocity u , and the characteristics dimension D

characterize the viscous liquid flow. The quantity D  characterizes the dimension of the 

flow as a whole, and arises from the boundary conditions of the fluid dynamics problem. 

The Reynolds number, which is the ratio of inertial and viscous forces, is defined as, 

ν
Du

R =                 (5.1) 
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The characteristics dimension of the flow is defined as  

P

A
D

4=                (5.2) 

where A  is the cross sectional area of the flow, and P is the wetted perimeter. The values 

of Reynolds number describe the flow features (i.e. laminar or turbulent) in the dye cell. 

The average flow velocity can be estimated from the mass flow rate measurements. These 

equations estimate the corresponding Reynolds numbers for the solvent and dye cell 

parameters used in the experiments. In the laminar flow, liquid layers move parallel to each 

other in an orderly manner. As the Reynolds number increases by increasing the flow 

velocity, it encounters large disorder in the liquid, and the liquid flow becomes turbulent. 

In the turbulent flow, irregular and chaotic movement of liquid chunks involved [5.16-

5.17]. As a consequence, a multitude of small eddies are created by the viscous shear 

between adjacent particles. These eddies grow in size and then disappear, as their particles 

merge into adjacent eddies. Thus, turbulent flow degrades the optical quality of the 

medium.   

The velocity fluctuations give rise to a turbulent shear stress (�), defined [5.18] as  

dy

duητ =                          (5.3) 

where 
��

��
 is velocity gradient, and η  is the eddy viscosity, which is a function of the liquid 

motion. In general, the total shear stress in turbulent flow is the sum of the laminar shear 

stress plus the turbulent shear stress, i.e., 
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( )
dy

du

dy

du

dy

du
Mενρηµτ +=+=                                   (5.4) 

Where �, � are the dynamic and kinematic viscosity, respectively, � is the density, 

ρ
ηε =M  is the kinematic eddy viscosity. The flow is laminar near the smooth dye cell 

window wall and the shear is 
dy

duµτ = .  The flow remains laminar for a small distance, 

however, at some distance from the window, the value of 
dy

du
 becomes small in turbulent 

flow, and hence the viscous shear becomes negligible in comparison with the turbulent 

shear. The latter can be large, even though
dy

du
is small, because of the possibility of η  

being very large. Between the two, there must be a transition zone where both types of 

shear are significant. This transition zone is called buffer region. The flow is fully 

turbulent after the buffer region. Thus, turbulent flow is generally categorized in three 

regions; a) a laminar sub-layer, which is a very thin region immediately adjacent to the 

window wall, where the shear is due to viscosity alone, b) buffer region, away from wall 

where some turbulence action is experienced, but the molecular viscous action and heat 

conduction are still important, and  c) fully turbulent region, in which the main momentum 

and heat exchange mechanism is one involving macroscopic lumps of liquid moving about 

in the flow.  

The viscous sublayer is extremely thin but its effect is large because of the very 

steep velocity gradient within it. At a distance from the pump window surface the viscous 

effect becomes negligible, but the turbulent shear is then large. The thickness of viscous 
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sublayer ld , is approximated  [5.18]  as 

R

D

C

C

CU
Cd

f

sl

f

sll == ν
            (5.5) 

where slC  is sublayer constant, whose magnitude depends on the region of flow, fC  is 

wall friction coefficient.  Higher the velocity or lower the kinematic viscosity, thinner the 

viscous sublayer. Thus, for a given constant and flow channel geometry, the thickness of 

the viscous sublayer decreases as the Reynolds number increases. 

A number of models like mixing length, Van Driest, ε−k  model, second-order 

model, stress-flux, and many more were generally used for turbulent flow [5.18, 5.19] 

analysis. The time averaged turbulence kinetic energy, which is produced and decays in the 

boundary layer and also diffuses across the boundary layer in much same manner as heat, 

equation for boundary layer is given by [5.18],  
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where 
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∂
∂

y

u
Mε accounts for the production of turbulent kinetic energy, and ε  the 

dissipation of that energy into thermal energy through the action of viscosity.  Similarly a 
differential equation for dissipation rateε , can be written as  
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The solution of equation (5.6) for k  and (5.7) forε , gives the eddy diffusivity for 
momentum  
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ε
ε µ

2
k

CM =               (5.8) 

where constants having values, 09.0=µC , 44.11 =C , and 92.12 =C . The numerical value 

of these constants depends on the streamline curvature function. The curvature of the flow 

channel surface, which is either convex or concave, substantially changes the structure of 

the boundary layer. Convex curvature causes the friction coefficient to decrease, while 

concave curvature has the opposite effect. Convex curvature has a stabilizing effect on the 

boundary layer, while concave curvature is destabilizing [5.18]. Depending on the 

applications and advantage specific curvature of the flow channel can be used.  

The velocity profile is not uniform through flow passage. As a boundary layer of 

very slow moving dye exists at the pump window surface, the flow rates must be sufficient 

to remove this slow moving layer, which are exposed to the highest pumping fluence. The 

thermal field moves 1-2 mm upstream in the flow field [5.9]. The Reynolds number 

requirement for the complete replacement of this thermal field, before the arrival of next 

pulse, can be approximated as  

ν
Dhf

R t≥  ,                    (5.9) 

where th  is the distance covering thermal field in upstream from the exposed position, and 

f  is the repetition frequency of pump pulse.  
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5.4 Summary 

In summary, a special dye circulation & cooling system is conceptualized, 

fabricated and incorporated into high repetition rate dye laser system. Furthermore, 

mechanical pump motor and mass flow induced vibrational frequencies are studied. The 

circulation system is capable of flowing liquid at high velocity with dye solution bulk 

temperature stability within ±0.1 0C. Additionally, it has high precision calibrated digital 

liquid flow meter and pressure gauges connected at the inlet/outlet. Mechanical by-pass 

valves are incorporated to adjust the flow rates at constant pressure.  

During our initial experiments using planar dye cell, it is noticed that the dye laser 

has spectral instability, in spite of the stabilization of all the mechanical components 

involved in the cavity.  It is anticipated that sudden change of flow cross-section in the 

planar dye affected the stability. To validate the significant role of dye cell profile channel, 

various geometries are tried. Out of many such geometries studied, three new dye cells 

namely, nearly 3600 curved, pinched dye cell and convex-plano dye cell are proposed for 

high repetition rate applications. The flow stability is the main motive behind the variety of 

the dye cells. The velocity vector through the pinched and convex-plano geometries are 

also numerically analyzed using computational fluid dynamics. The characteristic of 

laminar and turbulent flow is described.  The role of shear stress and eddy viscosity of the 

flow in the dye cell is discussed.    
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Chapter 6 

Studies on spectral stability of a high repetition rate dye laser  

The issues of dye cell flow channel geometry and Reynolds number of liquid flow, 

affecting the spectral stability of high repetition rate dye laser, were largely ignored so far 

by the researchers working in the field [6.1-6.12]. The planar flow channel in the pump 

region has been conventionally used for the high repetition rate dye laser with an objective 

to replace the dye solution between successive pump laser pulses. Schröder et al [6.1] have 

investigated several planar dye cells to reduce the flow-induced fluctuations. They 

observed that after an abrupt narrowing of the cross-section, it takes some time before the 

final turbulent flow with velocity fluctuations builds up. Hence, it was suggested that the 

active zone of the dye laser should be as close as possible to the entrance of the narrow-

flow channel to avoid the fluid flow induced fluctuations. They also observed that 

maximum velocity fluctuations occurred at the boundary layers rather than at the center of 

the dye cell. Broyer et al [6.2] have used a dye cell in which the dye solution passage was 

restricted by an inserted ventury, which left a total clearance of 13.5 x 0.4 mm2. For a 

narrow bandwidth stable dye laser, it is therefore necessary to find a dye cell with small 

velocity fluctuations and with a small boundary zone of decreasing velocities. No reliable 

theory for the microscopic flow fluctuations in the gain medium is available at present. 

Therefore, dye cells of various profiles have been tried for fluid flow stability. During our 

initial course of studies, it was observed that dye solution flow channel profile and mass 

flow rates both significantly affect the dye laser spectral stability. Therefore, the spectral 

stability of dye laser was experimentally investigated using planar, curved, pinched and 
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convex-plano dye cells. In addition, spectral stability with curved duct dye cells as a 

function of Reynolds number was also studied experimentally.  

6.1 Experimental details   

Dye cells have been employed in GIG narrow bandwidth dispersive resonator. 

Fig.6.1 shows schematic layout of the dye laser setup. The dye laser setup used in the 

experiments typically consists of an output coupler mirror (20% reflectivity), a dye cell, 

intra-cavity etalon (FSR 20 GHz, finesse 13) and a grazing incidence grating (2400 

lines/mm) in conjunction with a tuning mirror. The dye laser is based on the grazing 

incidence diffraction grating with intra-cavity etalon to provide narrow spectral width 

emission. This is a very convenient configuration to obtain narrow spectral width with 

minimum number of optical components. The Rhodamine 6G dye in ethanol solvent was 

used as the gain medium. A copper vapor laser (λ = 510.6 nm, average power 4 W, 60 ns 

pulse duration, 5.6 kHz pulse repetition frequency) was used as the optical excitation 

source. 

 

Figure 6.1: Schematic layout of the dye laser setup 
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The pump beam was transversely line focused onto the dye cell through a 

combination of spherical (focal length 40 cm) and cylindrical lens (focal length 6 cm). The 

performance of the dye laser was investigated using high resolution spectroscopy based 

technique and a composite image generation software [6.13-6.14]. In composite image 

generation technique, an image of fringe generated by Fabry-Perot etalon was acquired 

through an imaging lens and a CCD camera based setup. The FP etalons of different FSR 

(4, 5, 10 GHz, etc.) and finesse (100, 60, 25 etc.) are used, depending upon situation. The 

detail about spectral diagnostic technique was described in Chapter 3. Experiments have 

been performed for spectral stability using the dye cells of flow channel profiles whose 

design details has been described in chapter 5. Only the dye cells have been changed in the 

setup and other experimental conditions were kept same. Therefore, in this chapter, only 

experimental results and discussions related with the spectral stability of the dye laser with 

different dye cells [6.15-6.18] are presented. For the comparative studies, Fabry-Perot 

fringes were acquired through a setup, as shown in Fig.2.1 of Chapter 2, and composite 

images were generated with each dye cell for a long-term spectral stability.    

6.2 Results and discussion 

6.2.1 Planar dye cell 

 Fig.6.2 (a) shows typical Fabry-Perot fringe of dye laser generated through planar 

dye cell. The composite image of a line scan across the diameter of the fringe, over an 

observation period of about 90 minutes was generated for the spectral investigation 

through planar dye cell, as shown in Fig.6.2 (b). Spectral measurement from the composite 

image data was carried out. Fig.6.3 shows the variation of bandwidth and wavelength with 
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time, using planar dye cell. The bandwidth and wavelength fluctuates within 1.214 GHz 

and 0.035 nm, respectively, over the observation period. 

 

(a) 

 

(b) 

Figure 6.2: Typical Fabry-Perot (a) fringe, (b) composite image generated from a line 
scan across the diameter of the fringes, using the planar dye cell 
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Figure 6.3: Variation of bandwidth and wavelength with time, using planar dye cell 
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6.2.2 Concave-convex duct dye cell   

Fig.6.4 shows typical Fabry-Perot (a) fringe, (b) composite image, generated using 

curved duct dye cell. Spectral measurement from the composite image data was carried 

out. Fig.6.5 shows variation of bandwidth and wavelength with time, using curved duct 

dye cell. The bandwidth fluctuates within 900 MHz and wavelength varies within 0.0196 

nm over the observation period of 90 minutes.  

 

(a) (b) 

Figure 6.4: Typical Fabry-Perot (a) fringe, (b) composite image generated from a line 

scan across the diameter of the fringes, using the concave-convex duct dye cell 

 

 

 

Figure 6.5: Variation of bandwidth and wavelength with time, using concave-convex duct dye cell 
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6.2.3 Pinched dye cell 

The pinched glass tube dye cell was employed for a high repetition rate pumping. 

Fig.6.6 shows the typical Fabry-Perot (a) fringe, (b) composite image generated using 

pinched dye cell. Spectral measurement from the composite image data was carried out. 

