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SYNOPSIS

There are many applications where broadly tunahlseg coherent radiation,
having narrow bandwidth and high average opticalgre are needed. Solid-state dye
lasers are emerging as compact tunable light seuhmevever, so far best performance
is limited to low pulse-repetition-frequency opésat while high repetition rate
operation still eludes operational stability. Thekseys, optical parametric oscillators
(OPOs) are emerging as compact, state-of-the-asbhd-state, tunable light sources,
alternative to the conventional organic dye lastowever, the delicate requirement
of phase matching, system complexity and thernsles at high pulse repetition rate
operation limit their application potential. Thus,present scenario, dye laser based on
organic dye molecules in liquid solvent as gain el is the most comprehensively
utilized pulsed tunable laser. Continuous wavelengtnability, efficient narrow
bandwidth operation, wide spectral coverage, amplitity have made a dye laser an
indispensible tool in many areas of laser reseasclentific, industrial and medical
applications. Narrow bandwidth high repetition rétekHz) dye lasers, tunable in the
visible region of spectrum, are exclusively usedjplication like atomic vapor laser
isotope separation (AVLIS) scheme. Dye laser punmpedopper vapour laser (CVL),
operating typically in the range of 5-10 kHz in thsible region, capable of delivering
high average power, is extremely appropriate fag gurpose. This thesis work is a
study on CVL pumped dye laser system.

In a dye laser, since absorptiai the pump beam radiation follow the
exponential law, the maximum absorption predomiydigs close to the pump beam
entrance window of the dye cell. A fraction of themp radiation is converted into
heat, within a confined area (i.e. in the pumpedio® through non-radiative

processes. The thermal energy deposited causegeciradensity, as a result, the dye
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laser gain medium suffers from refractive index unuformities which leads to
refraction/deflection of the dye lasbeam passing through it. These thermal effects
degrade the optical quality of the medium, reduee dutput energy, and change the
spectral characteristics. Inhomogeneity in the gagdium created by thermal field is
severe, particularljor excitation at high pulse repetition frequeniéyhe dye medium

is static. The simplest technique to minimize thimsgmal effects in the gain medium
and to improve the optical quality of the mediuntagapidly exchange the irradiated
dye molecules exposed to the pump laser, beforeathgal of the next pulse.
Replacement of the dye molecules is easily impleéeteby flowing of the dye gain
medium. The mass flow rate is chosen so as to aeptlae optically pumped dye
molecules after each excitation pulse. Thus, a Iggetition rate dye laser requires
large flow velocity across the optical pump regignarge liquid flow velocity can be
accomplished by linearly constricting the dye cmlbss-sectional area, near the dye
laser axis. The flow related issues such as dyegeemetry, stagnant boundary layers,
flow velocity profiles, cavitations, eddies etc.gdade the optical quality of the lasing
medium. Thus, the issues related to the dye celingtry and the dye gain medium
flows are of the main concefor a high repetition rate dye laser. These aspwte
not been paid sufficient attention in the past. Shaineed was felt to design dye cell
and studies spectral stability of high repetitiater dye laser. The research work
presented in this thesis is primarily directed kead the understanding of narrow
bandwidth high repetition rate dye laser and thegdyveloping technology to improve
its spectral stability. The thesis is organizediime chapterdn almost all the chapters,
after brief review of the topic under investigati@xperimental data generated during
the course of investigation is presented at lenfgllgwed by discussion of results and

summary.

viii



Chapter 1: Review on high repetition rate dyelaser: Gain medium

Chapter 1 begins with an overview of dye lasers, signifiaant high repetition
rate dye lasers, and issues related to high repetiate dye lasers. The characteristics
of a dye laser gain medium are describdte physics of dye laser gain medium which
deals with the physical properties of the lasersgymdimportant classes (families) of
laser dyes that are widely used for laser appboatiare presented. Spectroscopic
properties related to the energy levels, and thssipte absorption and emission
processes that occur in the typical laser dyesvdndh are of importance in dye laser
action, are discussed. Photo-physical propertieRhafdamine 6G (Rh6G) dye, which
is used as the gain medium for the high repetitada dye laser, are briefly described.
A review of the environmental factors such as salveoncentration and temperature
effects on the absorption characteristics of Rhg&id presented. These studies help in
understanding of the photo-physics of the Rh6Gldger.

The subsequent chapters desctie studies on the investigated aspects of a
high repetition rate dye laser such as experimantthods and diagnostic tools for
analysis of the output of the dye laser, charasties of high repetition rate excitation
source, pulsed dye laser resonator, dye circulaystem, dye cell, gain medium flow,
and finally results of the experiments performedtera putting together these
components.

Chapter 2: Diagnostic techniquesfor high repetition rate dye laser

Chapter 2 coversthe diagnostic tools for data visualization/represeatatnd
formulation of the experimental technique for dyasdr spectral characteristics
investigation. A novel method for dye laser outgata presentation was proposed and
realized. The composite image generation technifore representing the spectral

characteristics of dye laser, was used for the-tnesd analysis of the dye laser



performances. Methodical formulation of the measwnet technique for spectral
parameters such as wavelength, bandwidth and miodetuwse etc., were put into
practice for dye laser spectral investigations.iggdostic technique was established for
the analysis of the spectral distribution of a higpetition rate dye laser by deriving
explicit relationship of the parameters with ringardeter of the Fabry-Perot
interference pattern and reference He-Ne laserexjression for the number of axial
modes present and their separation, by knowingdimeter of Fabry-Perot pattern,
was realized. The experimental technique for sped#scription of the dye laser beam
is also discussed in this chapter. The spectraleots and the performance of the dye
laser were investigated using high resolution specbpy based on Fabry-Perot
interferometric technique and composite image gdimer software. All major

instruments involved for the dye laser diagnostieriefly described.

Chapter 3: Review and studies on Copper Vapour L aser

Chapter 3 givesan overview of CVL, the high repetition rate extga source
for the dye laser. CVL is used as efficient exeatsource for tunable dye lasers.
Therefore, knowledge of fundamentals of this lasesn essential before its practical
application for exciting the dye laseFhe characteristics of CVL are reviewed. It
covers spectroscopy of a copper atom, energy leasts transition mechanisms,
kinetics of CVL, design, assembly details and ofiregacharacteristics of CVL. This
chapter also covers the theoretical and experirhembak done during the present
course of investigations on spectral structure ¥t @nd the effect of electrical input
power and buffer gas pressures on the spectrahwi@ther relevant CVL data such as

laser power, pulse shape, etc. are also presented.



Chapter 4: Studies on pulsed dye laser resonator

Chapter 4 of the thesis focuses @he spectral narrowing in a pulsed dye laser
resonator. A narrowband dye laser resonator is theoretically amomerically
investigated. The dye laser resonator, typicallynsists of a partially transmitting
output coupler and dispersive optical elements.a&sinort pulse dye laser, the spectral
width of the emission depends mainly on the pasbi@edwidth of the resonator.
Narrow spectral emission through a pulsed dye laserusually achieved by
incorporating a diffraction grating and a beam exjga. A prism is used as a compact
one-dimensional intra-cavity beam expander. Thegdgsarameters of the prism beam
expander, and the dispersion of the grating iniggamcidence configuration, are
numerically investigated. The dye laser dispersesonator was simplified to a two-
mirror cavity and the transmission coefficient ¢ietpartially transmitting output
coupler for optimum output dye laser power was micaly and experimentally
investigated. A novel technique has been proposesifigle 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 dgerl subsystems.
High repetition rate dye laser subsystems, typicatbnsist of a dye circulation and
cooling system for minimization of thermal effectdye cell for containing gain
medium, and a system foharacterizing the mass flow through the dye ddie dye
circulation and cooling system was especially desig fabricated, and employed for
the temperature stabilization of the dye gain medilthe mechanical pump, which is
one of the key components in any dye solution ttcn system, inherently produces
vibrations which are transmitted in the flow loogstem and hence around dye laser

axis. The frequency of the vibrations producedh®ydye circulating mechanical pump

Xi



was studied. This subsystem plays an importanttpesdrds stability of the dye laser.
The dye cell used to contain the gain medium isanthe crucial components of the
dye laser. The dye cell aspect in the dye lasdesyss explored in this chapter. A dye
cell of rectangular straight channel in the pungiae has been conventionally used for
high repetition rate dye laser to replace the dyat®n between successive pump laser
pulses. Therefore, omeeeds a suitable dye cell with smooth liquid flowthe optical
pump region. Several dye cells were designed, saimleem were modeled and flow

characteristics are numerically investigated.
Chapter 6: Studies on spectral stability of a high repetition rate dye laser

Spectralstability of atunable dye laser is of vital concern in spectrpsro
applications.In Chapter 6, the spectral stability of CVL pumped dye lasemgs
different dye cells and as a function of Reynoldsnber of the flow, has been
experimentally investigated. Influence of the dg#l geometries and mass flow rates
on the stability of a high repetition rate dye takave not paid much attention so far.
During the course of our studies, it was eviderit ttlye solution flow channel and
mass flow rates significantly affect the dye laperformance. The spectral stability
(wavelength, bandwidth) of dye laser using conwai straight channel, curved
(convex-concave), pinched, and spatially profilemhwex-plano dye cell in narrow
bandwidth resonator were investigated. The metlogyoadopted for the investigation
is spectral stability of the dye laser outputss iemonstrated that the geometries of the
dye cell as well as mass flow rates significanffe@ the spectral stability of a high
repetition rate dye laser. Computational analysihe dye laser gain medium flow has
been carried out to explain the observed trendspestral 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 dyeslarnhigh repetition rate
excitation is of fundamental importance in theizdition of dye as a stable and good
optical quality amplifying medium. Il€hapter 7, the fluorescence characteristic of
Rhodamine 6G dye, under high repetition rate ebioita was experimentally
investigated in stationary and flowing dye gain mmed A commercially available
spectrometer, along with specially developed diafos software described in Chapter
2, was used for the investigation of fluorescenméssion fluctuations. An estimation
of the peak wavelength, spectral width, and aredeumhe widths of an individual
spectrum were carried out from the composite imaigthe recorded spectra. It was
observed that the spectral width broadened ande ldigctuations are visible in

stationary solution as compared to dye flowing medi

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

laser

In Chapter 8, theoretical and numerical investigations of tlye dain medium
inhomogeneity induced by high repetition rate etmih, and its influence on the
spectral emission are described. The thermo-oppoaperties of a narrow spectral
width CVL pumped dye laser were experimentally stigated by changing the dye
gain medium temperature from 23-86. The dye laser output parameters such as
average optical power, spectral width, wavelengthd beam divergence were
experimentally investigated during the dye solutiemperature rise from 23 to $6.

The dye laser optical characteristics through gamedium bulk temperature

stabilization were also experimentally investigated
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Finally, in Chapter 9, a summary of the work carried out during the cowfse
investigations is given. This chapter also providdsief discussion about the scope of

further work in this field.

In summary, the present thesis comprehensivelysiigages the issues coupled
with high repetition rate dye laser, which incomes studies on inclusive dye laser
system i.e. gain medium, resonator, excitation@@utiagnostics 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 medim

1.1 Scope of the work

Lasers have become an integral part of life. Wiiley appear in different
aspects of our regular activities like shopping &signing to music, they play a vital
role in the industries and hospitals improving gyabf our life. The technique of
making laser light involves various technologichblienges, including tailoring the
properties of light according to the specific neddany practical applications require
high output power, high efficiency, good beam dyaland, more importantly,
wavelength tunability. Development of such tunalalger sources, catering to ever-
demanding spectroscopic applications, is a verweadteld of research [1.1]. Ever
since the invention of the laser, there has alw@een a great deal of interest in the
development of continuously tunable coherent lghirces. Such sources had a great
impact not only on research and industry, but alsthe society as a whole.

Tunable lasers are among the most studied and successful lasels These
lasers are categorized into group of broadly tumabiscretely tunable and/or line-
tunable [1.1]. Broadly tunable lasers are the ssmuraf highly coherent emission in
which the output wavelength can be changed contisiyp without discontinuous
changes in output power. The organic dye lasemmnuanly known as dye lasers, are
the first broadly tunable laser [1.1]. Continuouavelength tunability, efficient narrow
bandwidth operation, wide spectral coverage anglsiity had made the organic dye
lasers to create profound impact on a plethoraiedid [1.1-1.2]. Dye laser spectral
tunability from near ultraviolet (UV) to near infed (IR) is possible by the existence
of hundreds of laser dyes as well as the avaitgbdf optical pump sources of

appropriate wavelength [1.1-1.7]. The tuning raafydye laser can also be extended to



UV and IR ranges by frequency mixing in nonlinegtical materials. Tunable
operations are available from broadband to narrodbsingle mode, by virtue of
variety of optical resonators [1.4, 1.7]. Due tedé varied characteristics, the dye
lasers had been very efficiently applied to physiestronomy, spectroscopy,
photochemistry, isotope separation, material diaio®, medicine, etc [1.1].

Optical parametric oscillators (OPOs) offer attnactalternative solution to
obtain tunable coherent radiation in spectral negis00 < A < 3000 nm [1.1]. These
days, OPOs are emerging as compact, state-of-thalasolid-state, tunable light
sources, alternative to the conventional dye Ia&erOPO relies on a nonlinear optical
process termed as parametric down-conversion. Pphixess can only produce
significant output when a so-called phase matchodition is satisfied. Despite their
remarkable capabilities, as demonstrated in yefamssearch, the OPOs have so far not
found widespread use in commercial products. Somthe reasons for this are as
follows

(a) Containing at least pump laser, OPO and a teahype-stabilized crystal
oven, hence parametric oscillator systems are cmwrglex than pure laser systems,

(b) The requirement for phase matching makes tleeabipn more delicate than
laser gain media, which are usually more tolerarterms of crystal temperature. The
OPOs requiring a temperature-stabilized oven ferctlystal are certainly less attractive
for many applications due to the complexity, hassigation, etc.

(c) Some nonlinear crystal materials are hygroscapid some are difficult to
obtain with robust anti-reflection coatings

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

In spite of all these, for spectroscopic applicagidlemanding considerable wavelength

range, an OPO system would be a most attractiverofit.1].



The landscape of tunable sources seems to chamgdydeith the advent of
supercontinuum sources, which offer broadband alpattoherent light covering the
whole visible and IR spectrum (400-1800 nm). Howgetleese sources still have low
output powers per unit nm (typically, mW/nm) and aot very useful whenever only a
specific spectral region has to be addressed, sinttat case only a tiny fraction of the
light is available after filtering.

Tunable organic solid-state dye laser devices H@en worked so far best in
the low pulse-repetition-frequency (prf) operatiodamain and are mostly suited for
analytical applications in the laboratory [1.2].\M@®pment opportunities, for narrow-
linewidth solid-state oscillator-amplifiers systelalivering Joule level pulsed energies,
still remains [1.1-1.2].

Therefore, liquid organic dye laser is probably iti@st conceptually simple and
reliable tunable laser source, operating at higheprepetition frequency, in the visible
regions. Moreover, dye laser based on liquid sougiossesses unique advantages such
as excellent solubility of dye, low laser thresholdde tuning range, long service life
and homogeneous optical quality medium. In liquiek daser, dye gain medium is
easily cooled by a dye solution flow system. Thatspresent there is no substitute for
the liquid dye laser operating at kHz repetitioterand delivering high average power
for the pilot product projects. This is the reasdny the liquid dye laser had been the
most commonly used coherent tunable radiation gsuirt various fields over the last
four decades.

Dye lasers have been around nearly as long asisee itself. As a result, there
is now a wide range of commercially available testbgies meeting the diversified
needs of applications [1.1]. Indeed, nature of d@pplications dictates the use of a

particular laser system. The suitability of a lasgstem to a given application take



account of spectral region, tuning range, outpwigyoor energy, emission linewidth,
pulse duration and pulse repetition frequency ésecof pulsed lasers). The dye laser
continues to offer unique and exciting tunable ceheradiation directly in the visible
spectrum, specifically, in the applications likeraic vapor laser isotope separation
(AVLIS) schemes which require high average powér8-[L.12]. The necessities for
such dye laser [1.11] are narrow linewidth (few Gltz separate the absorption line
betweer*®U and?**U (isotope shift), high repetition rate (few kHp)fully illuminate
high speed uranium vapor stream and high averageemptor efficient separation.
Additionally, these schemes require that the dgerlautput such as wavelength and
spectral width should be stable over sufficientng-time. The typical tunable laser
parameters needed for this scheme is summariskabile 1.1.

Table 1.1 Typical laser parameters required for AVLIS scledih11]

Laser characteristics Requirements Remarks

Pulse duration 20-200 ns Short in comparison witiméc state lifetime

Pulse repetition 10 kHz Adequate to illuminate the entire flowingroa

frequency

Pulse energy 0.1-1J Pulse energy sufficient taratd 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 lagstes is essential for an

application requiring high pulse repetition freqogand high pulse energy.



In the last few years [1.1], a huge progress isemnad the dye laser pump
sources such as frequency doubled crystallinedasehnology, both in repetition rate
and average power. The most recent work by Yu-Ya Et.13] and references there in
account for availability of an average power 165gvgen laser (wavelength 532 nm,
pulse width 162 ns, pulse repetition rate 25 kHg)elmploying intracavity frequency
doubling of a diode-side-pumped double Q-switchethposite ceramic Nd:YAG.
Frequency doubling of fiber lasers, whose mosthefwavelength lie in the infrared,
can provide laser output in the visible. For exampl neodymium doped fiber laser
operating at 1064 nanometers can be frequency édubl emit in the green at 532
nanometers. However"®harmonic efficiency is poor due to large bandwidfHiber
lasers. Recent reports [1.1, 1.14] demonstratedirigeedge scientific applications of
fiber lasers systems.

All these sources are reliant on nonlinear conearstages (i.e. through
indirect processes) and hence add to system coityplekherefore, despite the
enormous development in solid-state laser sourocmgsper-vapor-laser pumped dye
lasers emitting in the 565-605 nm region continaebé rather unique sources of
tunable narrow-linewidth coherent radiation givdreit capability to reach high-
average powers at repetition rates in the kHz redib.2-1.3]. Though mature
technology exists for CVL pump dye laser oscillaasrwell as MOPA system, it has
been well recognized that thermal problem creatsrbmstability and are of the main
concernfor application of such high repetition rate dysdes. In high repetition rate
dye laser, issues of spectral stability linked wdge cell flow channel geometry, gain
medium inhomogeneity and flow characteristics drarho-optics properties were not
been paid sufficient attention in the past. Thaeefon the present work, in-house

developed CVL pumped dye laser is being considdoedfurther technological



advancements in terms of spectral stability. Swd@ the related crucial issues
associated with high repetition rate dye laser Haean taken up for the investigations,
which constitute the present thesis.

A brief review of visible dye laser gain medium ploal, spectroscopic
properties and photo physics of Rhodamine 6G dye,miost commonly utilized in
high repetition rate operation, is presented insthigsequent sections of this chapter.
1.2 Physical properties of dye laser gain medium

Organic dye molecules are complicated structuresposed of a large number
of atoms of several species, which impart coloth® otherwise colorless material.
However, the main characteristic of such organimpounds is to have a strong
absorption band somewhere in between ultravioléh¢onear infrared regions [1.16].
The absorption distinctiveness of the dye is degiatia a unit(s) called chromophore
(color-bearing group). In addition to chromophoresyst dyes also contain groups
known as auxochromes (color helpers), examples lotlware carboxylic acids,
sulfonic acid, amino, and hydroxyl groups. Preseoicauxochromes, which are not
responsible for color, can shift the color of actaht. Based on the molecular structure
and other properties of thousands of organic dyasadle, only some of the dyes meet
the stringent criteria for becoming useful lasereglywhich have the following
characteristics [1.16-1.24]:

* High solubility in practical solvents

» Strong absorption at excitation wavelength anchimal absorption at lasing
wavelength, i.e., minimum overlap between absonpéiod emission spectra

* High quantum vyield (0.5-1.0)

» Good photochemical and photophysical stability

* A short fluorescence lifetime (few ns)



* Low absorption in the first excited state at pluenping and lasing wavelengths
» Low probability of intersystem crossing to thiplet state
* High purity

Generally, laser dyes are complex molecules cantia number of ring
structures. The laser dyes can also be categontedlifferent classes on the basis of
their structures that are chemically similar. Thaugure and composition of the
molecule has an important influence on spectrabmg®n/emission characteristics.
Coumarins, boron-dipyrromethene (also known as Pyésd and xanthenes are
important classes (families) of laser dyes that ewextensively used for laser
applications. Succinct structural preface of thiaseilies of laser dyes is presented for
completeness.
1.2.1 Coumarin dyes