Fig.6.7 shows variation of bandwidth and wavelength with time, using pinched dye cell. 

The variation of the bandwidth was within 400 MHz and wavelength varies within 0.0128 

nm over the observation period of 75 minutes.  

 

(a) 
  

(b) 

Figure 6.6: Typical Fabry-Perot (a) fringe, (b) composite image generated from a line 
scan across the diameter of the fringes, using pinched dye cell
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Figure 6.7: Variation of bandwidth and wavelength with time, using pinched dye cell 
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6.2.4 Convex-plano dye cell 

Fig.6.8 shows typical Fabry-Perot (a) fringe, (b) composite image generated using 

convex-plano dye cell. The spectral measurement from the composite data generated over 

the period of time has been carried out using convex-plano duct dye cell. Fig.6.9 shows 

typical variation of bandwidth and wavelength with time, using convex-plano dye cell. The 

dye laser bandwidths fluctuate within the range 170 MHz, while wavelengths fluctuate 

within the range 0.0098 nm over the period of an hour.  

 
(a) 

 
(b) 

Figure 6.8: Typical Fabry-Perot (a) fringe, (b) composite image generated from a line 
scan across the diameter of the fringes, using convex-plano dye cell 
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Figure 6.9: Typical variation of bandwidth and wavelength with time, using convex-plano duct dye 
cell 
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These relative investigations, give the spectral stability of high repetition rate dye laser 

with the dye cell flow channel geometries. The spectral fluctuations are summarized in 

Fig.6.10. It was demonstrated that the convex-plano flow profile dye cell provides better 

stability amongst the dye cells investigated.   
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Figure 6.10: Fluctuations of bandwidth and wavelength with dye cells  

It is experimentally demonstrated that the curved duct dye cells show minimum 

spectral fluctuations. Therefore, these studies established that the dye cell flow channel 

geometry, which determines the fluid flow, has significantly role on the spectral stability of 

the high repetition rate dye laser. The microscopic velocity fluctuations of the flow through 

the laser active zone can be minimized by a proper design of the dye cell. For this purpose, 

a curved (convex-plano) dye cell [6.18] was found to be much superior to the conventional 

planar flow channel dye cell, due to the stabilizing effect on the flow by the convex 

surface.  
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6.3 Spectral fluctuations with Reynolds number of the gain medium flow   

During the experimental investigations of spectral characteristics of dye laser, it 

was anticipated that the Reynolds number of the dye gain medium flow would affect the 

spectral stability. Thus, comprehensive experimental investigation has been carried out to 

demonstrate this apprehension. First of all, curved (convex-concave) dye cell was used to 

study the flow induced effects on spectral stability [6.19], seeing that it demonstrated better 

stability than the planar dye cell. Fig.6.11 shows typical Fabry-Perot fringe of the dye laser 

at 1012 Reynolds number. The dye laser oscillates in three distinct longitudinal modes. For 

the spectral investigations at other Reynolds numbers, composite image from the Fabry-

Perot fringes has been generated at different Reynolds number to enumerate the spectral 

fluctuations over the long period of time. For the investigations, flow of the dye solution 

was adjusted at the Reynolds numbers 221, 681 and 1012. Fig.6.12 shows composite 

images at typical Reynolds numbers (a) 221, (b) 681, and (c) 1012 over the period of more 

than an hour. The dye laser output essentially consists of three axial modes, in which two 

side modes within the gain profile compete for gain. 

 

Figure 6.11: Typical Fabry-Perot fringe of dye laser at 1012 Reynolds number 
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(a) R = 221 

 
(b) R = 681 

 
(c) R = 1012 

Figure 6.12: Composite images at typical Reynolds number (R) (a) 221, (b) 681, and (c) 
1012 

It is evident from these composite images that there is a large variation in spectral 

structure at low Reynolds number, which makes it difficult to distinguish, whereas the 

individual modes are clearly distinguishable at higher Reynolds number. The number of 

modes and mode separation varies from pulse to pulse, depending on the strength of 

instantaneous fluctuations present in the medium. Optical stability of dye laser degrades at 

lower Reynolds numbers. Measurements from the composite data show that the bandwidth, 

wavelength and its fluctuation were large at the Reynolds number 221 while slightly 

reduces at 681. Further increase in Reynolds number of dye solution flow decreases the 

bandwidth and its fluctuations. The central mode wavelength varies from 576.2281 to 

576.2289 nm, 575.9966 to 576.003 nm and 575.9861 to 575.9928 nm while bandwidths 

from 235 to 324 MHz, 282 to 545 MHz, and 330 to 1.75 GHz at the Reynolds number 

1012, 681 and 221, respectively. Fig.6.13 shows typical variation of wavelength of modes 

with time at Reynolds number 1012 [6.20]. 
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Figure 6.13: Typical variation of wavelength of modes with time 

The bandwidth and the wavelength fluctuations of the most stable central mode with 

Reynolds number is shown in Fig.6.14 (a). Fig.6.14 (b) shows λλ /∆  variation of the 

central mode with Reynolds number [6.21].  
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Figure 6.14: (a) Bandwidth and wavelength fluctuations of the central mode, (b) 

fluctuations in λλ /∆  with Reynolds number  
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In another experiment, composite image was generated during slowly decreasing 

the flow speed of the dye solution. Fig.6.15 shows composite image of the line scans of 

fringe generated during continuing Reynolds number variation in the range 1012-221. 

Measurement was carried out from this composite image data. Fig.6.16 shows variation of 

bandwidth and wavelength with number of spectrum taken during the gradually Reynolds 

number variation from 1012-221 range. These observations obviously demonstrate that the 

bandwidth and wavelength fluctuations increase drastically with reducing the flow of the 

dye gain medium.   

 

Figure 6.15: Typical composite image of line scans of fringe generated during continuing 
Reynolds number variation in the range 1012-221 
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Figure 6.16: Typical variation of bandwidth and wavelength with flow rates the continuing 

Reynolds number variation in the range 1012-221 



141 
 

The spectral property of dye laser was further investigated at discrete flow rates in a 

convex-plano dye cell. To further visualize and analyse spectral fluctuations by gain 

medium inhomogeneity, a large number of dye laser Fabry-Perot fringes were generated at 

Reynolds numbers 1129, 2258, 3387, 4516, 5645 and 6774, respectively. The liquid flow 

adjustments were carried out with a suitable time gap. After each acquisition of data for 

spectral profile, there was a waiting period of about 10 minutes for stabilization of the 

medium. Fig.6.17 show the composite image of line scan of fringe generated at Reynolds 

numbers 1129, 2258, 3387, 4516, 5645 and 6774, respectively. Estimation of bandwidths 

and wavelengths were carried out from this composite data. Fig.6.18 shows variation of 

bandwidth and wavelength fluctuations as a function of Reynolds number. The fluctuations 

decrease as the Reynolds number of the gain medium flow increases from laminar to the 

turbulent regimes. However, it again begins to increase at high Reynolds number (>

6000). 

 

Figure 6.17: Composite image of line scan of fringe generated at Reynolds numbers 1129, 2258, 
3387, 4516, 5645 and 6774 
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Figure 6.18: Variation of bandwidth and wavelength fluctuation as a function of Reynolds number 

To further investigate the effect of flow induced inhomogeneity [6.21] in the 

medium, a He-Ne laser beam, which is not absorbed by the Rh6G dye, was passed through 

dye cell along the dye laser axis containing the dye solution after removing the optical 

components of the resonator and putting the pump laser beam off. The intensity and beam 

spot size (or beam spread) of the He-Ne laser beam were monitored on the other side of the 

dye cell through a CCD camera. Fig.6.19 shows variation of the beam size and the 

intensity of the He-Ne laser with the Reynolds number. When the dye solution was 

stationary, the beam size of He-Ne laser was small and intensity was high. This is due to 

the maximum transmission and minimum scattering losses. When the dye solution was 

flown, initially the size of beam increased and intensity decreased and after that it becomes 

constant, irrespective of flow rate in the observed range of Reynolds number. Increasing of 

the He-Ne laser beam size after passing through the solution is a clear evidence of 

scattering in the medium reflecting in increased geometrical divergence.  
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Figure 6.19: Variation of beam size and intensity of He-Ne laser with Reynolds number 

The gain medium optical quality plays a vital role in the performance of the dye 

laser. It has been established that the characteristics of the gain medium flow affect the 

spectral (wavelength and bandwidth) properties of the dye laser [6.22-6.23]. To elucidate 

the mechanism responsible for relative spectral fluctuations, computational study of the 

flow and the corresponding heat transfer processes through a volumetric heat deposition 

was done. For this purpose, computational fluid dynamics (CFD) analysis by the finite 

volume method [6.24] using ANSYSTM CFX version 14.0 has been carried out. The 

average flow velocity at 0.5, 1.0 and 1.5 m/s in the laminar regime and 2-8 m/s in the 

turbulent regimes was used for the study. Also a very low flow velocity 0.019 m/s was 

used in order to elucidate the deterioration of the medium properties by processes such as 

boiling and decomposition of the dye gain medium. 

The environment of the gain medium, near the dye cell window wall, dictates the 

optical quality of the medium and hence spectral stability of the dye laser. Therefore, in 

order to get temperature distribution inside the effective gain medium, ‘near the wall 

model’ is highly appropriate. Thus, a hybrid model called ‘k-ω shear stress transport (SST) 
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turbulence model’ [6.25] was used to evaluate the flow and thermal field near the wall, 

without losing the accuracy of the flow behavior away from the wall. This hybrid model 

[6.25] combines the Wilcox k-ω model [6.26] near the wall and the k-ɛ models [6.27] away 

from the wall. The finite volume mesh near the surface has been kept fine to capture the 

flow conditions and temperature in the near wall region [6.28]. Fig.6.20 shows typical 

temperature variation as a function of distance from the wall, at average flow velocity 

0.019 m/s. The temperature gradient is very large in the gain medium region below 200 

�� at mean flow velocity of 0.019 m/s.  
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Figure 6.20: Typical temperature variation as a function of distance from the wall, at average flow 

velocity 0.019 m/s 

It is obvious that the temperature near the dye cell-wall has almost reached the 

boiling point of the dye gain medium. Therefore, mean flow velocity below 0.019 m/s 

would lead to nucleation of boiling near the cell-wall. This would cause drastic changes in 

the density/refractive-index of the dye gain medium, which leads to a quick degradation of 

optical homogeneity as well as severe change in the thermo-optical properties of the gain 

medium. This is the reason why lasing action cannot be sustained without flow of the dye 
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gain medium. In fact, it was observed that the pump beam entrance window start appearing 

blackish after a few minutes of operation in the stationary gain medium. Fig.6.21 (a) shows 

typical temperature variation as a function of distance from the wall at mean flow velocity 

0.5, 1.0 and 1.5 m/s. There is a temperature difference of ~	3 to 6 K in the effective gain 

medium, which enforces sufficient thermal inhomogeneity in the effective gain medium. 

Fig.6.21 (b) shows typical temperature variation as a function of distance from the wall, in 

the mean flow velocity range 2-8 m/s. Now the thermal zone with a very small gradient is 

available in < 50	�� distance from the wall. Hence thermal inhomogeneity is reduced, 

due to high heat transfer rates. 
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Figure 6.21: Typical temperature variation as a function of distance from the wall at mean flow 

velocity  (a) 0.5, 1.0 and 1.5 m/s, and (b) 2-8 m/s 

It has been exclusively illustrated, in Refs. 6.29, 6.30 and other references there in, 

that the turbulent fluctuations of the flow affect the refractive index fluctuations of the 

medium. Therefore, the presence of turbulent fluctuations in the region of 100	�� from 

the wall would generate appreciable fluctuations in the refractive index. Two important 
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parameters is generally used to quantify the level of turbulence; turbulence kinetic energy 

(�) and turbulence intensity (�). The turbulence kinetic energy measures the intensity of 

turbulence fluctuations and is defined as a sum of specific kinetic energies associated with 

fluctuating components of velocities in three orthogonal directions [6.31-6.32].  
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Figure 6.22: Typical variation of (a) turbulence kinetic energy, and (b) turbulence intensity as a function of 

distance from window wall 

Fig.6.22 (a) shows typical variation of turbulence kinetic energy as a function of 

distance from window wall. The order of turbulence over the average flow characteristics 

was evaluated in terms of turbulence intensity (�), which is a ratio of r.m.s. of fluctuating 

velocity orthogonal components divided by the mean velocity. Fig.6.22 (b) shows typical 

variation of turbulence intensity as a function of distance from the window wall. The 

maximum turbulence kinetic energy and its distance from the wall were estimated at 

various flow velocities. Fig.6.23 shows variation of maximum kinetic energy and its 

distance from the wall as a function of Reynolds number. The maximum kinetic energy 

increases while its location intruded more towards the wall (i.e. in the region of effective 

gain medium) by increasing the flow Reynolds number. This is also accompanied by 
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existence of high extent of turbulent intensity in the effective gain medium region at higher 

Reynolds number.  

 

 

 

 

 

 

 

Figure 6.23: Variation of maximum kinetic energy and its distance from the wall as a function of 

Reynolds number 

The effective gain medium region from the dye cell window wall is of the utmost 

importance for the performance of the dye laser. At low Reynolds number, the temperature 

gradients are present in the effective gain medium region. Therefore, in high repetition rate 

dye laser, the temperature variation is not only local to the wall but is also very fast [6.32-

6.33]. Pulse to pulse and intra pulse variation of the pump beam fluxes, due to evolving 

intensity and divergence can also cause non-uniformity and fluctuations in temperature, 

leading to fluctuations in density/refractive-index. In this way, at low Reynolds number, 

the thermal inhomogeneity is dominant mechanism for degradation of optical quality of the 

gain medium, which in turn causes instability in the emission passing through it. This 

resulted in large spectral fluctuations of the dye laser. As the Reynolds number of the flow 
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increases; the scale length of thermal gradients decreases due to added heat transfer, 

consequently, the optical homogeneity of the gain medium then tends to improve. The dye 

laser spectral fluctuation was the least for the Reynolds number in the range of 4000 to 

6000. This corresponds to the mean flow velocity in the range of 3 to 4 m/s. When the flow 

velocity was increased to 5 m/s (Reynolds number, ~ 6800), the temperature difference 

reduces to 0.26 K while the peak values of turbulence kinetic energy penetrate within 

effective gain medium, where most of the heat is being deposited. Simultaneously, the � 

increased to more than 10% (a high turbulence) and � is significantly high as compared to 

the value at flow velocity ≤4 m/s. The high value of �  together with higher � signifies the 

higher level of turbulent fluctuations. 

In real turbulent flows, the mean density may vary but the instantaneous density 

always exhibit turbulent fluctuations [6.24]. The local density fluctuations, which may or 

may not contribute to the average flow characteristics [6.24]; however, randomly 

contribute to the instantaneous refractive index of the medium [6.33]. Yokomotti et al 

[6.31] showed, through optical technique, that large density fluctuations were clustered in 

an isotropic, homogeneous and subsonic air jet flow (Reynolds number ~ 10000, Mack 

number ~ 0.02, at 0.5 bar). They also observed that clusters resemble an oscillatory 

dynamics and the segments of oscillations were separated by more irregular behavior. A 

higher compressibility of ethanol would also promote turbulent density fluctuations. For 

the Reynolds number exceeding 6000, these turbulent flows stimulate significant density 

fluctuations prevailed in the effective gain medium region. As a result of this, dye laser 

spectral fluctuations increase all over again. 
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At low Reynolds number, the heat transfer from the gain medium is low, 

consequently, the thermal inhomogeneity is large. At the same time, the effective gain 

medium region is in either fully laminar or laminar sub-layer region of the flow i.e. away 

from turbulent fluctuations. Thus, flow related inhomogeneity was not appreciable in the 

gain medium, although the flow was in the turbulent regime (Reynolds number < 5000). 

However, for Reynolds number  > 6000, turbulent fluctuations penetrate into the effective 

gain medium region so that the flow related inhomogeneity dominated in the gain medium 

[6.34]. It is entirely responsible for the degradation of the optical quality of the medium 

and hence further increase of spectral fluctuations of the dye laser. Thus, thermal 

inhomogeneity is the dominant mechanism responsible for the large spectral fluctuations at 

low Reynolds number, however, fast flow related inhomogeneity increase the spectral 

fluctuations again at higher Reynolds numbers.  

 

6.4 Summary  

It has been comprehensively established through experimental investigations that 

the dye cell flow geometry, which determines the fluid flow characteristics, significantly 

affects the spectral stability of the dye laser. The spectral fluctuations of the dye laser can 

be minimized by a proper design of the dye cell as well as the gain medium flow at 

optimum rates. To validate this, the performances of the dye laser are evaluated in terms of 

spectral stability using various dye cell geometries and Reynolds number of the flow. The 

curved profiles of the flow channel geometry provided improved performance as compared 

to the planar dye cell. Out of the curved profiles studied, nearly convex-plano profile 

provides the best spectral stability. This is probably because of the fact that the curvature 
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of the flow channel surface minimizes the flow instability considerably. Convex curvature 

has a stabilizing effect on the boundary layer, while concave curvature is destabilizing. 

Thus, the flow stabilizing nature and enhanced heat removal capability of the convex 

geometry is responsible for the better optical quality of the medium, which in turn 

improves the spectral stability of the dye laser emission.  

The temperature distributions in the dye laser gain medium, in laminar and 

turbulent flow regimes, are computed using finite volume method of computational fluid 

dynamics. An appreciable temperature gradient (> 60	�) at 0.019 m/s reduces to 0.67 K 

for mean flow velocity at 4 m/s and it reduces further to 0.26 K at the mean flow velocity 7 

m/s. At low Reynolds number, the flow velocity is not sufficient to transfer the heat from 

the gain medium and promotes the large thermal inhomogeneity, which remains present in 

the effective gain medium. These substantial thermal inhomogeneity leads to large spectral 

fluctuation of the dye laser. The minimum dye laser spectral fluctuations are observed for 

the Reynolds number in the range 4000-6000. In this range of flow, the thermal causes are 

almost insignificant due to high heat transfer while the gain medium is in the regime of 

laminar sub-layers i.e. flow related inhomogeneity is yet not appreciable. At high Reynolds 

numbers, turbulent fluctuations begin to penetrate the regions of the dye gain medium, as a 

result, the optical quality of the medium degraded. Substantial effects of local density 

fluctuations, associated with � and �, at higher Reynolds number are evidenced. 

Therefore, characteristics of thermal and hydrodynamic boundary region in the gain 

medium appreciably influence the optical homogeneity and hence spectral fluctuations of 

the dye laser emission as experimentally observed.  
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Chapter 7 

Studies on fluorescence of Rhodamine 6G dye under high repetition rate 

excitation 

The fluorescence from dye molecules is forced by the resonator to develop as 

coherent laser radiation. Therefore, photo-physics of dye laser is principally governed by 

the dye fluorescence emission. The exploration of fluorescence characteristics is essential 

prior to choosing an amplifying medium for the dye laser. In this chapter, fluorescence a 

characteristic of Rh6G dye is briefly reviewed and a significant investigation coupled with 

high pulse frequency excitation is presented.   

7.1 Review of Rhodamine 6G fluorescence characteristics  

   Fluorescence spectrum of Rh6G closely resembles the mirror image of the long-

wavelength absorption band [7.1]. However, its intrinsic fluorescence spectrum is affected 

by environmental factors [7.1-7.4] such as the solvent (solute-solvent interaction, polarity 

and pH of the solution), temperature, concentration of the dye, etc. Apart from these, 

excited-state and self-absorption of fluorescence [7.5-7.6] also affect the emission 

characteristics of Rh6G dye. The characteristic of the solvent [7.7-7.8] appreciably affects 

the fluorescence quantum efficiency, spectral width and the spectra of dye molecules. The 

concentrations of dye also alter the efficiency of dye laser [7.1, 7.4]. The kinetics of 

intersystem crossing rate and the triplet state life time of Rh6G, also influence the 

fluorescence spectrum [7.9, 7.10]. The fluorescence and lasing characteristics are 

influenced by the thermo-optical properties of the solvent [7.1, 7.3, 7.11-7.12].    

Ahmed et al [7.13] have reported fluorescence of Rh6G dye dissolved in liquid 

solvent with added TiO2 particles (in a thin 0.016 cm x 1.0 cm and a thick 1.0 cm x 1.0 cm 
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cell) to provide random scattering under lamp excitation (514.0 nm) and found that 

fluorescence in thick (1 cm) cell was red shifted with respect to the intrinsic fluorescence 

from thin (0.016 cm) cell. They observed that the presence of random scattering in the 

luminescent bodies affects the spectrum of the fluorescent radiation observed at the surface 

of these bodies. The primary effect observed was red shift in the emission spectra with 

respect to the intrinsic fluorescence emission. Hunga et al [7.14] reported the shift in 

fluorescence of Rhodamine 6G in ethanol solutions under a wide range of pumping field 

fluence. Blue shift of the fluorescence spectra and fluorescence quenching of the dye 

molecule in solution was observed at high excitation fluence field. These effects were 

interpreted as the results of population redistribution in the solute-solvent molecular 

system induced by the high fluence field and the fluence dependence of the radiationless 

decay mechanism. Fischer and Georges [7.15] had measured the fluorescence quantum 

yield of Rh6G in ethanol. Hammond [7.5] had reported the self absorption of fluorescence, 

amplified fluorescence, spectral properties such as emission maximum (553 nm), Stokes 

shift (21 nm), quantum yield (0.93), decay times of Rh6G in ethanol under nitrogen laser 

(5 Hz pulse repetition frequency, 8 ns pulse width).  Zhang et al [7.16] had reported that 

the fluorescence peak wavelength shift to the longer wavelengths by increasing the 

hydrostatic pressure of Rh6G dye in ethanol, on excitation with argon-ion laser (514.5 

nm). Sinha et al [7.17] have evaluated the fluorescence of Rh6G in ethanolic, normal water 

based aqueous solution, and heavy water based solution and found that the fluorescence 

shifted by ~5 nm towards the longer wavelengths in water and heavy water based aqueous 

medium as compared to ethanolic solution, under copper vapor laser (6.5 kHz pulse 

repetition frequency, 30 ns pulse duration, at 510.6 nm) excitation. 
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7.2 Studies on fluorescence characteristics under high repetition rate excitation    

The physical properties of the medium surrounding the dye molecules significantly 

affect the fluorescence features of an organic dye. However, to the best of our knowledge, 

literature rarely reported any study on the fluorescence characteristics of Rh6G dye in 

stationary as well as in the flowing dye media. Modern advancement of high repetition rate 

dye laser technology need studies on dye emission characteristics, both in the stationary 

and the flowing media. Therefore, study on fluorescence properties of Rh6G was carried 

out in the diverse cases. In the first case, fluorescence spectral width, peak wavelength and 

its intensity were investigated in the stationary dye solution [7.18]. In the second case, 

fluorescence spectral width, peak wavelength & intensity were investigated in the flowing 

medium as a function of the Reynolds numbers of the fluid flow [7.19]. Finally, 

fluorescence characteristics [7.20] were investigated, in stationary and dynamic media, 

sequentially.   

7.2.1 Fluorescence characteristics in the stationary medium  

The experimental setup consists of a dye cell, CVL (510.6 nm) as a high repetition 

rate excitation source and the compact USB-2000 spectrometer as fluorescence detector. 

Schematic diagram of the setup used in the experiment is shown in Fig.7.1. A cylindrical 

lens of suitable focal length was used to line focus the excitation radiation in the dye 

medium. The dye cell used in the experiment was connected with the dye solution 

circulation system in closed loop. The details about spectrometer, diagnostic techniques 

were described in Chapter 2 while dye circulation system was explained in Chapter 5. 

Fig.7.2 shows typical fluorescence spectrum of Rh6G in the stationary dye solution. The 
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small peak, to the left of the main spectrum, is the excitation wavelength (510.6 nm) of the 

CVL. The peak emission wavelength was at 587.45 nm which has spectral width (FWHM) 

of 35.73 nm. The high repetition rate excitations in stationary solution heat up the medium 

and hence affect the fluorescence spectrum [7.18]. A number of spectrums over a time (~ 

few minutes) have been recorded through composite image generation technique to 

visualize the effects of high repetition rate excitation on peak emission wavelength and 

spectral width, during this period. 