It consists of a benzene ring to which a benzernerbeycle, has been fused.
Coumarin derivatives with an amino group in theogipon are very efficient laser
dyes in the blue and green regions of the specfiu®23-1.24]. A number of derivates
such as Coumarin 1, Coumarin 153, Coumarin 480,n@omn 481, Coumarin 503,
Coumarin 521 etc. are the most commonly used Caonues. Fig.1.1 depicts a
typical (a) structure of Coumarin dye [1.23], (ysarption, fluorescence and triplet-
triplet absorption spectrum of the Coumarin 12026). It's spectroscopic and,
consequently, laser-action characteristics stronggpend on the nature of the
auxochromes such as —OH, —OCHS3, —-NH2, -NHCH3, —N(j2Hnd other electron-
donating substituent’s in the 7-position in thegri€oumarin dyes have the tendency

for low photostability and degrade due to UV absomp



H
"N 0 m o

R 5(’ 0 R 5 - N 0. O HaN 00 ?
- | 1 Ej;’j :
Rs # R3 RN \ CHs i
CR, CR, - 5 ;
o [} =
a b = s z
:; FL ‘\\ z

(a) %

0 L . . f
250 300 350 400 450 500 550 600 650
WAVELENGTH A (nm) ———»

(b)

Figure 1.1: (a) General chemical structure[1.24], (b) Absorption, fluorescence and triplet-
triplet absor ption spectrum of the Coumarin 120 [ 1.26]
1.2.2 Pyrromethene-BE (PM-BF,) dyes
Pyrromethenes are composed of dipyrromethene caegbhleith a disubstituted
boron atom, typically, a BFunit. The PM BE are an important class of laser dyes.
They are fluorescent in the green-yellow visiblgioa of the electromagnetic
spectrum. The properties of these dyes can be madulto some extent by
incorporating the adequate substitution in the wowdbe structure of the parent
chromophore. The general structure of PM dye isvshn Fig.1.2 (a) while their
typical absorption, fluorescence and triplet-tribsorption spectrum in Fig.1.2 (b). A
PM-BF, is a highly efficient laser dye, which has lowergystem crossing rate,
reduced triplet absorption coefficient, low excigdte-absorption coefficient, and high
fluorescence quantum yield. Unfortunately, it iekatively unstable laser dye because
of the presence of aromatic amine groups in itsctire that leave it vulnerable to
photochemical reactions with oxygen. PM567, PM5&0 BM597 are the most studied

dye in this family.
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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 xantheeg, eyhich are cationic dyes
derived from the xanthylium ring with two amino gps at the 3- and 6- positions and
a pendant ortho-carboxyphenyl group at the ce@®atarbon, as shown in Fig.1.3 (a).
Fig.1.3 (b) shows the typical absorption, fluoresee and triplet-triplet absorption
spectrum of Rhodamine dyes. They cover the greeedgortion of the spectrum and
generally have good photo-stability [1.28]. The welangth of the most intense
fluorescence depends on the length of the chromephwith longer chromophores
giving rise to longer wavelength emission. Rhodants, Rhodamine B, Rhodamine

640 and Rhodamine 110 dyes belong to this family.
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Figure 1.3: (a) General structure of Rhodamine dye, (b) Absor ption, 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 iromraon plane linked by
bonds while = bond is formed by the lateral overlap of theelectron orbitals. The
electrons have a node in the plane of the moleanteform charge cloud above and
below this plane along the conjugated chain [1.T®le n-bond is responsible for a
variety of properties, such as thersional rigidity of a double bond but more
importantly for theelectron delocalization along the backbone of the molecule. This
extended system of conjugated bonds not only hasoBound effect on chemical
reactivity, but also influence the spectroscopioperties. The basic mechanism
responsible for light absorption by compounds doimg conjugated double bonds is
the same, in whatever part of the spectrum thesepoands have their longest
wavelength absorption band, whether near-infrakesiple or near-ultraviolet. The
absorption and fluorescence spectroscopic progedieorganic compounds are very
well documented [1.29-1.33].

Electronic levels in organic molecules, similar @oms, consist of discrete
energy levels, E E, . . . Dye molecules have two set of electroratest, one is singlet
manifolds and other is triplet manifolds (referieslS and T). The five most important

states required for a description of the dye lager shown in Fig.1.4 (a).0Ss the
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ground state, Sand $ are the first and second excited single statearid T, are the
first and second triplet state of the dye moleckkch electronic state has a number of
vibrational levels superimposed on it. For dye rooles, the average separation
between the vibrational levels is generally in t#200-1600 crit range [1.20]. In
addition, each vibronic level has closely spacddtimnal levels superimposed on it.
These rotational levels are broadened by frequahsions with solvent molecules and
form a near continuum between each vibrational lleVdis gives rise to the
characteristic broad, structureless absorption emission bands in the electronic
spectra of dye molecules in solution [1.11]. Tkislepicted in Fig.1.4 (b). At the room
temperature (k& 200 cm), most of the molecules are in the lowest vibraidevel

of &, if the ground state ¢Sof the molecule is in thermal equilibrium with its
surroundings. In transition from, $ various rotational-vibrational levels of thecégd
singlet states$S;, $ ..., the electron maintains its spin orientatioraccordance with
the Franck-Condon principle. These processes egfdo as the singlet—singlet (S-S)
absorption. Depending on the wavelength of exocitatithe dye molecule may be
excited to the first excited singlet state or higbecited singlet state, from which they
relax rapidly through nonradiative transition withpicoseconds [1.16, 1.21] to the
lowest vibronic level of § These times are very short in comparison toitegéme of
the S state, which is of the order of nanoseconds [1.I6¢ relative probabilities of
these different modes of de-excitation are goveilmethe structure of the dye and the

properties of the solvent used [1.16-1.19].
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Figure 1.4: Smplified typical (a) energy (Jablonski) diagram[1.26], (b) energy band diagram

Besides the nonradiative decay of the excited singflate & directly to the
ground state, a molecule may enter into a trigkgesnvhere electron also switch its spin
orientation. These radiationless transition ternmtel system crossing, can be induced
by internal perturbation (spin-orbit coupling, stifaents containing nuclei with high
atomic number) as well by external perturbatioreggmagnetic collision partners, like
O, molecules in the solution or solvent moleculestaimmg nuclei of high atomic
number) [1.16]. Accumulation of molecules in théplet state T by intersystem
crossing leads to subsequent optically allowed->T, transition, which partially
overlaps the §&-S, fluorescence spectrum. The transition figm> S, involves
flipping its spin and is a relatively slow proceddie triplet state life timer; is
relatively long [1.22] (usually in the 7o 10° s range), depending on the environment
of the dye. Thus intersystem crossing (and triglate absorption) of dye molecules can
reduce or cancel the laser gain and the populafi&.

The other bands placed in the UV region are dubdcelectronic transition to
higher excited states, i.e., th® electronic state. The fluorescence band is nehdy
mirror image of theS, - S, absorption band. Ground state absorption at lasing
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wavelengths is due to the partial overlap of flsoence and absorption spectra of the
dye. This absorption arises from the molecular petmn in the higher vibrational-
rotational levels of &

1.4 Photo physical properties of Rhodamine 6G dye

Rhodamine 6G (Rh6G), also called Rhodamine 590rickepis the best known of all
laser dyes. It is a xanthenes derivative, ionic highly polar dye. The Rh6G dye
exhibits an absorption peak in ethanol at 530 ntchafluorescence peak at 556 nm. It
has a high fluorescence quantum vyield of 95% [1.84pw intersystem crossing rate
[1.35-1.36], and low excited-state absorption [L.3hese properties made it a highly
efficient dye for laser applications. Therefore,istthe most widely studied and is
regarded as the yardstick for laser dyes. Thusubsequent discussion, in this thesis,
Rh6G is taken as the gain medium for the dye IdSgrl.5 depicts (a) the chemical
structure, and (b) the typical molecular 3D arranget of Rh6G dye. Fig.1.6 shows
the typical (a) absorption, (b) absorption, flu@essce and triplet-triplet absorption

cross-sections of the Rh6G dye.
HsC2oHN ‘ NHCsz
HsC ‘ CH3
‘ COOC2Hs

(@) (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 absor ption
cross-sections of the Rh6G dye [1.17]

The environmental factors such as the solvent, exnation of the dye and
temperature can appreciably affect the photo-pBysiclaser dyes. Therefore, brief
review of the solvent, concentration and the terajpee effects on the photo physical
properties of the dye gain medium is described farthe completeness.

1.4.1 Solvent effects
In general, the dye lasers use a lasing medium osetpof a complex fluorescent
organic dye whose relative amounts can vary coatisly up to the limit of solubility
(saturation in certain solvent). For this reasdm, $olvent plays a major role on the
photo physics of the dyes. The solvents for diseglerganic dyes may be divided into
three main categories [1.38]:
(@) Simple organic solvents e.g., methanol, ethaatilylene glycol, etc., or their
admixtures,
(b) Water based solvent, e.g., pure water or watercbaskitions such as ammonyx
LO (lauryl dimethylamine oxide), Triton-X100, uretc.,
(c) Mixture of water based solvent and organic sots, e.g., ethylene glycol/ammonyx

LO etc.
14



The solvent used for dye laser must possess tlosvio essential properties:
* The dye should be soluble in the solvent
* The solvent must be transparent both to the purdgathe dye laser radiation
* The solvent must be photo-chemically stable wheosed to the pump light
The effect of the solvent on the absorption andoriscence bands of a
chromophore can be divided into the general effactd the specific solute-solvent
interactions. The general solvent effect is a cqusace of the solvation of the dipole
moment of the chromophore in both the ground aerce#tited states [1.39-1.40] and is
associated with some macroscopic properties o$dhent, such as the solvent polarity
or solvent dipolarity/polarizability. Specific sd@isolvent interactions depend on the
nature of both partners that includes solute-sal¥ebond interactions and any other
kind of solute-solvent complex formation (chargaasfer complexses, exciples, etc.).
The specific Rhodamine-protic solvent interactifing1-1.42] are
() H bonding between the hydroxyl group of the prsittvent and the electron lone
pair of the amino group. This interaction preveitts participation of the amino
electron lone pair in the-system of the xanthylium, which causes a spestrii to
higher energies.

(b) Electrostatic interaction between the positive gbar of the iminium group of
Rhodamine with the electron lone pair of the hygtogroup of the solvent. This
interaction stabilizes the resonance structureadlitg to a bathochromic spectral
shift.

(c) Solvation of the carboxylate group. This interagtiprevents the intramolecular
electrostatic interaction between the xanthyliuraifpee 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 monoethyla Rhodamines and the
electron lone pair of the hydroxyl group of thevgwit. This interaction increases the
electron density of the amino group, favoring tleéodalization of the amino electron
lone pair throughout the xanthenes ring, which $gada bathochromic shift.