 
 

 
Figure 7.1: Systematic of experimental layout for dye excitation and fluorescence measurement 
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Figure 7.2: Typical fluorescence spectrum of Rh6G in the stationary dye solution 
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To investigate fluorescence fluctuations, online composite image was generated 

from the individual spectrums. About 1000 spectra were recorded during the observation 

period of approximately 5 minutes. It was observed that the black particles start depositing 

near the pump window solid-liquid interface very quickly and hence fluorescence was not 

recorded for longer time. In fact, the surface infection reduces the pump laser beam 

intensity in the gain medium. This is the reason for observation of fluorescence spectrum 

only for few minutes in the stationary solution. Fig.7.3 shows variation of fluorescence 

spectral width and peak wavelength with number of spectrum taken during the observation 

period. The fluorescence width and peak wavelength both show appreciable fluctuation 

during the excitation in stationary solution. Fig.7.4 shows variation of fluorescence peak 

wavelength intensity and total counts under the lines with number of spectrum taken 

during the observation period. The peak wavelength intensity decreases with time over the 

observation period. The peak wavelength intensity decreased by approximately 21%. 

Relative estimate of photon flux emission was also analyzed through total counts under the 

spectrum. Total counts under the line decreased also by approximately 21% during the 

observation period.  
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Figure 7.3: Variation of the fluorescence spectral width and peak wavelength with number of 

spectrum taken during the observation period 
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Figure 7.4: Variation of peak wavelength intensity and total counts under the lines with number of 

spectrum taken during the observation period 

7.2.2 Fluorescence characteristic in the flowing medium  

Investigation of fluorescence in the flowing media (Rh6G dye dissolved in ethylene 

glycol and ethanol mixture) and has been carried out. The estimated Reynolds numbers 

variations were in the ranges 90.6-1630.8, which correspond to the mass flow rates in the 

ranges 1.0-18.0 LPM, respectively. The fluorescence spectrum has been observed as a 

function of the Reynolds number. Fig.7.5 shows typical fluorescence spectra at Reynolds 

number 0, 88, 264, 703 and 1630. These were respectively leveled as a, b, c, d and e. 

Fluorescence spectral width and peak wavelength varies with the Reynolds number of the 

flow [7.19]. Again number of spectra had been recorded at Reynolds number 0.0-1630 

ranges and subsequently analysis has been carried out. Fig.7.6 shows variation of 

fluorescence width and peak wavelength with Reynolds number. The width of the 

fluorescence spectra initially shows sharp decrease with increasing Reynolds number. 
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However, after Reynolds number 996.6 the change is small. It has been observed that the 

fluorescence width is always less than that in the stationary case. 
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Figure 7.5: Typical fluorescence spectrum at different Reynolds number 
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Figure 7.6: Variation of fluorescence peak wavelength and width with Reynolds number   
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Figure 7.7: Variation of peak wavelength intensity with Reynolds Number 

The fluorescence peak wavelength changes significantly with increasing Reynolds 

number. It shows sharp decrease from stationary solution to the Reynolds number of 150, 

after that increase up to 700 from where it starts decreasing again. The Reynolds number of 

the flow significantly affects the fluorescence widths and peak wavelength. The peak 

wavelength intensity also changes with the Reynolds number of the fluid flow. Fig.7.7 

shows variation of peak wavelength intensity with Reynolds number. In stationary 

solution, the peak wavelength intensity was less. As the flow velocity increases, the 

intensity increased to a maximum value and after that trends reverse to the certain flow 

rate, however, after Reynolds number ∽1100 the intensity was almost constant. 

7.2.3 Fluorescence characteristics in alternatively stationary and flowing medium   

In a mixed set of experiment, fluorescence fluctuations of Rh6G dye, dissolved in 

ethanol, in stationary dye solution and their minimization by the flow of the dye solution 

was carried out. The experimental setup used for this study is same as shown in Fig.7.1. In 

this experiment, investigation on fluorescence peak wavelength, spectral width and 
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intensity fluctuations on switching the stationary dye solution into flow and vice versa has 

been carried out.  

The fluorescence characteristic of Rh6G was recorded and investigated, through 

composite image generation technique, in stationary and dye flowing medium. The 

composite image of the spectral profile of successive fluorescence spectrum with time in 

stationary and flow on condition is shown in Fig.7.8. Many spectrums were recorded in 

stationary dye medium and then in flowing medium. Switching of stationary medium into 

flow was repeated, as shown in Fig.7.8. Range of spectrum in stationary and flowing 

medium is indicated in Fig.7.8. It is clearly evident from the composite image that the 

spectra were more randomly distributed and broadened in stationary medium as compared 

to dye flowing medium [7.20].  

 

Figure 7.8: Composite image of number of successive fluorescence spectrum with time in 

stationary and flowing medium 
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The shift in fluorescence peak wavelength was also evident in these two different physical 

environments. An estimation of the peak wavelength, spectral width and total counts under 

the widths of an individual spectrum were carried out from the composite image of the 

recorded spectra, shown in Fig.7.8. Fig7.9 (a) shows variation of the fluorescence width 

(FWHM) in stationary and flow on condition. Fluorescence width varies from 7.0 to 12.0 

nm in stationary solution. A fluctuation in emission width was reduced by replacing the 

irradiated dye molecules through flow of the dye solution and was shifted towards 

minimum width [7.20]. Fig.7.9 (b) shows variation of fluorescence peak wavelengths in 

stationary and in the flowing medium. The peak wavelength fluctuates by 1.0 nm in 

stationary where as it is red-shifted by 2.0 nm in the flow on condition.  

-25 0 25 50 75 100 125 150 175 200 225
6

7

8

9

10

11

12

13

14

F
lu

or
es

ce
nc

e 
w

id
th

 (
nm

)

Number of spectrum 

Static Solution 

Flow on 

 

(a) 

-25 0 25 50 75 100 125 150 175 200 225
566

567

568

569

570

571

572

573

P
ea

k 
w

av
el

en
gt

h 
(n

m
)

Number of spectrum

Static solution 
Flow on

 

(b) 

Figure 7.9: Variation of the fluorescence (a) width, (b) peak wavelengths, with number of 

spectrum in stationary and flowing medium 
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Figure 7.10: Variation of fluorescence accumulated counts under the width with number of 

spectrum in the stationary and in the flowing medium 

Fig.7.10 shows the variation of total counts under the width of the fluorescence. It varies 

from 10,000 to 70,000 counts in stationary medium. The value is large, above 80,000 

counts, and less scattered in the flowing medium.  

The excitation source (pump laser) operating at 6.0 kHz was focused (� =

10	��,			ℎ ∽ 0.2	��, � ∽ 0.1	��) in the dye medium, which necessitate no less than 

1.2 m/s flow velocity for inclusive replacement of the liquid from the pump beam region 

before arrival of the next pulse. However, in the present setup, the mass flow rate was 

adjusted to ensure liquid flow velocity nearly at 4.0 m/s in the dye cell. Heat absorption 

profile in the dye plays the dominant role in generating the temperature gradients. This 

temperature distribution produces a spatial variation of the refractive index, which may act 

as a thermal lens, leading to a phase distortion of the emissions. Both the density and the 

refractive index of the dye solution are functions of temperature. In stationary solution, 

refractive index fluctuations of the dye solution are exaggerated by pulse to pulse statistical 
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flux fluctuations of the high pulse frequency excitation source (CVL). These sequentially 

enlarge the fluctuations of the spectral width of dye emission. Large fluctuations in 

refractive index of the medium set the peak emission wavelength towards lower side. The 

absorption depth of pump beam in the dye solution is less than 200 microns, while the cell 

thickness is 500 microns. The beam deflections are large near the illuminated window-

liquid interface. In stationary solution, second derivative of the refractive index 
��

��
 is also 

non-vanishing along with 
�

�
, away from the pump beam window-liquid interface surface. 

These gradients effectively contribute to the beam refraction/deflection passing through it, 

and hence large scattering and losses of spectral intensity, which in turn decrease the 

fluorescent counts at the detector. The random spectral fluctuations are connected with 

random temperature fluctuations, as spectral variation is directly affected by temperature. 

Therefore, spectral intensity variation and emission wavelength spread are induced by 

instantaneous temperature fluctuations in the stationary dye solution. In flowing dye 

medium, forced heat transfer phenomenon is taking place and hence temperature and 

refractive index fluctuations are reduced further, which leads to decrease in fluorescence 

width and its fluctuations, increase in peak emission wavelength and emission counts.  

Apart from the refractive index gradient formation, effect of temperature has many 

effects on its molecular levels too. The temperatures have an effect on the emission 

characteristics of dyes in many ways [7.1, 7.21-7.22]. The fluorescence spectrum of 

organic dye in solution often shows a time-dependent peak shift, when it is excited by a 

short light pulse even at low temperature. It is energy relaxation process due to 

rearrangement of the molecule-solvent system after the photo-absorption. Kinoshita et al 

[7.23] studied the spectral and temporal behavior of fluorescence from Rh6G in ethanol at 
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various low temperatures between 120 and 220 K. The characteristics of shift in peak 

wavelength and broadening of the spectral width was assumed due to relaxation and 

fluctuation in the electronic excited state of the dye molecule. The dyes used for laser gain 

medium at room temperature experiences enhanced thermal heating, particularly excited 

by high repetition rate laser. The induced thermal field perturbs the solvation energy, 

excited state reactions, caging surroundings and increasing the rate of non-radiative 

processes, which in turn increases the fluctuation, broadened the profile and diminishes the 

fluorescence quantum yield. Replacing the irradiated dye molecules before the arrival of 

next excitation pulse decrease the variation in spectral widths, increase the stability of the 

peak emission and quantum yield by curtailing the nearby thermal field to the dye-solvent 

caging environment. Temperature distribution analysis inside the dye cell validates the 

influence of heat generation in stationary medium and heat reduction in the flowing 

medium.   

 

7.3 Summary   

The fluorescence spectral width, peak wavelength and intensity of Rh6G dye 

changes with time during high repetition rate excitation in stationary dye solution. Spectral 

width increases slightly, accompanied by a slight shift in the emission peak wavelength, 

while spectral intensity decline with high repetition rate excitation over the period of time. 

Additions of flow field through Reynolds number try to nullify the surroundings thermal 

field. The temperature dependent non-uniform refractive index of the medium, due to 

absorption of the pump beam, have an effect on the fluorescence at low Reynolds number, 

while the flow field induced turbulences due to the high velocity gradients created within 
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the boundary layers at higher Reynolds number affects the spectrum of the fluorescent 

organic dyes.  

Experimental investigation of fluorescence fluctuation shows large fluctuations in 

spectral width and intensity in stationary dye solution. Replacement of the irradiated dye 

molecules from the region of excitation by flow of the dye solution amplify the spectral 

intensity and minimize the spectral fluctuation. Therefore, these studies of fluorescence 

feature of dyes under high repetition rate excitation is of fundamental importance to 

understand the processes responsible, and help in the development of a stable and good 

optical quality amplifying medium.  
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Chapter 8 

Studies on thermo-optic characteristics of high repetition rate dye 

laser 

8.1   Introduction 

It is well known that a fraction of the absorbed pump radiation by the dye gain 

medium is converted into heat [8.1], within a confined area, through nonradiative 

deactivation of molecules and Stokes shift. Thus, a major limitation on achieving 

stable, spectrally narrow and spatially coherent radiation from high repetition rate dye 

laser lies in the formation of refractive index gradients due to non-uniform heating [8.2] 

by the pump radiation in the region of optical gain. These thermal problems accumulate 

during high repetition rate pumping, and have severe consequences on the yield of the 

dye laser. Therefore, studies on thermo-optic properties of dye laser are essential, 

particularly under high repetition rate pumping. In this chapter, theoretical investigation 

of dye solution temperature distribution in the dye cell and spectral deviation in the 

presence of thermal field is presented. Dye laser characteristics in the presence of 

thermal field under high repetition rate excitation are experimentally investigated. 

Studies on optical characteristic of a high repetition rate dye laser have been carried out 

by dye solution bulk temperature alteration as well as its stabilization. Mathematical 

treatment for spectral intensity fluctuations by inhomogeneous medium is outlined. 

8.2 Theoretical analysis of thermo-optics of a high repetition rate dye laser  

8.2.1 Theoretical analysis  

The optical pump beam is absorbed in the dye medium following the 

exponential absorption. Hence the maximum absorption predominantly lies close to the 

pump beam entrance window of the dye cell. This results in the change of density and 

hence changes in the refractive index of the gain medium. Also, a statistical fluctuation 



172 
 

of the pump beam flux induces spatially random fluctuations in temperature of the gain 

medium. The temperature T  at any point in the dye medium is   

'TTT += ,                                                                                                              (8.1) 

where T  is mean temperature and 'T  is fluctuating component, about the mean value. 

Therefore, the refractive index of medium also fluctuates accordingly i.e.   

'nnn +=                                                                                                                  (8.2)    

where n  is the mean refractive index, and 'n  is the fluctuations in n  around n . The 

variation in 'n is much smaller than n . Therefore, instantaneous refractive index in the 

presence of thermal field can be approximated as,    

T
dT

dn
nn ∆+=                                                    (8.3) 

where 
dT

dn

 
 is the temperature gradient of the refractive index and T∆  is the 

temperature fluctuation.  

 The dye laser characteristics are affected by the refractive index of the materials 

and physical change in the length of the mechanical mounts, housing the optics. If n is 

the refractive index of the cavity and l is the geometrical length of the cavity, then 

optical length L is given by,  

� = ���� + ���� + ����                                       (8.4) 

where 	, 
 and � stands for air, dye  and glass medium, respectively.  

The change in wavelength due to change in refractive index and geometrical length is 

approximated as  

∆ = �
� 	��	Δ� + �	Δ��                           (8.5) 

⇒ ∆ = ���
� 	���� + ��

� � = 		 ���� + ��
� �                                                     (8.6) 



173 
 

The wavelength variation due to change in the refractive index alone is   
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λ
λ  ,                     (8.7) 
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,                                                           (8.8) 
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where  
���
�� ,  

���
�� , and   

���
��   are the index gradient of air, dye and glass medium, 

respectively. The variation of refractive index of the dye medium, dn  with temperature 

is identical to that of solvent.   

The wavelength variation of the dye laser, due to variation of geometrical length of the 

cavity is  

∆�
� ≈ ∆�

�                                 (8.11) 

⇒	  �
��
�� =

 
�
��
�� = !"                                                               (8.12) 

where α$ is the thermal expansion coefficient of the materials involved. Therefore, 

change in dye laser wavelength can be approximated as 

 
�
��
�� =

 
% ���

���
�� + �� ���

�� + �� ���
�� � + !"                                      (8.13) 

⟹ ' =  ( % ���
���
�� + �� ���

�� + �� ���
�� � + !") 	'*                                      (8.14) 
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The most sensitive part of the dye laser affected by temperature is the gain medium 

refractive index [8.1]. Under this approximation, the dye laser wavelength is   

 ≈ + +	 �,�� 	
���
�� 	'*                                         (8.15)  

where 0λ  is the wavelength in the homogeneous medium (i.e. at 0=∆T ). In this way, 

dye laser output wavelength is affected significantly by the fluctuations in refractive 

index and temperature gradient of refractive index of the medium.  

8.2.2 Numerical analysis  

The numerical analysis of typical parameters of the dye laser is presented below 

for spectral variation with temperature. Table 8.1 summarizes the typical parameter of 

the materials used for the analysis. 

Table 8.1: Typical parameter of the materials [8.3] 
 

Materials parameters  
 Ethanol 
1 �� 1.360 
2 

dT

dnd  
-4.38 *10-4 /0C 

3 -.
 

2.438 J/g-C
 4 /	

 
0.789 g/cm3

  BK-7 glass 
5 �� 1.5 

6 

dT

dng  
C/10*8.1 6−≈  

 Air 
7 ��

 
 1.000 

8 

dT

dna

 

C/10*1 6−≈  

9 !" (SS ) C06 /10*5.0 −  

 

The change in temperature of the medium can cause the variation in refractive index 

and consequently changes the dye laser wavelength. The changes in wavelength per 
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unit wavelength per degree Celsius change in the temperature, for the typically 

estimated cavity   optical path length of 16.0 cm, is  

 CC
dT

dn
l

LdT

d d
d /10*547.0/10*38.4*2

16

111 44 −− −=−=






=λ
λ

                        (8.16) 

 Thus, the change of the dye laser wavelength, at λ =576.00 nm, per degree rise in 

temperature becomes,  

Cnm
dT

d 0/0315.0=λ
                   (8.17)

 

And the corresponding frequency change, i.e.  

CGHz
dT

d 0/28−≈




 ν
                                     (8.18) 

The variation of the geometrical length of the cavity due to temperature rise can cause 

the wavelength shift i.e.   

C
dT

dl

ldT

d
s

06 /10*5.0
11 −=== αλ

λ
                (8.19) 

Cnm
dT

d
s

0/0029.0== λαλ
                  (8.20) 

And the corresponding frequency change, i.e.   

 62.2−=
dT

dν
GHz / 0C                    (8.21) 

The variation of refractive index of air of the cavity can cause variation of the 

wavelength of dye laser, i.e.  

CxC
dT

dn
l

LdT

d a
a

066 /1069.0/10*1
16

1111 −− ===λ
λ                                      

(8.22) 

CnmCnm
dT

d 06 /*000397.0/10*69.0*0.576 == −λ
             

(8.23) 

Corresponding frequency change becomes  
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36.0−=
dT

dν
 GHz / 0C                                 (8.24) 

Thus, frequency change of the gain medium by the temperature is much larger than the 

other components of the cavity.  

8.3 Dye laser characteristics during gain medium bulk temperature variation  

8.3.1 Introduction 

The output of dye laser is influenced by the thermal, mechanical and 

environmental properties [8.1, 8.4]. Duarte and Piper [8.5] noticed that the variation in 

laboratory temperature by 2-3 0C due to fluctuations in the external weather conditions 

shifted the dye laser frequency. Consequently, Duarte [8.6] investigated the behavior of 

output characteristics of dye laser, particularly output power, beam divergence, 

bandwidth, and frequency stability, by placing the dye laser cavity in an electrically 

heated oven and varied the cavity temperature in the 20-35 0C range. Bernhardt and 

Rasmussen [8.7] demonstrated the operating characteristics of CVL pumped dye laser 

and summarized the laser properties in terms of materials (like stainless, invar, 

methanol-ethanol, water, fused silica, air) thermal properties along with their 

corresponding frequency changes. The temperature of the dye gain medium is a 

sensitive parameter that influences the optical properties of the dye laser [8.8-8.9]. 

Number of solvents such as organic solvents, normal water, and heavy water were used 

to improve the thermo-optical characteristics of a high repetition rate dye laser [8.1, 

8.10-8.12]. In these studies [8.10-8.11], thermo-optic properties such as quantum yield 

of fluorescence and photo degradation of the dye molecules under high repetition rate 

excitation by CVL were evaluated. El-Kashef [8.13-8.14] had theoretically and 

experimentally investigated the dye solution refractive index and its thermo-optic 

constants extensively, through high precision interferometric technique. Widely 

differing results on macroscopic and microscopic parameter of the dye solvents were 
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reported for thermal analysis of dye laser solutions media [8.13]. Amit et al [8.2] have 

studied the thermal properties of dye laser medium, pumped by CVL (4 kHz pulse 

repetition frequency). They investigated the temperature gradients generated in the dye 

cell by CVL, through the transient angular deflection and blooming of a probing He-Ne 

laser beam after passing throughout the dye medium. They found that the steady 

temperature gradients extended from 1 to 2 mm in the upstream direction relative to the 

pump laser impact position to the entire cell length in the downstream direction. The 

probing He-Ne laser beam experiences about 10-20 mrad angular deflection, depending 

on the pump laser energy and the dye solution flow velocity.   

To the best of our knowledge, literature are deficient in studies on thermo-optic 

properties of narrow spectral width high repetition rate dye laser for the gain medium 

temperature above the room/cavity temperature. Therefore, a comprehensive 

investigation was carried out on the output characteristics such as spectral width, 

wavelength, average output power, beam divergence and pulse width of a narrow 

spectral width high repetition rate dye laser, during the dye gain medium bulk 

temperature alteration from nearly 23-35 0C ranges. The gain medium bulk temperature 

was altered by supplying additional heat through the dye solution. A PC based data 

acquisition system for the temperature measurement was developed to record the bulk 

temperature of the solution at the dye cell. Dye laser Characteristics was investigated 

by high resolution spectroscopy based Fabry-Perot (FP) etalon and a composite image 

generation technique. The thermal inhomogeneity in the gain medium was visualized 

through composite images.  

8.3.2 Experimental details 

The dye laser used in the experiment consists of an output coupler mirror (20% 

reflectivity), a dye cell, intra-cavity etalon (FSR 20 GHz, finesse 13) and a grating 
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(2400 lines/mm) in conjunction with a tuning mirror. The grating at nearly grazing 

incidence with intra-cavity etalon was used to provide narrow spectral width emission. 

This is a very convenient design to provide narrow spectral width with minimum 

number of optical components. The Rh6G dye in ethanol solvent was used as the gain 

medium. A CVL (λ = 510.6 nm, average power 4 W, 60 ns pulse duration, 5.6 kHz 

pulse repetition frequency) was used as the optical excitation source. The schematic 

layout of the dye laser setup is shown in Fig.8.1 (a), while photograph of arrangement 

of components of the dye laser is shown in Fig.8.1 (b). The pump beam was 

transversely line focused onto the flowing type dye cell [8.15] through a combination of 

spherical (focal length, 40 cm) and cylindrical lens (focal length, 6 cm). An image of 

fringe generated by Fabry-Perot etalon was acquired through an imaging lens and a 

CCD camera based setup. The output power was measured using USB based power 

meter (Ophir). The dye laser beam divergences were estimated from width of the far-

field intensity distributions. 

 

(a) 

 

(b) 

Figure 8.1: Schematic of the (a) dye laser layout, (b) photograph of setup  

8.3.3 Results and discussion 

The dye solution bulk temperature was monitored at the dye cell for the 

investigation of characteristics of dye laser under high repetition rate excitation in the 

presence of thermal field. The temperature of the dye solution, just at exit of the liquid 
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through the dye cell, was observed for more than an hour. The gain medium bulk 

temperature was raised by putting dye solution cooling mechanism off. The heat 

generated by the mechanical pump motor, associated with the dye circulation system, 

slowly increase the temperature of the circulating dye solution. It was observed that 

temperature of the dye solution was raised ~ 0.5 0C per minute and dye solution bulk 

temperature of 35 0C was attained in nearly 23 minutes. The dye solution bulk 

temperature was again observed in the presence of gain medium optical excitation by 

CVL till the temperature attained 35 0C. When the cooling set temperature was 

switched from 35 to 20 0C, the temperature of the dye solution goes down rapidly. 

Fig.8.2 shows variation of the dye solution bulk temperature with time during (a) 

cooling off, (b) cooling on. In the presence of optical excitation of the gain medium, 

there is no change in the slope of the temperature rise of the dye solution. 
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Figure 8.2: Variation of the dye solution temperature with time during (a) cooling off, 

and (b) cooling on 

This is because of the fact that the thermal load added by optical excitation is 

negligible as compared to the external heat. The dye laser output parameter such as 

average optical power, divergence, pulse shape, spectral width and wavelength were 

investigated during the dye solution temperature rise from 23.0 to 35.0 0C and then 

cooling back to 20.0 0C.  



180 
 

The average power of the dye laser declines monotonically with temperature 

rise of the dye solution. Fig.8.3 shows variation of dye laser average power with 

temperature. The decrease in dye laser average power was approximately 3% per 

degree rise in the dye solution temperature. The observed deterioration in the output 

average power was about 36% for a 12 0C rise in the dye gain medium bulk 

temperature [8.16]. Fig.8.4 (a) shows typical dye laser FP fringe at 23.3 0C temperature. 