The lasing efficiency of Rh6G based on agueoudisolis low, in spite of very
favorable thermo-optical properties of water. Thainmreason for the reduction in the
efficiency of lasing in agueous solutions of dydhe aggregation of the dye molecules
[1.43-1.44] producing nonluminescing complexes he form of nonradiative dimers.
Measurements have shown that the quantum efficieh@n aqueous solution of Rh6G
falls to 0.4 in the range of working concentratiowbereas in an ethanol solution, where
the association of Rh6G molecules is slight, it ante to 0.98 [1.16]. However, water-
based dye solutions with de-aggregating agentd) siscsurfactants [1.45] and other
additives were used for dye laser [1.46]. Heavyewatased solutions of Rh6G has been
shown superior to both ethanol and normal watedvesd on account of the lower
thermo-optic effects and higher photostability agdr dye when dissolved in heavy water
[1.47].

In this thesis work, the normally utilized orgamiglvent ethanol was used for
most of the studies unless otherwise stated. Ferstke of completeness, absorption
characteristics of Rh6G dye in other organic sdisefnom low to high viscous medium,
like methanol, ethylene glycol and glycerol arepatssestigated. Commercially available
UV-visible spectrophotometer was used for absorbameasurement of Rh6G dye in
methanol, ethanol, ethylene glycol and glycerolsddbance in the range of radiation
400-600 nm in these solvent is presented, as éxeitgource (CVL) for dye is in the
visible region. It is obvious that Rh6G in ethasbhbws largest absorption among others.

Furthermore, peak wavelength absorption and abear@t excitation wavelength of
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CVL (510.6 nm) was analyzed. Fig.1.7 (a) showsudgation of maximum absorbance
of Rh6G in methanol, ethanol, ethylene glycol amgceyol with wavelength, while
Fig.1.7 (b) shows the absorbance at 510.6 nm ieetlslvents. These experimental

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

Solvent

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

1.4.2 Concentration effects

The shape of the absorption spectrum of Rhodamaotesiges with the
concentration of the dye [1.48]. For dye such a8®han increase in the concentration
implies an aggregation of the dye that causes dsamg the absorption spectra
(methachromasy effect) and on the fluorescencedieg [1.49-1.50].

Organic dyeshave a natural tendency form aggregates [1.18-1.19] in the
solution, because of their typically flat geometrid$e color, physical properties such
as the solubility and photo physical behavior otslyare affected due to aggregate
formation [1.51]. Aggregation can cause to loss in main absorptiamd band the
observation of a new band relative to the monomayie absorption. Aggregation is
promoted by increasing the dye concentration inlati®n or lowering the temperature

[1.16]. Increase of dye concentration; produce fitrenation of dimers, trimers or
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higher aggregates [1.51-1.53]. The equilibrium leetwvmonomers and dimers shift to
the latter with increasing dye concentration andhwiecreasing temperature. The
dimers usually have a strong absorption band atteshavavelengths than the
monomers and often an additional weaker absorgieomd at the longer-wavelength
side of the monomer band [1.16]. The dimers aregdly only weakly fluorescent or
not at all. They constitute absorptive loss of pwenp power and also increase the
cavity losses owing to their long-wavelength ab8ormpband, which is in the same
region as the fluorescence of the monomers [1.Fgjart from the concentration, the
change of solvent from polar to less polar or wieesa will also affect dye aggregation
or de-aggregation. The aggregation of dyes in agusolution can be suppressed by
the addition of organic compound, which form a cageund the hydrophobic dye
molecules and thus shield them from each otheffranad the water [1.18].

The dye concentration also affects the fluoreseaharacteristics (wavelength,
guantum vyield, and lifetime) of laser dyes, notyodiie to a possible dye aggregation
but also because of reabsorption and reemissionopiena. Reabsorption/reemission
in any concentrated system, where absorption andsem band overlaps, affects
fluorescence (and hence lasing properties). Thease in the dye concentration causes
a shift in the fluorescence band to lower enerdamsecutive reabsorption/reemission
processes lengthens the mean time in which theaulele are in the fluorescent excited
state, thus increasing the life time.

Several types of excited state solute-solute inteEmas are common at high
solute concentrations. The aggregation of exciteldits molecules with unexcited
molecules of the same type may result in new excitelecules called excimer, which
may either not luminesce, or may luminesce at lofn@guency than the monomeric

excited molecules. As excimer formation takes piacthe excited state, a shifting of
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fluorescence spectrum is observed. However, afigordscence, the deactivated
polymer (which is unstable in the ground state)idigpdecomposes, and hence the
absorption spectrum does not reflect the presericéhe excited complexes. A
fluorescence quenching takes place due to theidateoh of the lowest excited singlet
state by interaction with other species in the tsmiu

The active media of dye lasers normally use comatsd dye solution. Indeed,
diluted solutions of laser dyes do not give lasgnas because the losses in the
resonator are higher than gains. However, at higbacentrationthe pump beam is
absorbed in a very thin region close to the dye walll. This leads to a larger
divergence in the horizontal direction (transverséhe direction of propagation of the
dye laser beam), resulting in a low feedback edficy from the output coupler [1.54].
Thus, at higher concentration, the laser efficiedegreases due to aggregation as well
as diffraction losses. However, at optimum conedian, which depends on the nature
of the active medium and on the experimental camtst the system can give rise to
maximum laser output power. Measurement of absmrptharacteristics of Rh6G in
ethanol at 0.1, 0.6 and 2.0 mM has been carriedragitl.8 shows the typical variation
of absorbance of Rh6G with (a) wavelength, at 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
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Figure 1.8 (b): Typical variation of absorbance of Rh6G with concentration, at 510.6
nmand 530 nm

1.4.3 Temperature effects
In a dye laser, using dye solution as gain meditine, performance is
significantly affected by physical properties oétllye solution. The physical property

of the dye solution is mainly governed by solvenbperties. Temperature of dye
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solution influences photo physical properties oé dg well as solvent in many ways,
with practically no thumb rules. Temperature plags important role in the

performance of dye laser. Apart from the dye soluphysical properties (e.g., spectral
range, viscosity), refractive index of dye solutisralso affected by temperature [1.55].
Variations of the refractive index with temperatur8uence the spectral properties of
the dye laser. The refractive index of thermal iarign organic dye solutions, arises
from non-radiative energy transfer from the dye evales to the solvent molecules,
therefore, strongly governed by the thermo-optiapprties of the solvent. El-Kashef
[1.56-1.57] had theoretically and experimentallyastigated the dye solution refractive
index and its thermo-optic constants extensivelydaAfanging results on macroscopic
and microscopic parameter of the dye solvents weakzed for thermal analysis of dye
laser solutions media [1.56]. Apart from these rmscopic refractive index

modulations, temperature has many more effects ioroatopic molecular levels too.

The temperature also perturbs the solvation enezggited state reactions, solute-
solvent caging and the rate of non-radiative preegswhich in turn influences the dye
emission characteristics. In this way, refractivelex and thermal coefficient of

refractive index are considered as decisive fadimrgdhe gain medium properties of

dye lasers [1.58].

The absorption characteristics of Rh6G dye in aethaalvent was investigated
at different temperature. Fig.1.9 shows the typi@lation of Rh6G absorbance with

temperature, at (a) 530 and (b) 510.6 nm.

21



At 530 nm _ At 510.6 nm

S 1.454 1 =
& ] . 0.64 1 u u
(0]
© 1.40 . 1 -
8 ] o ~ 0.62
= N S
3 1.35- S 1
2 @ 0.60

1 o
S 1.30- g
% S 058+
° 2 ]
Z 1.254 £ 0564
S
< l
8 1.20- 0544

18 20 22 24 26 28 30 32 34 36 38 18 20 22 24 26 28 30 32 34 36
Temperature (°C) Temperature (°C)
(a) (b)
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 importanceligfid dye laser are
described. The recent technological advancementhisnfield are reviewed briefly.
Properties of dye gain medium and criteria for Ibeiog laser grade dye are explained.
Succinct introduction to structural and spectrareleteristic of widely used dyes such
as Coumarin, Pyrromethene and Rhodamine familiepegsented for completeness.
Spectroscopic characteristics and pathways forta@n and radiative/nonradiative
deactivation of singlet and triplet states of oligamolecules are understood through
simplified energy (Jablonski) diagram. Photo phgsiproperties of Rh6G are
investigated. Influences of solvent, dye concemnat and temperature on
absorption/emission properties of Rh6G dye areemed and measurement of
absorbance in various organic solvents such asamethethanol, ethylene glycol, and
glycerol are carried out. Effects of concentratiand temperature on absorption
characteristics of Rh6G dye in ethanol are investig. These studies on gain medium
will help in understanding the results on high témma rate dye laser, considered in the
later chapters of this thesis work.
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Chapter 2

Diagnostic techniquesfor high repetition rate dye laser

2.1 Introduction

Knowledge of dye laser output characteristics iorglong period of time is
extremely important because of its practical retheea There are many applications of dye
lasers in which optical stability is of prime impamce. Therefore, the acquisition,
presentation and quantification of dye laser patarsesuch as optical average power,
temporal and spectral characteristics, etc. arenéiss issues. The spectral structure of a
dye laser is characterized by its wavelength amdtsal width, also known as bandwidth
or linewidth. Diagnostics of spectral charactecisbver the period of time, needs user
friendly programmable software for acquisition afde number of sequential data and
software for its presentation and analysis. Thewe r@o techniques available, either
commercially or in the literature, to present dgselr output data over the specified period
of time. Also, literatures lacks in diagnostic nuth for computing the number of
sequential data. In this thesis, a novel indigertegbnique for data acquisition, storage
and diagnostic of the dye laser output has beeposex and very effectively utilized for
precise measurements of the output characteriesa long period of time.
2.2 Review of dyelaser data presentations

Pulsed dye lasers usually have mode structures2[2]1 which show inherent
pulse to pulse fluctuation/instability in the spatstructures. Kajavat al [2.3], in a study
on dye laser, have observed that the spectraltgsteuand intensity fluctuate from pulse to
pulse. They presented dye laser spectra of 8, 82,60 pulses, in which subsequent laser

pulses were superimposed on each other. Howesgevisiial inspection does not provide
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any additional information from the representatmintime averagegulses. Pease and

Pearson [2.4] have observed the mode structuréuitions and pulse to pulse dye laser
spectral instability, in high repetition rate dyesér. They presented random individual
pulse to pulse fluctuations as a set of spotsgragh.