The separation and fringe width measurement showed narrow spectral width (1.13 

GHz) of the dye laser. A composite image of the fringes were generated during the 

temperature rise in the 23-35 0C range and cooling from 35.0-20.0 0C. Fig.8.4 (b) 

shows composite image of the line scan across the diameter of the fringe during 

temperature alteration. The region A is labeled for the number of fringes taken during 

the temperature rise while region B for during the cooling down, in the Fig.8.4 (b). The 

region C, in the Fig.8.4 (b), is the spectral patterns taken at nearly 20 0C, after 

recovering the medium from large thermal inhomogeneities. 
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Figure 8.3: Variation of dye laser average power with temperature 
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(a) 

 
(b) 

Figure 8.4: Typical dye laser (a) FP fringe at 23.3 0C, (b) composite image of the line scan 

across the diameter of the fringe during temperature alteration 

The composite image generated from successive FP fringes, clearly indicates the 

variation in diameter of the fringes while raising the gain medium bulk temperature. 

While cooling from 35.0-20.0 0C, the homogeneity of the medium was significantly 

perturbed, as a result only  random noises patterns were visible, denoted as region B in 

the Fig.8.4 (b). The analysis of the spectral width and wavelength, during the 

temperature rise of the gain medium, has been carried out. Fig.8.5 (a) shows variation 

of dye laser spectral width with time, in the temperature 23-35 0C range. The dye laser 

spectral width fluctuations increase slightly with the enhancement of the medium 

volume temperature. Fig.8.5 (b) shows variation of dye laser wavelength with number 

of fringes taken in the temperature 23-35 0C range. The dye laser wavelength changes 

from 575.6967 to 575.7534 nm, in this temperature range. Apart from the shift, 

fluctuation of the wavelength was also observed. Fig.8.6 shows the variation of 

horizontal and vertical dye laser beam divergence with time, in the temperature ranges 
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23-35 0C and 35-23 0C. It changes from 6.0 to 8.3 mrad in the horizontal direction, 

while 1.2 to 1.5 mrad in the vertical direction, with pulse to pulse fluctuations.  
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Figure 8.5: Typical variation of dye laser (a) spectral width with time, and (b) wavelength with 

number of fringes taken, in the temperature 23-35 0C range 
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Fig.8.7 shows the variation of the pulse width and total counts under the widths with 

number of pulses taken during the temperature range 23.0 - 35.0 0C. The dye laser pulse 

width increases from 34.6 to 36.9 ns. The total counts under the pulse width nearly 

changes from 8850 to 7650 counts in this temperature range.  

 

0 5 10 15 20 25 30
3

4

5

6

7

8

9

10

 Horizontal Divergence 
 Vertical Divergence 

Time (minute) 

H
or

in
zo

nt
al

 d
iv

er
ge

nc
e 

(m
ra

d)

0.6

0.8

1.0

1.2

1.4

1.6

1.8

At 20 0C

Cooling from 35-20 0C
Temperature 23-35 0C V

ertical D
ivergence (m

rad)

 

Figure 8.6: Variation of the dye laser horizontal and vertical divergence with time during the 

gain medium temperature change 
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Figure 8.7: Typical variation of pulse width and total counts under the pulse width with 

number of pulses taken during the temperature rise in 23.0-35.0 0C range 
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A very few studies [8.6, 8.17] reported on effect of temperature variation on dye 

laser characteristics. Duarte [8.6] had studied the variation of dye laser, pumped by low 

repetition rate nitrogen laser, outputs such as output peak power, beam divergence, 

linewidth and frequency stability by varying the cavity temperature in 20.0 - 35.0 0C.  

Peters and Mathews [8.17] have investigated the low repetition rate nitrogen laser 

pumped dye laser peak power and divergence angle by cooling the dye solution 

temperature from 28.0 to 13.0 0C. They found that the dye laser peak power increased 

while beam divergence decreased during cooling process. Though the effect of 

temperature on pulsed dye laser is acknowledged, high repetition rate dye laser still 

needs attention on consequence of gain medium thermal inhomogeneities on the output 

characteristics. During the present course of investigation, studies on the deterioration 

in the performance by temperature alteration from 23.0 to 35.0 0C range, while the 

cavity temperature was kept constant at normal room temperature was carried out. In 

this way, optical characteristics of a high repetition rate dye laser have been 

investigated by varying the temperature of a highly sensitive laser element, dye gain 

medium. Indeed, wavelength of dye laser in presence of temperature-dominated 

inhomogeneous medium depends on the refractive index and temperature gradient of 

the refractive index. Shift in the observed dye laser wavelength with bulk temperature 

rise is a consequence of variation of the spatial refractive index gradient of the gain 

medium. The increase of the dye medium bulk temperature changes the effective 

refractive index gradient of the medium, which in turn red shifts the wavelength of the 

dye laser. The fluctuations in the wavelengths are due to the transient fluctuations in the 

refractive index gradients. The dye laser spectral width, effectively, replicated the band-

pass of the dispersive components of the cavity. This is indeed the reason why there is 

no appreciable change in the spectral width, as the dispersive elements, grating and 
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etalon, are distant from the heating zone. Spectral widths were influenced by the pump 

beam penetration depth fluctuations and by the inhomogeneity of the gain medium. 

These subsequently cause the variation of geometrical divergence of emission passing 

through it and hence angle of incidence on grating.  

The thermal energy deposited in the dye gain medium by the optical pump 

beam causes maximum change in density and hence perturbations in refractive index 

within the thin boundary layers of the medium, next to the pump beam entrance 

window. As the temperature in the thermo and hydrodynamic boundary layers/sub-

layers is much larger than the dye solution bulk temperature, while in this region, the 

velocity is much smaller whereas the pump intensity is largest. This leads to maximum 

spatial and temperature gradient of the refractive index in the thin boundary layers of 

the dye solution. The refractive index gradient in this narrow boundary region is 

significantly affected by pump power and velocity fluctuations, rather than the dye 

solution bulk temperature. However, temperature of the solution, around the thermal 

and hydrodynamic boundary region, tries to adjust the gradients. The divergence 

characteristics of dye laser emission differ in longitudinal and transverse to the pump 

beam penetration direction in the gain medium [8.8-8.9]. This is also evident from our 

experimental measurements, which shows that the dye laser has different beam 

divergence characteristics in horizontal and vertical directions. The temperature 

induced inhomogeneities of the medium changes the divergence angles [8.2]. 

Investigation of the dye laser spectral and divergence characteristics during the bulk 

temperature rise (23.0-35.0 0C) and sudden cooling of the bulk medium (from 35.0-20.0 

0C) clearly showed inhomogeneity generated in the pumping region of the medium. 

During the cooling, the degree of inhomogeneity was too high and hence unable to 

measure the spectral variations. These inhomogeneities were also replicated in the dye 
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laser beam divergence measurements during this range of temperatures variations. The 

maximum deflection of the laser beam occurs during the cooling, which was also 

clearly visible by naked eye at the time of experimentation. The decline in average 

power along the dye laser axis with temperature rise is a consequence of collective 

effect of increased deflection angles of the beam as well as channelization of energy 

through nonradiative routes. The dye laser pulse profile depends on the number of 

round trips, within the available gain time. Inhomogeneities of the gain medium affect 

the optical path length of the emission propagating through it. The fluctuations in the 

optical path length by thermal inhomogeneity have an effect on transit time, and hence 

pulse profile, of the light passing through it. The increased effective path length by 

refraction/deflection in the dye medium slightly influence the pulse duration during the 

increased inhomogeneity by the temperature. The counts under the pulse width are a 

measure of photon flux. The decrease in optical average power with temperature rise is 

a sign of decreasing photons flux at the detector. Thus, decrease in average power, 

counts under the pulse width with temperature rise of the bulk medium is an assessment 

of decrease in quantum yield due to the increase in non-radiative rates as well as 

fractional photons lost from the cavity. The present observation [8.16] of average 

power declination and almost no change in bandwidth is well in conformity with the 

earlier measurements [8.6, 8.17].    

 

8.3.4 Summary 

In summary, an effect of dye gain medium bulk temperature on the optical 

properties of a CVL pumped narrow bandwidth dye laser is investigated.  A data 

acquisition system is developed to record the temperature of the dye solution at the dye 

cell. The dye gain medium bulk temperature of about 12.0 0C was raised in nearly 23 
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minutes and cooled down from 35.0-20.0 0C within 3 minutes. The dye laser spectral 

width is almost unaffected while wavelength changes from 575.6967 to 575.7434 nm 

by the temperature variation in 23.0-35.0 0C range. The pulse width slightly increased, 

whereas counts under the pulse width decreased by approximately 1200 counts in the 

23.0-35.0 0C range of temperature. The dye laser horizontal beam divergence increased 

almost by 2.5 mrad, while the vertical beam divergence by 0.3 mrad, for an increase of 

the dye solution bulk temperature by 12.0 0C. For these ranges of temperature 

variations, the dye laser average power declined by approximately 36%.  

 

8.4 Dye laser characteristics during gain medium bulk temperature stabilization 

  It is well known that the temperature of the dye gain medium brings about 

considerable changes not only in the dye photo physics but also on the lasing 

characteristics. In this section, optical characteristics of high repetition rate dye laser 

over the period of time, by stabilizing dye solution bulk temperature within ±0.1oC, was 

investigated. For the completeness, a review of the work reported in literature on the 

spectral stability of dye lasers by means of temperature stabilization is briefly 

presented.  

In past, studies [8.18-8.19] on the performance of CVL pumped narrow 

linewidth dye laser, by keeping the dye solution temperature fluctuation within 0.01 0C 

at the dye solution reservoir, were reported. The recent studies [8.20] also reports on 

the beam divergence, pointing stability, linewidth and wavelength stability of CVL 

pumped narrow linewidth dye laser with [8.22, 8.23], over a few minutes. All these 

studies [8.18-8.21] have been performed in different perspectives, in terms of dye laser 

system mechanical structure and the dye solution temperature stability. In another laser 

system, studies of spectral stability had been reported for a few minutes with the 
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temperature of dye laser solution controlled within ±0.1 0C [8.22]. In similar narrow 

linewidth laser system [8.7] where all optical mounts were attached to thick invar base 

and the dye solution temperature was kept stable to within ±0.1 0C.  In all these studies, 

the temperature was controlled from ±0.01 0C to ±0.1 0C in the dye solution reservoir. 

Additionally, the dye laser spectral stability was reported [8.21] for few minutes both 

for coarse control of temperature 23±2 0C and fine control of temperature 23±0.1 0C of 

the dye solution. It was reported that the linewidth varied between 100 and 770 MHz 

for a observation period of 30 seconds, with dye solution temperature controlled within 

23 ± 2 0C, while linewidth variation was less than equal to 100 MHz for few minutes, 

with dye solution temperature controlled to 23.0 ± 0.1 0C. In another study [8.22], it 

was reported that the linewidth variation was from 200 to 300 MHz over a period of 10 

minutes, by controlling the dye solution temperature ± 0.1 0C. In this fashion, attention 

was drawn to the importance of dye solution temperature controlled either ± 0.1 0C or  

± 0.01 0C, and significance of thermal stability for better spectral stability of the dye 

laser. In the present course of investigation, not only the dye laser spectral stability but 

also average optical power and beam divergence characteristics  were investigated, over 

the long period of time more than hours, by controlling the dye solution bulk 

temperature ± 0.1 0C. Experimental details and diagnostic techniques were same as 

described in section 8.3.2. In this investigation, the temperature of the dye solution was 

controlled within 23.3 ± 0.1 0C by PID controller. The room and cavity temperatures 

were also stabilized to near 23.30C. Fig.8.8 shows variation of cavity and gain medium 

bulk temperature with time. The temperature of the dye laser cavity changes slightly 

from 23.4 to 22.8 0C and hence was fairly stable over the period of more than an hour. 

The gain medium bulk temperature was also steady over the same period. 
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Figure 8.8: Variation of cavity temperature and gain medium temperature with time 

The dye laser spectral variations were investigated through fringe capturing and 

composite image generation techniques. For a long-term spectral stability investigation, 

a composite image of a line scan across the diameter of the FP fringe pattern was 

generated. Fig.8.9 shows typical Fabry-Perot (a) fringe, (b) composite image of fringes 

taken during the observation period. The measured spectral width of the dye laser 

emission was 0.824 GHz. Fig.8.9 (b) shows typical composite image of 1000 

successive FP fringes during the observation period of more than an hour. 

Measurement of dye laser spectral width and wavelength was carried out from this 

composite image data. Fig.8.10 shows the variation of dye laser spectral width and 

wavelength with time. The short-term (in 1 minute) fluctuations in the spectral width 

were within ±75 MHz, while its central value drifted from 0.824 MHz to 1.124 GHz 

over the observation period of 75 minutes. Fig.8.10 shows variation of dye laser 

wavelength with time.   
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(a) 

 

(b) 

Figure 8.9: Typical Fabry-Perot (a) fringe, (b) composite image of the successive fringe 
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Figure 8.10: Typical variation of bandwidth and wavelength with time 

It was analyzed that the short-term fluctuations in wavelength were from 

575.7713 to 575.7791 nm. The dye laser wavelength drift were from 575.7791 to 

575.7662 nm over the observation period of more than an hour. Further, fluctuation of 

spectral width at a particular wavelength was analyzed. Fig.8.11 (a) shows variation of 

dye laser spectral width with wavelength over the period of observation.  
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Figure 8.11: Variation of (a) spectral width with wavelength, (b) average power with time  

Fig. 8.11 (b) shows variation of dye laser average power with time. The 

measured dye laser output average optical power was 30 mW. The fluctuations of 

average power about the mean were within 3 %.   

In conclusion, optical stability of CVL pumped narrow bandwidth dye laser was 

experimentally investigated over the period for more than an hour. It was observed that 

the short-term spectral width varies within ± 75 MHz, while in a long-term, more than 

an hour, it was drifted by about 180 MHz.  The short-term wavelength fluctuations 

were within 0.0065 nm, while in a long-term, more than an hour, it was drifted by about 

0.0105 nm.  Dye laser average power was fairly stable.   

8.5 Theoretical studies for dye laser intensity fluctuations 

It was observed that dye laser has output fluctuations were present even with 

very precise temperature control of the dye solution. In this section, attempts were 

made to correlate microscopic parameter of the medium, responsible for intensity 

fluctuations.    

The propagation of waves through random media is a subject matter that had 

been of considerable theoretical and practical interest for a long time, as is evident from 
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the number of books and papers written on the subject [8.23-8.32]. However, most of 

the works were on the problem of wave propagation and scattering in the atmosphere, 

the ocean, and in biological media, which are, in general, randomly varying in time and 

space so that the amplitude and phase of the waves may also fluctuate randomly in time 

and space.    

Jannson et al [8.33] derived the expression for the spectral intensity of the field, 

produced by scattering of radiation, in the far zone. They showed that the spectral 

intensity depends on the spatial correlation function of the field and degree of spatial 

coherence of the incident field. The field generated by scattering of light from a quasi-

homogeneous source on a quasi-homogeneous random medium was investigated by 

Visser et al [8.34]. The far field generated by scattering of a plane monochromatic 

wave incident on a quasi-homogeneous, random medium, was explained with the help 

of correlation function of the scattering potential of the random scatterer [8.34]. A 

theory was developed [8.35] for the fluctuations in the phase and amplitude of a laser 

beam probing a locally homogeneous and anisotropic medium with the help of 

correlation functions, which are related to the corresponding stochastic properties of the 

scattering medium.  

Most of the theoretical and experimental works were related to the 

coherent/incoherent or partially coherent beam propagation through homogeneous, 

quasi-homogeneous, random and/or turbulent media. All of these models considered 

propagation and scattering of light through macroscopic gaseous media. To the best of 

our knowledge, no report is available on the spectral intensity variation by the 

correlation function of the refractive index fluctuation of the microscopic liquid media, 

particularly dye emission through inhomogeneous liquid gain medium. In this section, 

analytical expression for the spectral intensity variation of the radiation scattered by the 
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correlation function of the refractive index fluctuations of the inhomogeneous liquid 

medium is derived.  

The physical properties of the medium is generally characterized by the 

dielectric constant ε . Thus , from the Maxwell’s equation  

0=⋅+=
→→→

εεε gradEEdivEdiv                   (8.25) 

We have  
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Using 2n=ε , simplification of Maxwell’s equations gives 
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where n is  refractive index, ck ω=  the wave number associated with the frequency 

ω , c  is the speed of light in vacuum. The refractive index is expressed as sum of mean 

and a fluctuating part i.e.  the instantaneous refractive index is given by  
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where 1n  is the deviation of n from its mean value, n . Therefore,  
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This give on approximation  
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This gives the reduced scalar field equation, 
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where u  can denote any of the field components, and 
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rf   the scattering potential, 

which is given by expression  
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It well known that the solution of eq. (8.35) corresponding to outgoing is given by  
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where 
→
'r  is a variable vector ranging over the scattering volume V . It is shown in 

Appendix A that under approximation eq. (8.37) can be transformed to  
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Therefore, from eq. (8.36) and eq. (8.37), we get   
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Using Gauss’ theorem, under vanishing surface integral  
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Therefore, 
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Both terms of Eq. (8.43) represent spherical waves whose amplitudes and phases 

depend on the refractive index fluctuations inside the volume V  (through the random 

variables 1C  and 2C ). Indeed, second term can simply, be ignored in calculating the 

flow of scattered energy.  
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The (spectral) intensity of the scattered field at any point 
→
r , at frequency ω , is just the 

diagonal element of the cross –spectral density of the scattered field and hence is given 

by 
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If the refractive index 





→

ω,rn of the medium is a random function of position, then 

scattering potential 





→

ω,rF  will also be a random function of position, and the 

corresponding expression for the cross-spectral density and for the spectral intensity of 

the scattered field are obtained at once by averaging over the ensemble of the scattering 

potential (denoted by angular bracket with subscript n).  
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Let -��0 1112	,				0�1112	� = -��0 1112 −			0�1112	� denote the two-point spatial correlation function of 

the refractive index fluctuations, viz., 

-��0 , 0�, 5� = 〈� �0 1112�	� ∗�0�1112�〉                    (8.48) 

where the angle bracket represent the statistical average, taken over the ensemble 

� �0, 5�  of the refractive index. 

 -��0 1112	, 0�1112	� = -��0 1112 −	0�1112�,                   (8.49) 

Thus, by introducing the change of variables 0 1112 −	0�1112 = /2, and 0 1112 +	0�1112 = 2	02 

:�0, 5� = ;�<	�=�	>	?@
�
A-��/2�	BC12B�	DEF�	"111112.		H112	
IH               (8.50) 

This formula shows explicitly how the spectral intensity of the scattered radiation 

depends on the correlation function of the refractive index fluctuations and on the field 

passing through it.  

For 	C12 = J+11112 expNO	P12	. 02Q	 

:�0, 5� = ;�<	R,�=�	>	? @
�
A-��/2�		DF	S�12 	E�	"1112T.		H112	
IH               (8.51) 

The spectral intensity is in fact Fourier transform of correlation function of the 

refractive index fluctuations. Thus, by knowing the information about correlation 

function of the refractive index, intensity fluctuations can be approximated. The exact 

form of refractive index correlation function depends on the characteristics of 

inhomogeneities. For example the spatial correlation function of the refractive index of 

the liquid medium, at higher Reynolds numbers, can be approximated in the form  

-��/2� = 	-��0�	DVW X−Y	 � H
H,�

�Z                 (8.52) 

where Y and /+ are positive constants, which depends upon the scale length and nature 

of the medium inhomogeneity.  

Though, this analysis applies to a single frequency component of the field, however, it 

can be extended to multiple or broad bandwidth too.  
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A spectral intensity fluctuation from a liquid gain medium of a pulsed dye laser 

is known from long time. The non-uniform changes in the refractive index gradient of 

the dye solution lead to the refractive index fluctuations. Variation of the spectral 

intensity of laser emission in liquid media is directly coupled with spatial correlation 

function of the refractive index fluctuations and can be used to explain the experimental 

observations of spectral fluctuations in the high repetition rate dye laser.     

In summary, a macroscopic theory of propagation and scattering of light 

through random media can be used under approximation for the microscopic dye liquid 

media. The spatial correlation function known for a long time is correlated with the 

refractive index fluctuations of the dye medium. Analytical expression for the spectral 

intensity of the scattered radiation and the correlation function of the refractive index of 

the medium is formulated. It shows how the spectral intensity of the field scattered by 

random medium depends on the correlation function of the refractive index 

fluctuations. Experimentally observed spectral intensity variation of the fluorescence 

emission of the dye and the dye laser emission in liquid media in the presence of 

thermal and flow field is found to be a corollary of scale length of spatial refractive 

index unsteadiness. Scattering, which is considered to be detrimental to the propagation 

of the light, of the spectral intensity of laser emission in liquid media is found to be 

directly coupled to the spatial correlation function of the refractive index fluctuations.   

 

Appendix A: Derivation of an approximation relating to expression (8.37). 

We derive here the approximation that is applied in expression (8.38), viz. 

We choose the origin of coordinates inside the scattering volume. If the observation 

point 
→
r  is at a great distance from the scattering volume V as compared to the 
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dimensions of V , then for all 
→
'r  the quantity 

→→
− 'rr  is almost constant and close to 

→
= rr . In this case, the quantity 

→→
− 'rr  can be expanded in a series of powers i.e.  
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  holds for all values of 'r , i.e. if the dimensions L   of the scattering 

volume satisfy the condition  
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Chapter 9 

Summary, conclusion and scope for the future work 

9.1  Summary and conclusion 

This thesis presents investigations on a narrow bandwidth Rhodamine 6G 

(Rh6G) based dye laser, pumped by copper vapour laser. More specifically, it looks at 

the effects of high repetition rate excitation on the stability of the output laser 

parameters. The high repetition rate and narrow bandwidth operation of the tunable dye 

laser has been extensively investigated for potential applications such as atomic vapor 

laser isotope separation for enrichment experiments and other spectroscopic schemes. 

This scheme requires that the dye laser spectral parameters such as wavelength and 

bandwidth should be highly stable over sufficiently long period of time. Therefore, the 

stability of a high repetition rate narrow bandwidth dye laser remains a major area of 

research in order to enhance its applicability in these potential applications. With this 

aim in view, to improve the stability of the dye laser, the important factors which 

influences the output of the high repetition rate dye laser, were investigated. The 

studies have brought to light the high repetition rate dye laser related issues, which 

were hitherto largely unexplored.  

The first issue is the geometry of the dye cell, which is being used as a container 

for the gain medium (dye). Conventionally, planar dye cell flow channel geometry has 

been used for transversely pumped high repetition rate dye laser. We felt that the 

geometry of the dye cell flow channel may significantly affect the optical stability of 

the high repetition rate dye lasers. To experimentally demonstrate this, new dye cells of 

different geometries were designed, modeled, fabricated, and their performances were 

evaluated.  
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Secondly, there was a necessity to have diagnostic tools for visualization and 

examination of the fluctuations in the output of a high repetition rate dye laser over a 

considerable period of time. Precise pinpointing of the dye laser spectral characteristics 

requires a scheme to evaluate the outcome over a period of time. There were no 

diagnostic tools available (either commercially or in the literature) to examine the 

spectral fluctuations over short/long periods of time. A novel diagnostic technique for  

large scale data acquisition, its presentation, and its precise measurements were 

formulated and effectively executed to explore the dye fluorescence and lasing features, 

over a period of time.  

The third factor is the optimum gain medium mass flow rate which is required 

to minimize the thermal effects imposed by high repetition rate excitations. A thumb 

rule which is commonly adopted for the flow of the dye solution is that the number of 

dye volumes replaced between shots should be at least two or more. The liquid mass 

flow rate is more rationally characterized through the Reynolds number. The spectral 

diagnostic of neither fluorescence nor lasing characteristics with the Reynolds number 

of flow, during high repetition rate excitation, has been being considered so far in the 

literature. In the present work, the spectral characteristics of both the dye laser as well 

as the dye fluorescence, as a function of the Reynolds number, have been 

experimentally investigated. In addition, the numerical analysis of the temperature 

profile/ contour, as well as the gain medium flow velocity inside the dye cell has been 

carried out through computational fluid dynamics.  

Fourthly, the thermo-optic characteristics of the dye gain medium under high 

repetition rate excitations have been investigated. A dye laser operating at a high pulse 

repetition rate needs dye gain medium circulation and cooling mechanism devices to 

keep the gain medium temperature gradient and its fluctuations as low as possible. 
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However, there is no qualitative or quantitative information available in the literature 

on the thermo-optic properties of a narrow spectral width dye laser, particularly 

operating at a high repetition rate. A comprehensive study has been carried out on the 

output characteristics such as spectral width, wavelength, average optical power, beam 

divergence, pulse width, total counts under the pulse width, of a narrow spectral width 

CVL pumped dye laser, by having the dye gain medium bulk temperature alteration of 

nearly 12 oC from normal room/cavity temperature.   