To investigate the dye laser with excellent stagstacquisition of large number of
profiles are needed for better understanding ofotlitput characteristics. Using computer
graphics facilities, information can be inferred dnawing superimposed line plots of the
signal acquired through 1-D array of photodiode€6D camera. For the ideal signal, all
line plots should lie on the top of one anotherhimitthe noise (random) band. This
technique is adequate for small variations in patans, but provides visually confused
information for line plots having large variatiomsit. Situations aggravated when signal
contains multiple peaks. Furthermore, in these soypesed line plots, time information is
completely missing or lost. However, the time imf@ation can be represented by drawing
a plot in a specific color or shades but it isidifft to remember color for each line plots.
The problem of handling large numbers of line plgectrums or traces) having large
variation requires a new representation. Therenaresuch techniques available in the
literatures to present large number of spectrdilprof the tunable dye lasers. Therefore, a
novel indigenous technique for spectral data repragion has been proposed and
implemented to investigate the spectral stabiligroshort/long period of time [2.5]. In
fact, this techniquas universal and can be used to acquire and anatyaey laser
parameters; however, in the present thesis, thguarntechnique is extensively used only

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

Modern scientific image acquisition system typigationsists of tailored optical
and electronic components. In the present workadguire an image a high resolution
temperature compensated 12 bit digital CCD canteiee(Fly, PCO) [2.6] interfaced with
the personal computer is used for the dye lasea datjuisition. The CCD has spatial
resolution of 6.4pum x 6.4 um without binning. This camera has also facility of
programmable binning, which can be used to enh&feratio of the image. The short
exposure time of the camera enables to capturelgfa very fast phenomenon with
minimum dark current noise.

PROMISE (PROfile Measurement ofmage Size & Enhancement), a graphical
user interface (GUI) based software, devised byaVi@r7], has been comprehensively
used for the dye laser investigations. This soféwhandles image up to 16 bits of
resolution. To achieve high precision measuremenisibers of special modules has been
incorporated in th€ROMISE This software has many unique features like geroeratf
master dark frame and subtraction of self-generdta#t current from the signal. This
improves the S/N ratio of the CCD and hence thesomesment accuracy. Each pixel’s dark
current was captured by taking an exposure (with same chip temperature and
integration time) without the incoming light (caraeshutter closed). The dark current was
subtracted from the actual image, pixel by pixelyield the true signal.

Noise (random, hot pixels etc.) is an integral pathe digital imaging system and
provides ambiguity in the measurements. Populagraramable spatial image filters [2.8-
2.9] werealso incorporated for noise removal and smoothirgitnage. A special type of

low pass Median filter was incorporated in the wafe, which removes isolated noise
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effectively but does not blur the image and atdhme time retains maximum information.
This also diminishes the peculiar electromagnetiterference (EMI) pickupduring
recording of image caused by associated high velfagver supply system used in the
experimental laboratoryThe fast switching (~100 ns rise time) of pulsenfimg network
associated with electrical power supply, for higpatition rate excitation source (copper
vapour laser), generates the peculiar noise white wicked up by the signal cable linked
with diagnostics instruments. These kinds of noisa&ge been effectively and routinely
removed using single pass median filter availabliné software.
2.4 M ethodology adopted for spectral investigation

While investigating tunable laser characteristitss essential to know precisely
the spectral profile (wavelength and bandwidth).nAmber of methods for spectral
measurement have been reported in the literatul®{2.16]. For absolute accuracy and
high precision measurementsterferometer based techniques are normally u3ée.
spectrum can be measured accurately by variouseewuch as a very high-resolution
spectrometer [2.17], Michelson & Michelson-type erfierometers [2.16, 2.18-2.21],
Fourier-transform spectrometer [2.22] based orMizhelson interferometer, polarization-
sensitive interferometer [2.10], Fizeau interfertene[2.11] and Fabry-Perot (FP)
interferometer [2.12]. The Fabry-Perot interferoendFPl), designed by C. Fabry and A.
Perot, represents a tool essentially to study saeatofile, and can be used with detector
to resolve fine spectral details [2.23]. The fringeverning equation represents the
equation of a circle, hence fringes appear circtdathe observer /detector. Therefore,
diameter of fringe takes account of spectral infation and has been used for spectral

characterizations such as wavelengths and band{@d24]. It determines wavelength to
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any adjusted accuracy by choosing the single orbawettion of several FP etalon with
different free spectral ranges (FSR). Byaral [2.12] have presented the successive
method of wavelength determination through a se¢tafons, such that an approximate
wavelength value available from the lower resolutetalon was used to determine the
order number integer for the next high-resolutidala with which the closer value of
wavelength can be obtained. These methods recharéhermal stabilization and precise
calibration of etalon constant§o avoid this cumbersome process, an alternativiaode
has been used in which a frequestgbilized He-Ne laser was employed as a reference,
along with single FP etalon for the precise meanergs [2.14, 2.23].

2.4.1 Theor etical formulation of the spectral measur ement

Through FP etalon of spaciny diameterD ,of the §" interference ring, when

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

, _4f2A(p-1+¢)
D2 =
ud

p=12.. 2.1)

whereyu is refractive index of medium at wavelengtlande (0 < ¢ < 1) is the fractional

order number at the centre of the fringe.

Again using interference condition for etalon [J,24le have

2u,d=A (m +¢), 2ud=A(m+¢) (2.2)
where 4, is the refractive index of air at the wavelength €, (O <Eg < 1) is the fractional

order number at the centre of the fringe for thferemce laserm and m are the order

numbers of the first (inner most) fully formed Fih@e of the reference laser and the dye

laser, respectively.
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If D,is the diameter of the first FP fringe of the dgedr, D,, and D,, be first and
second diameter of reference laser at waveledgtithen from equations (2.1) and (2.2),

explicit expression for the dye laser wavelendthin terms of rings diameters, can be

written as [2.25]

g
The equation (2.3) indicates that the wavelengtlyef laser increases as the diameter of
the FP fringes decreases and vice versa. Thelimt&elength was measured using
monochromator, which was used for the calculatibarder m at the centre of the fringe.
The fractional order at the centre of the fringa ba obtained from the plot of square of

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

number axis ifl-¢). The fractione and hence the values, and m using equation

(2.2) for known value of FP spacing, can be easlgulated. Therefore, wavelengithof
dye laser can be easily computed by directly mé&aguhe rings diameters of the FP

fringe, using equation (2.3).

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

the diameters of different orders of the fringesng the following relatiof2.26]

2 _ 2
Av = FSR * {M} (2.4)
(D2, ~Dr)

where FSR is the free spectral range of the Foret& is the ring diameter; 1, 2 — two

adjacent orders;a, b- the two points between whickly was measured. Thus, the

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

can be measured easily using equation (2.4)

The FP etalorfringe have different ring diameter for differenbdes and orders. If

D,, D,,, be the diameter of the"mnd (p+1}' order ring of one moded,,, be the

diameter of (p+1) order ring of next mode, and if there is no caerbceurs between the
order of modes then from equation (2.1), the wawalmer separation between modes, by

knowing the ring diameters, can be expressed &safol

dv = FSR* [M} ®.5
D, —D;

Thus, by measuring the diameter of the rings, pidssible 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 giwrdnigh resolution FP etalon.
Optical arrangement for obtaining the FP fringetloé dye laser and of a frequency
stabilized He-Ne laser is shown in Fig.2.1. The Ntedaser d = 632.816 nm, 5 mW
power, 1 mm beam size), which is used as a referemmvelength, is passed through the
same optical path as the dye laser beam. An apewas used to enhance the contrast
ratios of the fringe. An imaging lens of suitabtedl length was used to image the fringe
pattern onto a CCD camera connected to a persom@pwter (PC). To improve
measurement accuracy, the setup was adjusted fnasway that only few number of FPI

rings were covered in the entire CCD sensor arigp2.2 shows the typical dye laser (a)

fringe, (b) intensity modulation along a line seamoss the diameter of the fringe.
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Figure 2.2: Typical dye laser (a) fringe, (b) intensity moahiin along a line scan across
diameter of the fringe

2.4.3 ldentification of peaks and rings diameter

Algorithm has been added in the PROMISE softwargentify the number
of peaks needed for the spectral structure invastig To find the ring diameters,

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

were overlaid and the searched peak positions nghdighted while analyzing the data.
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Figure 2.3: Typical identification of peaks position and widif line intensity profile (a) first inner
most ring, (b) second inner most ring, (c) thirdén most ring
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Fig.2.3 shows typical identification of peaks pmsitand widths of line intensity
profile (a) the first inner most, (b) second rirf{g) third ring. From the measured ring
diameters and peak separations, estimationi,cfnd AN can easily be obtained in the
desired units of cih MHz or GHz. For stability or drift measuremeritse horizontal axis
can be programmed either in pixel or in the timendm i.e. time delay in acquiring the
successive number of fringes.

The error in the estimation arises from error ited®ination of the peak position,
fringe diameter and its width. The error on thede may arise due to random noise of the
CCD or due to speckle associated with laser beaithvwdive false peak position or height,
thus introducing error in determination of the deaer and the width. The noise present in
the fringe can be reduced by FFT filtering whichm@hates the selected high frequency
components, median filtering for removing typicdllEaveraging and binning of the lines.
2.4.4 Techniquefor spectral datarepresentation: composite image gener ation

In order to present large number of vital scieatifiata simultaneously in the
graphical format, a novel technique was conceeadl[2.5]. The fringe generated through
FP etalon can be captured through high resolutmansfic gradeCCD camera and
PROMISE software. After capturing the fringe, asarrwas placed on the image, across
the diameter of the rings. This cursor providesréference position to save subsequent
line data in a dynamically allocated memory. Durithgs process, two progressively
growing images (corresponds to horizontal and ea&lrticursors), along with current
acquired image, were also displayed in the dedicatedow. At the end of acquiring
preset number of fringe, the data acquisition pmscstops and software automatically

displays the individual line profiles stored in thkocated memory as an image, which is
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named agsomposite image. In this composite image, line profiles were stbas an image
line so each pixel location of lingovides position (or any relevant value dependinghe
signal information) and its color represents sigmaplitude. The number of lines to be
stacked or size of generated composite image depamdhe RAM available. The height
of the composite image depends on the number ofda acquired and number of lines
saved from each fringe. The sideways deviatiorhendomposite image provides the first
sight tentative information about fluctuations pestral structure of the dye laser output.
The composite image generation method is indepenafethe hardwarehence can be

used with CCD camera, spectrograph and oscillostmpe

In the composite image only the part of the frilgs been saved so very less disk
space is required compared to saving individualkbguaed full fringe image. The
composite image concept is very general in natotecan be used to present data of any
characteristics. To improve the S/N ratio of thenposite image, instead of storing a
single line from the acquired fringe image, a presenber of lines can be binned (added),
normalized and then stored as a line. It furthduces the random noise by a factor equal

to the square root of the number of lines usedbiioming.

Fig.2.4 (a) shows typical window of composite imatga of dye laser from the
present thesis (chapter). It consists of 1000 lofdsP fringe scanned across the diameter,
having three longitudinal modes. To visualize itreyocomposite image of the line scan
across the diameter of fringe of He-Ne laser wasegsed. Fig.2.4 (b) shows composite
image of line scan of FP fringe of He-Ne laser. Theposite image appears as a straight

line from top to bottom, which manifests the fa¢thigh degree of spectral stability.
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Another composite image was generated from dye lasehich spectral instability was

created by some means. Fig.2.4 (c) shows compositge of dye laser fringe in presence
of spectral fluctuations. The zigzag lines from tmpbottom in the composite image
manifest the fringe to fringe spectral instabilpyesent in the dye laser. In this way,

composite image gives visual qualitative informatabout stability.
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Figure 2.4: Typically generatedomposite image from fringe of (a) dye laser, (b}

laser, and (c) dye laser

2.4.5 Spectral measur ement from the compositeimage

For measuring the peak positions and diameterssdfievare draws the intensity
profiles (multi curves) of the line scans from tb@mposite image lines in a dedicated
window, as shown in Fig.2.5. From the composite gen@generated, measurement of
wavelength and bandwidth can be performed usingiapealgorithms inbuilt in the
PROMISE software. Spectral analysis can be exeawgady one or two full ring, or three
half ring of the FP fringes. The number of rings dee selected using an appropriate

command from the Menu displayed in the window,resas in Fig.2.5. The software plots

37



multi peaks intensity profiles of each line of carsjte image, which indicate intensity

variation, change in the ring diameters and bame(lbackground) level of the fringes. The

diagnostic software offers three different techesjto measure bandwidth, namely, using

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

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

peaks can be identified appropriately by the sakw&ig.2.5 (b) shows dialog for setting

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

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

mouse click is used to mark the tentative peaksualfn along with margins (i.e.

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

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

tentative peaks position.
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Figure 2.5: Typical (a) window of intensity profiles (multirves) of the composite image
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In this dialog window, the button has to be presasecbrding to peak positions i.e. if it is
first peak then press first button or if it i #eak press " button. It saves all peak
positions and peak margin information, which hedp®t in the subsequent analysis. The
undesired peaks can be ignored by setting a minipeeRk separation (in pixels). Any peak
that lies within the set separation is ignored.

Small peaks in the base line can be bypassed bggeatinimum amplitude of the
peak in percentile. The FP etalon details, involvedthe calculations, have to be
incorporated in the software before measurement. $tey.2.6 (b) shows dialog window
menu for setting parameters for the etalon andhsigiosition. In this way, bandwidth of

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

SetiPeslc Pocition Infofor Dye Rines | Set CCD \ Optics & Measurements parameters
7 Dye Peak Position .
v Aute Exit afetr Paak Peak Width of CCD Pisel it microns |1 i]
Stonng Pos MNumber | Position Height of CCD Pixel in microns |1‘I
Stol Pk 1 FPa Feak 1 !32 Focal Length of optics 00y
re as Pk 1 Pos | | m

Store az Pk 3 Pos ( Peak3 [1 20 Close |

Store as F’k_ﬂios_l Feak 4 I243 Clear all
e T Values

Store as Pk 5 Pos | Feak5 |258
r | : —I Take PwHM at % of peakﬂ J ﬂ 50.00 % of Pk

Beep Tolerence in % |1

|
|
, |
Store as Pk 2 Pos ’mm x | Aperture Size of optics |2.54 3q. Inch
—I | FSA of Febry Parat etalon [1/cm) |D.89
|
|

Rize \ Fall time per Pixel |1 E-09

Store as PkE Pos |_Pacck B [271
—I %;:: Riise % Fall time lower limit ﬂ J ﬂ 10.0 % of Pk
_Store as Pk 7 Pos _peai?_l Info.... | Rise \ Falltime upper mit ¢ [ [ »| 900 % of Pk
Store as Pk 8 Pos | Feak 8 i Set Knife Edge limits in % 12.75 and 87.25 % of
| ﬁws el LAl Qe Iinnits 10 ﬂ J ﬂ Ue arn o
|r Peak [+ Subtract Backaground level while doing measurements
ﬁﬁ Info ... | [V Find accurate Fuw/HM % Edge and Time [get interpolated walues)
—! ; 15 i ¥ Sound Beep at Fuv'HM position on Graph while mouse moves
I [ | Press Chl Dizpersionless spectrometer [in kel unit]
| [ I— Key and | Intercept of DL spectrometer calibration curve |-IJ_2?
Lctntimirnlu i e Mouse left ——
= bitan far | Slope of DL spectrometer calibration curve |D. 0067
Pﬁ:f;: ﬂJ ﬂ _| J Drag and
5 Pixels Drop
Mo of Beaks to Set ¢ x

CICACESHETI T2 Apply ECancel

() (0)

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

etalon and widths at peaks percentage height

39



2.5 Instruments detail used for the investigation of dye laser

The dye laser is characterized, like other lagseterms of output parameters such
as spectral contents (wavelength and bandwidthicadgpower, pulse shape, tuning range
and laser beam qualities (divergence and coherehtéfis section, brief description of
the instruments involved in the measurements of ldger average optical power, pulse
profile, tuning range and beam qualities is presgnt
2.5.1 Tuning range

For the tunable dye laser, knowledge of completectspl coverage might be
required along with spectral purity. Thus, the thaer spectral coverage (i.e. tuning range)
was measured with the help of spectrometer andvardt Spectrograph (USB2000, Ocean
Optics) [2.27] interfaced to tHeC through USB port was used for the investigatibthe
dye laser tuning range. A fractional part of the thser beam was directed through optical
fiber onto the entrance slit of the instrumenthe diffraction grating of the spectrometer.
The USB2000 spectrograph uses internally a line Q@DCcollect the photons. The
complete spectrum was acquired by using GUI baeethar software, which was named
asTarang. It has a facility to generate the composite imiigen the acquired spectrums.
To find the tuning range, composite image was geerdrduring the wavelength tuning.
By analyzing this composite image the tuning ramg@surement of the dye laser can be
carry out.
2.5.2 Pulse shape

Knowledge of dye laser pulse profile informatios very important for
applications. For the detection and measuremeaptidal pulse of the dye laser operating

in nanosecond ranges, a very fast phototube/phatedialong with digital oscilloscope,
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are generally used [2.28-2.29]. Fast oscilloscayesgenerally used to observe the exact
wave shape of the signal generated across thetaletdccommercially available biplanar
phototube, capable of reproducing ultra-fast pulggd signals with high accuracy, along
with fast digital oscilloscope was used for acdiosi of dye laser temporal behaviour of
the pulses. Biplanar phototube model R1193U-51 (&taatsu, Japan) was used for the
laser pulse profile measurements. The phototubtersyss connected through BNC to
Tektronics 3052 oscilloscope, which is interfacedC through USB port by using GPIB
to USB converter.

Dedicated software, named @sciloGraph, was used for temporal investigation
of the dye pulses. This GUI based software was usedhe dye laser pulse data
acquisition and subsequent analysis. The acquieegg are displayed on the PC, moving
mouse over it displays time in the selected umitplgude and its percentage with respect
to peak value. A composite image generation techigimilar to described earlier, has
been used to acquire and measure pulse width anfiudtuations, from the acquired
oscilloscope (1-D) traces. The software providetaitdel measurements of amplitude,
temporal width, rise & fall time and counts undee trace, etc. The height of the stacked
image depends on the number of traces acquiredtamddth depends on the number of
elements used in the digitization of the trace.

2.5.3 Optical aver age power

Average output power of laser beam is generally smesl by a pyro-electric
detector, as it covers wide spectral responséhigntype of detector, the incident radiation
raisesthe temperature of the sensehich is measured by thermocouples or temperature

dependent resisters attached to it. Average oytpwer in our experiment was measured
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with the help of a commercially available Ophir mowneter. It consists of smart head
(SH) andUSB interface module, to connect the PC throughUB8 port for recording
power. Power meter sensor heads 2A-SH and F300A«SH used to record dye laser and
copper vapour laser optical average power, respyti
2.5.4 Beam size and divergence

The divergence of laser beam is a measure forfastmthe beam expands far from
the beam waist, i.e., in the so-calléar field. There are four types of beam size
measurement techniques, namely, pin hole, slifekeilge and camera based system. Each
technigue has specific advantages and disadvantigtgs work, only CCD camera and
imaging system was used to measure the horizontavertical divergences. The intensity
distribution of the dye laser beam was recordechqu$IROMISE software by high
resolution scientific grade 12 bit PixelFly CCD camm The measurement from the
recorded data directly provides the dye laser bsiamand divergence in both horizontal
and vertical direction with sub pixel accuracy Isyng second moment’s algorithm.
2.6 Coherence measurements of pulsed dye laser

Coherence is one of the fundamental characterisfidaser, which discriminate
between laser radiation and other types of radiatéog., radiation of thermal origin). A
very few studies were reported on coherepagperty of the tunable dye lasers [2.30].
Singhet al[2.30] measured the divergence of dye laser fitoenspatial intensity profile of
the laser spot using a pinhole and photomultiplidre (PMT). They reported that the
output beam from the dye laser was elliptical inghbecause of its different divergences
in the horizontal and vertical directions. The dgence of the dye laser beam obtained

was 10.2 mrad in the horizontal direction and 1.&dnin the vertical direction. This
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asymmetry in the beam divergence arose because diffterence in the dimensions of the
gain region in the horizontal and vertical direaBoHowever, spatial coherence is the true
representation of beam quality of a laser. Furtkiez,study of coherence properties of
tunable dye laser is also very essential in ordelgét tunable ultra-violet laser, by
frequency doubling using an intra-cavity non-linegystal, which has many applications
in laser photo-chemistry and high-resolution smeciopy. Measurement of temporal
coherence is of almost importance being linked wahdwidth of laser.
2.6.1 Spatial coherence

Since early days of laser invention tteversible shear interferometer [2.31-2.32]
and Young’'s double slit [2.33-2.34] have been regmbin the literature to measure the
spatial coherence of laser. Reversible shear erarieter requires collimated beam and
also reasonable beam size for overlapping of twarsein order to get number of fringes.
For the study of spatial coherence of dye laserchvhas different horizontal and vertical
divergence and small beam size, reversible shemrféenometer is not appropriate.
Young’s double slit is standard technique, useméasure the spatial coherence of light.