The other subject area of the thesis related to the gain medium characteristics, 

narrow bandwidth pulsed dye laser resonator and high repetition rate excitation source 

(CVL) spectral characteristics were also theoretically and experimentally investigated. 

Effect of solvent, its concentration and temperature on the absorption characteristics of 

Rh6G dye was experimentally investigated. These studies on gain medium have 

immensely helped in the understanding of photo physics of dye laser. The dispersion 

theory for narrow bandwidth pulsed dye laser resonator was applied analytically as well 

as numerically. Optimization of the output coupler mirror transmission and the 

reflection coefficient for maximum optical power extraction from the resonator was 

carried out numerically and experimentally. The operation of a single mode dye laser 

through long cavity was experimentally demonstrated using a novel technique.  

The main results of our studies during the course of the above stated 

investigations are summarized as follows.  

The characteristics of a dye laser gain medium have been reviewed 

comprehensively. Measurements on the absorbance of Rh6G dye in commonly used 

organic solvents such as methanol, ethanol, ethylene glycol, and glycerol were carried 

out. It was observed that the Rh6G dye has maximum absorbance in ethanol at 529.9 
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nm wavelength. The absorbance of Rh6G dye decrease as temperature is increasing 

from 25 to 35 oC.   

For tunability and narrow bandwidth operation, dye lasers utilize dispersive 

resonator. A pulsed dye laser resonator has been theoretically and numerically 

investigated. The analysis of the beam magnification provided by the prism in the 

resonator, which depends on the angles of incidence, refractive index, and apex angles 

of the prism, has been carried out numerically. Magnification factor drastically 

increases for the angle of incidence greater than 850 and the reflection losses also 

increase within 850–900 angles of incidence to the prism.  The typical dispersion 

provided by the prism (apex angle 700, incidence angle 880) was estimated to be 

0.3897x10-3 rad/Å, while the typical grating dispersion in grazing incidence (880) for 

2400 lines/mm ruling was estimated to be 9.7162*10-3 rad/Å. This numerical analysis 

showed that the dispersion provided by the grating is much larger than that by the 

prism.  

The dependence of the passive bandwidth of the resonator as a function of the 

beam waist size and the angle of incidence on the grating was also analysed 

numerically. It was observed that the bandwidth decreases sharply for the angle of 

incidence on the grating in the 87.0-89.50 range. The passive bandwidth of the 

resonator also decreases appreciably when the beam waist size in the gain medium was 

increased from 40 to 140 µm.  

The influence of the reflectivity of the output coupler mirror on the optical 

average power of CVL pumped Rh6G dye laser with a grazing incidence grating-mirror 

resonator has also been theoretically and experimentally investigated. The dye laser 

dispersive resonator was also modeled into two-mirror cavity, equivalent to Rigrod 

scheme, for optimization of the optical output power-coupling coefficient for the dye 
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laser. The maximum output power was observed in the range of 20-30 % coefficient of 

reflectivity of output coupler mirror. The experimental results are in good agreement 

with the model calculations.  

A long cavity with a single prism beam expander and a grating in grazing 

incidence with a tuning mirror, which operates in multi axial modes, was used to obtain 

single mode operation by rotating the tuning mirror about an axis parallel to the plane 

of incidence. As a result, the same cavity, without using any additional optics, was used 

to obtain single axial mode operation just by controlling the rotation of the tuning 

mirror. The beam diffracted from the grating suffers beam walk-off through the tuning 

mirror, which introduces additional losses to the other side modes in the gain profile, 

thereby forcing the lasing in a single mode. This novel technique gave single mode of 

360 MHz bandwidth from a dye laser which normally (i.e. in symmetrically aligned 

condition) operates in three axial modes with a bandwidth greater than 2 GHz.  

As mentioned earlier, the temporal diagnostics of the spectral characteristic is of 

fundamental importance for its potential applications. Therefore, software for 

acquisition of a large number of sequential data, over a period of time, and its 

qualitative analysis, is essential. Novel software for data acquisition, presentation and 

diagnostics of the dye laser output has been developed in-house and very effectively 

utilized for precise measurements. A large number of sequential line scans across the 

diameter of FP rings, have been presented as a stacked (composite) image. By 

generating a composite image, the variation (drift/ fluctuation in short term and long 

term) in the output characteristics of the dye laser, over the observation period of more 

than an hour, has been successfully represented. Details of this technique for spectral 

structure investigation, as well as those of the other major instruments and techniques 

involved for the dye laser diagnostics, have been presented.  
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Details of subsystems needed for the high repetition rate dye laser such as dye 

circulation and cooling system, dye cells and liquid flow characteristics are presented. 

Novel dye cells of geometries such as a) near 3600 curved (convex-concave) flow 

channel with continuously decreases/increasing widths, b) pinched tube dye cell, and c) 

a especially profiled convex-plano flow contour in the optical pumping region for the 

high repetition rate pumping were designed and their performance was experimentally 

investigated, and compared  with a conventional planar duct dye cell. Spectral stability 

such as wavelength and bandwidth fluctuations with these dye cells was experimentally 

examined through the composite image. It was observed that the curved (i.e. convex-

concave) flow channel dye cell offered least spectral fluctuations as compared to the 

routinely used planar duct dye cell.  

In the output of the dye laser with curved channel dye cell, three axial modes 

were clearly distinguishable, while the axial modes were indistinguishable in the planar 

duct dye cell. The experimental results showed that curved profiling of the flow 

channel provides comparatively improved performances over a planar dye cell. Using a 

pinched dye cell, it was demonstrated that in this case, the variation of the bandwidth 

was within 220 MHz over the observation period of 75 minutes. Our experimental 

findings with planar, curved, and pinched dye cells motivated us to try out other 

geometries to further improve the performance (i.e. better passive stabilization) of a 

narrow spectral width high repetition rate dye laser. A new scheme, which essentially 

involves the profiling of the cubical glass and stainless steel cylindrical rod such that 

plano-convex contour be present near the optical pumping region. In this way, the 

design was an amalgamation of straight and curved periphery to enhance the dye 

solution flow stabilities near the dye laser axis. The design details and results of 
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numerical analysis of flow and temperature distribution inside the dye cell have been 

presented.  

The dye laser output characteristics such as spectral width, wavelength, average 

power, and pulse shape were evaluated using the convex-plano flow channel dye cell. 

Over a short-term, the dye laser spectral width was within ±75 MHz, while, the 

wavelength was within ± 0.0065 nm. In a long-term, over more than an hour, the 

spectral width drifted by about 180 MHz, whereas, the wavelength drifted by about 

0.0105 nm. The average power was steady for a long time, more than an hour. In this 

way, the dye laser has demonstrated fairly good long-term stability over the observation 

period, without the use of either low expansion material or close loop control on the 

output. From our experimental findings, it was established that convex-plano dye cell 

channel geometry offered the best optical stability among the dye cells investigated for 

high repetition rate excitations. This is probably because of the fact that the curvature 

of the flow channel surface, which is either convex or concave, substantially changes 

the structure of the boundary layers. Convex curvature causes the friction coefficient to 

decrease, while concave curvature has the opposite effect. In this way, convex 

curvature has a stabilizing effect on the boundary layers, while concave curvature is 

destabilizing.  

The spectral stability of dye laser is influenced by the mass flow rate, which 

was not explored earlier. This was extensively demonstrated experimentally and 

detailed results are presented. It was observed that the fluctuations in both the 

bandwidth and the wavelength decrease with increasing Reynolds number of the flow. 

The fluctuations in both the bandwidth and the wavelength drastically vary as the 

Reynolds number of the gain medium flow is changed laminar to turbulent regimes. 

Different set of experiments were carried out to establish the influence of gain medium 
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flow characteristics on the spectral stability of the dye laser. Computational fluid 

dynamics of the gain medium convincingly validated the experimental outcomes.    

The fluorescence from dyes is forced by resonator to develop functional 

coherent laser radiation. The photo-physics of dye laser is principally governed through 

the dye fluorescence. The fluorescence characteristics of Rh6G dye were briefly 

reviewed and significant investigations coupled with high repetition rate excitation 

have been carried out.  Fluorescence properties such as fluorescence peak wavelength, 

its intensity, and spectral width were investigated, separately, in a stationary dye 

solution as well as in a flowing medium. The peak wavelength intensity was found to 

decrease by approximately 21% over the observation period in stationary solution. The 

total counts of the spectrum were found to fluctuate approximately within ±10% during 

the observation period in the stationary solution. Investigation of Rh6G dye 

fluorescence in flowing dye media at different Reynolds numbers has been carried out. 

Experimental results have shown that fluorescence spectra were broadened and had 

large fluctuations in the stationary dye medium as compared to flowing dye medium. 

The fluorescence peak wavelength is also observed to get slightly shifted in different 

physical environments. High pulse frequency excitations amend the material 

background of fluorescent molecules through thermal fields. Additions of the flow field 

through the Reynolds number try to nullify the surroundings thermal field gradients. 

The temperature dependent non-uniform refractive index of the medium has an effect 

on fluorescence at low Reynolds number. The flow field induced turbulences due to the 

high velocity gradients created within the boundary layers affect the spectrum of the 

fluorescent organic dyes at much higher Reynolds number. Therefore, these studies of 

fluorescence feature of dyes under high repetition rate excitation help in developing a 

stable and a good optical quality amplifying medium.  



209 
 

The thermo-optic properties of a narrow spectral width CVL pumped dye laser 

were experimentally investigated by changing the dye gain medium bulk temperature in 

the 23.0-35.0 oC range. It was observed that the average power of the dye laser declines 

monotonically with the dye solution temperature rise. The decrease in the dye laser 

average power was approximately 3% per degree rise in the dye solution temperature.  

In this span i.e. 12 oC rise in the dye bulk temperature, 36% reduction of output average 

power was observed. The dye laser spectral width fluctuations slightly increase with the 

enhancement of the dye medium temperature. The dye laser wavelength changed by 

0.02% in this temperature range. The dye laser beam divergence changed in horizontal 

direction by 38%, while, by 25% in the vertical direction. The fluctuations in the pulse 

shape were also noticeable during dye medium bulk temperature variation. The dye 

laser pulse width increased 6%, while the total counts area under the pulse width nearly 

decreased by 13 % in these temperature ranges.  

In a nutshell, studies on a complete dye laser system starting from gain medium, 

resonator, excitation source, diagnostics tools, dye cell, flow characteristics and other 

issues from microscopic to macroscopic levels associated with the high repetition rate 

have been extensively investigated in this thesis. Passive stability of the high repetition 

rate narrow bandwidth dye laser in terms of dye cell and gain medium flow was 

investigated. These studies have brought out technologically advanced and highly 

stable high repetition rate and narrow bandwidth tunable dye laser suitable for its 

potential applications   

 

 

 

 



210 
 

9.2  Scope for further research work 

 The detailed investigations performed in the present work opens up some new 

avenues for future, as no work, however detailed, is ever complete. The dye cell 

geometry and the optimum mass flow rates minimize the fluctuations associated with 

high repetition rate excitations. The experiments performed were at low average power 

(∽ 5 W) excitations. Studies on spectral fluctuations at high average power (tens of 

watts) through good optical quality gain medium (i.e. best dye cell and mass flow rates) 

have not been studied so far. Therefore, further investigations on the influence of high 

excitation intensity with the best dye cell geometry at optimum mass flow rate could be 

helpful to further investigate high average power dye laser with minimum fluctuations. 

Moreover, experimental visualization of the thermal and hydrodynamic boundary 

layers through interferometric techniques, as well as flow velocity mapping using 

particle image velocitometry technique inside the dye cell, are the major areas in which 

further research could be taken up. Essentially, the thermal and hydrodynamic 

boundary layer thicknesses govern the gain medium homogeneity and hence the 

characterization and minimization of these thicknesses is a very important research 

area. Also the effect of spectral characteristic of pump laser on the dye laser would also 

be very interesting. These are some of the technologically challenging research areas 

that could be taken up as a continuation of the present work.   