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

from a source is defined in terms of the maximuterisity,| at the center of a bright

max’

interference fringe and minimum intensitiek,,,, at the center of the adjoining dark

fringe, as
V_Imax_lmin (26)
I max + I min .

Furthermore, the intensity at any point can betemi{2.35] as
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L=1,+1,+2./1, ,Ry,(x) (2.7)

=1, +1,+2/1,1
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where | is the intensity at the slit locatios, is source sizeR is the distance of the source

from the slit, D is the distance of the fringe pattern locationrfrthe slit andd is slit

separation. From the above equation, the fringéilitg can be written as

v=g£;;%ﬂ (2.9)
RA

Visibility of the fringe has been evaluated asuaction of slits separation, for different
source size of 0.1, 0.12 and 0.2 mm at the pealkeagth 576 nm of the dye laser [2.36].

Fig.2.7 shows the typical variation of visibilityf @lye laser (576.00 nm) with slit

separation.
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Figure 2.7: The typical variation of visibility of dye lasé€576.00 nm) with slit separation
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The solid curve is for source size of 0.1 mm, dbttarve is for source size of 0.12 mm
and dashed curve is for source size of 0.2 mm demm&he various slit separation has
been tried to maximize the visibility of the fringd dye laser. Double slit interference
fringes were recorded by the CCD camera uBIRQMI SE software.

The interference fringe of copper vapor laser, Whicused for dye laser pumping,
using Young double slit set-up, was also generg@&6]. The double slit separated at 100
microns was placed at a distance of 500 mm frondtleelaser source. Fig.2.8 shows the
typical (a) double slit fringe (b) intensity modtitan, of copper vapor laser [2.36]. The
central fringe visibility was 0.23. The same setugs used to generate fringe pattern for
the dye laser. Fig.2.9 shows the typical doublé @) fringe pattern, (b) intensity

modulation, for the dye laser at 100 microns glgagation [2.36]
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() (b)
Figure2.8: Typical record of Young's double slit (a) fring®) intensity modulation, for CVL, at
100 microns slit separation
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Figure 2.9: Typical record of Young's double slit (a) frinde) intensity modulation, for dye laser,
at 100 microns slit separation

The fringe visibility of 0.85 was observed for thge laser. The dye laser is highly
coherent, as compared to its pump source. It iausecof the fact that the dye laser spatial
coherence is primarily established by its resonebataining a point/shot type source.
2.6.2 Temporal coherence

It is known that perfectly monochromatic sourceadeal one. It can be assumed
that wave trains from any source contain a numbé&equencies, rather than being strictly
monochromatic. The intensity, therefore, involvesuanmation over frequency. The total

intensity k will be then,
=Y 1(v,) (2.10)

if the distribution of frequencies involved is contous rather than discrete, then the sum

is replaced by an integral. Thus, the integral heeo
e = [1(v)dv (2.12)

if v, be the value at the center of the spectrum pratigethe source then we write

V'=y,+Vv, hence
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I, = T | (v) 1+ cod2m(v, +v)}] dv (2.12)

The cosine term of the above equation can be exghtudgive
cod2mr (v, +v)| = cod2mv, ) co{2mAv) - sin(2 v, ) sin(2v) (2.13)

With the substitution of

6=2mv, (2.14)
P={1(v)dv (2.15)
C= j v)cod2m\v)dv (2.16)
= [1(v)sin(2mv)d (2.17)

The intensity equation become
I, =P+Ccosf-Ssind (2.18)
Using the value of intensities, the visibility of the fringe due to interference of two
beams of light from a source can be written as
‘(C2 +S? )}/2

Lasers of cavity lengtiH operate in a number of longitudinal modes corredpw to

distancez%, within the gain profile. For example, a laser rgpi@g in three frequencies

component with relative intensity coefficients of B. and C, then the expression for the

intensity profile of the laser can be written as
2 2 2
I(VF[Aexp{—(Kj }+ Bex%—('ﬂrdj }+C ex%—(v 5) H (2.20)
a a a
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where, 0 is the peak separation between modes and the FWHM of the Gaussian
beam. Therefore, the visibility functio® for the spectral distribution of laser can be
analyzed by measuring the relative intensitiesspettral width of the components.
Michelson interferometer is generally used to meashe temporal coherence of
the light [2.34]. In Michelson spectral interferatmethe two light beams are derived from
the same source, and they are brought togethertediesling different path lengths. The
basic properties of the Michelson interferometer (@) the ability to make both arms equal
in optical length to a fraction of a wavelength) (b measure changes of position as
measured on a scale (the position of one of theomin terms of wavelength by counting
the fringes. The movable arm of Michelson’s intesfeeter has been used to find the
shape and structure of a spectral line and hen@sume the temporal coherence of light
sources [2.31]. This involves the measurement ofgé visibility as a function of
interference order; a subsequent Fourier transfiomadf the visibility curve gives the
profile of the line. The resolving power is equakhe order of interference reached, which
is naturally limited to the order necessary to pedthe visibility practically to zero and
thus resolve the line. It is suitable and convenidmere the coherence length is very small.
However, for narrow bandwidth source where the oaminee length is of order of tens of
centimeters it become very difficult to align andeuthe interferometer because of
impractical arm length. Fabry-Perot interferomef{r37], used for high-resolution
spectrum analysis, is very compact and free froignaient problem encountered in
Michelson’s interferometer. In visible region it shdargely superseded the Michelson
interferometer (and Fourier transform spectroscogpy)a means of spectrum analysis

because the spectrum can be read directly fromotographic record of the Fabry —Perot
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interference (FPI) pattern. FPI has been used megeently for high-resolution spectrum
analysis. The direct computation of the line peofis easier now than it was with
Michelson. Additionally, the Fabry—Perot interfereter easily attains a very high
resolving power, in excess of ®l@vith a fairly good instrumental profile. It aléms the
great advantage of simplicity.

The relation between spectral line width, and tbkecence length and time of a
light wave, is provided by damped simple harmonation. The spectral linewidtdv of
a light wave made up of a series of wave trairdgeiermined byQ of the oscillator, which
also determines the exponential decay time in @zole train. The temporal coherence is

the average coherence lendth during which the wave train exists for interfeceriringes

[2.38] i.e.
_C
o= (2.21)

Where,c is the speed of light anl is the spread in frequency (i.e. bandwidth).
Therefore, from equation (2.5) and (2.21), the terajppcoherence length become

c

|c = (2.22)
FSR{(Dﬁ’ - Dlza )}
2 _ 2
2a la

Thus, by computing the parameters and measuringdifs@eter of fringe the
temporal coherence length, associated with the ldger can be measured by this
technique. This technique is general in naturecamdbe used for any broad spectrum too.

The temporal coherence lengths of the CVL pumpetldser were analyzed using
a FPI [2.25]. The FPI setup used for temporal ceme measurement was the same as

described for spectral measurement for dye lagegs2.10 (a) shows typical Fabry-Perot
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fringe of (a) multimode dye laser, (b) single modyge laser, (c) He-Ne laser. The
measured coherence length of this multimode dyer laas—~10 cm. The coherence length
of laser light is inversely proportional to the dandth of the output laser light; therefore,
the coherence length can be extended by reductiotheo bandwidth. The measured
coherence length of single mode dye laser was #60Tbe temporal coherence length is
related to the bandwidth of the source. The moreomathe bandwidth of the source, the
longer the coherence length. The CVL pumped dyersasave coherence length generally

from a few millimeters to 7 cm [2.39].

(b)

Figure 2.10: Typical Fabry—Perot fringe of (a) multimode dgesér, (b) single mode dye

laser, (c) He-Ne laser

Thus, the present tunable dye laser is highly eatteit is because of the fact that the dye
laser coherence is primarily established by itemator components.

In order to validate the alignment and performaoicthe FPI set-up, the temporal
coherence length measurement for commercially a@biail He-Ne (632.8 nm) laser was
also carried out. Fig.2.10 (c) shows the typicabriyegPerot fringe of He—Ne laser. The
observed coherence length of He-Ne laser, useleirptesent experiment, was 19.2 cm.
Generally, He-Ne (632.8 nm) lasers have a coheremggh of around 10 to 30 cm [2.40].

The typical coherence length of the He-Ne lasegp®rted to be about 20 cm [2.41].
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2.7 Summary

In conclusion, a novel scheme for acquiring ands@méng through composite
image is formulated and implemented for the ingagion of the high repetition rate dye
laser characteristics. The work was carried outato® the development and evaluation of
a multi-parameter spectral profile data represemtatnodel for interactive visualization
and investigation of very large data of the higpetéion rate dye laser. This technique
provides a powerful and effective basis for reaetivisualization of a large number of
data sets, and is used effectively to repreiemstatistical feature of a large amount of
scientific data.

A diagnostic technique is established for the asialgf spectral structure of a high
repetition rate dye laser by deriving explicit tedaship of the parameters with ring
diameter of the FP fringe. The output charactessbf dye laser are demonstrated by
directly measuring the ring diameter of the FP .ridgechniques for precise peak
identification, diameter estimation, and all otteteps involved in the process for the
analysis of the spectral distribution in the dyeselaare presented through GUI based
software.

Major instruments involved for the dye laser diagii are briefly described.
Techniques for coherence measurement of narrowbdtidsource, particularly, dye laser
and CVL are presented. Spatial coherence measuteosdmg standard double slit
experiment shows that dye laser have fringe visjpbdf 0.85 as compared to 0.23 for
CVL. Though the technique is used for dye laser suesanent, 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 larop another laser. The
important parameters that decide the proper seledf excitation (pump) source are
conversion efficiency (photon), spectral absorptiamge, peak power, pulse width and
pulse repetition rate [3.1]. The broadband UV-ViSission from flashlamp can excite
the dye molecules; however, triplet effects becaigaificant because of ilsng rise-
time or duration of the optical pulse. Short-pubssers like second/third harmonics of
Q-switched Nd:YAG, nitrogen and excimer lasers atactive excitation sources,
however, with a moderate repetition rate (~100 KEgpper vapor laser is one of the
most efficient excitation sources at high pulseet#jon frequency (4-6 kHz) for the
Rhodamine dyes [3.1].

3.2 Copper Vapour Laser
3.2.1 Energy levelsand laser transitions

Copper vapor laser (CVL) employs vaporized coppma as the lasing
medium and produces green & yellow laser lights14t.554 nm and 578.213 nm [3.2-
3.3], respectively. This is one tifie most useful lasers in the class of pulsed metal
vapor lasers [3.3]. High repetition rate pulsedrapen makes it ideal source for
applications like material processing and laseto® separation applications. In
atomic vapor laser isotope separation (AVLIS) sobem CVL is used as excitation
source for the tunable dye laser [3.4-3.8]. Themfenowledge of fundamentals of this
laser is essential prior to its potential appli@atisuch as pumping the dye laser. The

atomic number of the copper is 29; its electromisfigurations are,
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PCu:ls? 2s?2p°® 3s23p°3d™° 4s,
PCu:ls? 2s22p® 3s23p°3d° 4s?
The copper atom has ground sté&;y, which is formed by the electronic
2

configuratiorBd™ 4s'. The configuration 3d® 4s® gives rise tosz and sz
2 2

metastable states that constitute the lower l&s@il.|By electron impact excitation the

outer 4selectron, lifts to higher orbits and forms the dgufations3d'® 4p, 3d'° 5p

and so onThe 3d™ 4p configuration has the stateéPy and 2Py, which form the
2 2

upper laser levels of CVL. Fig.3.1 shows the typeszergy level diagram of CVL. The

upper laser IevelszPy and 2Py, has energy of 3.82 eV and 3.79 eV, while the fowe
2 2
laser metastable levels are at 1.39 e%Dg/) and 1.64 eV (ZDy) from the ground
2 2

state [5.9-5.10], respectively. The upper levelsnf@a series of resonané® levels
which are connected with the ground state via gtreasonant transitions at

wavelengths of 324.754 and 327.396 nm. The rapiaxagon (through radiative

decay) of copper atoms from the resonance le¥felso the ground stateZSy brings
2

about nonessential losses of copper atoms, bedhese are subjected to strong
trapping of radiationThe other channel to decay of the resonance I&RIs via the

metastable level€D. The transitionzPy
2

-~ D, and ?P, - D, are opticall
% BT V% preaty
allowed transitions. The transitiohPy - 2D7 leads to green line at wavelength
2 2

A =510554nm, while the transitionzPy - ZDy is yellow emission at wavelength
2 2

A =578213nm. As the °D states have same (even) parity as the ground $ate
transitions from“D states to the ground state are forbidden.
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Typical Energy Level Diagram of Copper Vapor Laser
Figure 3.1: Typical energy level diagram of CVL
Copper atoms are excited by electric field in timeri gaseous medium.

Electrons in the electrical discharge collide witie vaporized copper atoms and excite

them in a single step to the upp%ﬁ'y and ZPy laser levels, as illustrated in Fig.3.1. In
2 2

an electrical discharge, the upper and the lovgarlkevels, both are excited by electron
impact excitation but with different excitation esssections. The excitation to upper
level is at a much faster rate than that for theelolaser level. The excitation cross-
section of the upper levels are 9.7%1@nf (Sy»— Ps) and 4.5x18° enf (Syo— Piy),

respectively. The radiative life times of Bare 10.5 ns and 9.8 ns, respectively, for

an isolated atom. Although, the transition fréi to ZS}/ are resonance transitions
2

i.e. highly optically allowed transitions, depoptida of the ?P states does not take
place through this route, due to radiations tragpdll]. The upper laser level lifetime
is of the order of 500-600 ns while the lower laseel is of the order of 130s [3.12].
Hence, the population inversion reduces to zerotladhser action terminates after 30-
60 ns. Because of this characteristic the las&rmed aself-terminating. The lower
laser level is depopulated by diffusion of the &eatiatoms to the wall of the discharge
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tube and/or subsequent collisions with the buffas.gMaximum pulse repetition
frequency of the laser is governed by the time adetbr the metastable level

population to decay [3.13].
3.2.2Kineticsof CVL

The CVL output characteristics depends mainly onitation and decay of
excited levels, copper density, electron densiky, Ehe peak electron temperature and
the initial meta-stable density are the prime fextbat decide the performance [3.14-
3.15]. The ratio of excitation rates 8, °D and higher energy levels depend on the
electron temperature. The lower laser metastablel laas lower excitation cross
section than that of the upper laser level. At ectron temperature, the excitation
rate for (B, 59 State exceeds the excitation rate tg.(#?), as the metastable state is
at low level (1.39 eV) as compared to the uppezrlésvel (3.82 eV). At high electron
temperatures, excitation to higher excited states ianisation states dominate. The
optimum electron temperature is in the range oftd.Q0.0 eV [3.14]. The electron
temperature depends on various discharge paranméterbuffer gas pressure, tube
temperature, copper ground state density, pulsetitigm rate, excitation voltage and
current. At an optimum tube temperature (1400-1%0)0 the laser provides maximum
output power. By increasing tube temperature, thgper density increases, which in
turn decreases the peak electron temperature.iiige to the fact that momentum
transfer cross-section for copper is large as coetp the buffer gas. Further increase
in tube temperature increases the excitation tatélse copper atoms but the ratios of
populations in upper laser level to lower laserreases which reduces the output
power. The electron temperature is low at low cimgygoltage, so that the rates of
excitation to both lower and upper levels are campia and competitivand hence the

laser power decreases. High Cu ground state detelty over excitation to the lower
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laser level, hence laser oscillations cannot betimoed. The optimum electron
temperature Top¢imum), the charging voltag®, and the wall temperaturdyf) are
approximately related as [3.16]

Vo
In Ty

(3.1)

Toptimum =

The peak electron temperature increases with isgrgahe charging voltage.
The laser power also depends on the buffer gasymesDecrease in laser power with
increasing buffer gas pressure is due to decreadeielectron temperature [3.16]. As
the pressure of the buffer gas is increased, peakrtt decreases but the current pulse
duration increases, both result in decrease otreledensities. At buffer gas pressure
below the optimum value, the excitation of copmehigher excited state and ionisation

increases, hence the laser output power reduces.

The pulse repetition rate affects the metastableulation. At lower
repetition rate, sufficient time is available fdret metastable state to decay to the
ground state, which results in higher populatioremsion. As the pulse repetition rate
is increased, energy per pulse decreases, thegaveaver decreases if the rate of
decrease in energy is slower than the rate ofinigaulse repetition rateMaximum
power is observed, in elemental CVL, depending han discharge tube diameter for

pulse repetition frequency in the range of 4.0.®ldHz.
3.2.3 Design, assembly and excitation source of CVL

An indigenously developed CVL [3.17-3.18], usedhr present work consists
of discharge tube (47 mm inner diameter, 1500 mngtl® surrounded by thermal
insulation, placed concentrically in a borosilicgtass tube envelope, whichptaced
in a water-cooled stainless steel jacket. Cooletemaas circulated through external

chiller unit to the stainless steel jacket assenblsgemove thermal heat. The refractory
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re-crystallised alumina tube of high density wasdufor the discharge tube, because of
its non-reactivity with copper at high temperat@#s0dC). This refractory tube is
filled with pellets of high purity copper, distrited at regular intervals along the length.
Generally, inert gas preferably neon is used asebufas to help in initiating the
discharge under cold conditions and also minimi$eision of copper vapour out of
the hot zone. Though other inert gases like helinitnpgen and argon were also used,
but the best performance was reported with nedrmuffier gas. Neon gas at a pressure
of 25 mbar was used as the buffer gas to (a) peosidlischarge medium before the
tube has reached a temperature sufficient for @megtion of Cu vapour, (b) inhibits
loss of Cu atoms by diffusion into the cold windoggions, (c) convey heat from the

tube axis to the wall, and for many more advantages

Hence neon gas of purity 99.999% was used asfarbgdis at 25 mbar tube
pressures and the flow rate was maintained at droth litre-atm/hr, inside the
discharge tube. The annular space between the radutube and the glass tube was
filled with insulating layers of bulk fibers at aitable packing density. These thermal
insulation confines the heat in the tube to mamthe operating temperature of CVL.
The entire discharge tube and thermal insulatoerabl/ was contained within an
envelope of silica, and closed at both ends bgasiwindows set at Brewster’'s angle.
Fig.3.2 shows the CVL discharge tube schematid.[3lie pulsed electrical discharge
between electrodes at each end of the tube wastosade the temperature of around
1500 °C. Since melting point of copper is 1028, it requires sufficient electrical
power to heat the discharge tube. The excitatiaurcgo consists of high voltage
variable DC power supply, charging capacitor, induand a hydrogen thyratron. This
pulse forming network was used to initiate the &agtitation pulses at high voltage and

at high repetition rateé {kHz). In this self-discharge heated system, hegetition rate
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and high voltage discharge pulse itself heats awottes the copper vapour [3.19]. As
the gain of the medium depends on the rate of &xait i.e. rate at which discharge
current builds up, a high voltage pulse with rigeet less than hundred nano-second
(ns) is required for efficient excitation. Fig.ZBows typical power supply high voltage
circuit [3.1]. Variety [3.20-3.21] of optical resators has been commonly employed

for CVL.

Ceramic Plasma Tube
Fiber Insulation

Vacuum Jacket
Buffer Gas In
/[—Water Cooling Jacket
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Figure 3.2: Typical CVL discharge tube schematic [ 3.1]
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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 suariped 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 : 1400-1500

Warm up time for lasing : ~ 60 minutes

Average output power range ~20W

Ratio between green and yellow : 1.2, at P800

Beam diameter 1~ 45 mm

Resonator Plane-plane

Beam divergence 3-5 mrad

3.3 Spectral Characteristics of CVL

In the literatures, CVL characteristics namely pegaiwer, average power,
efficiencies, pulse duration, pulse repetition ra&tie. were extensively reported [3.14,
3.16, 3.22]. However, a very few reports are abéleon spectral characteristics of
CVL. Also, these reports differ in experimental ehstions. Therefore, spectral

characteristics of CVL are extensively investigated

3.3.1 Review of spectral characteristicsof CVL

A very few studies have been reported on the smlectraracteristics of CVL
[3.23-3.28]. Tenenbauret al [3.29] have investigated the spectral structur€t and
their dependence on temperature and buffer gasyreesThey observed that 510.6 nm
lines have only one intense peak at threshold,geaks slightly above the threshold,
while third peak appears only after particular tenapure. Moreover, the relative

positions of the peaks and their relative inteasitvere temperature dependent, and the
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shape and width of these lines were almost ingeadid the neon buffer gas pressure
(from 25 to 470 mbar). Similarly, the 578.2 nm lisggectrum shows only one peak at
threshold and two more at higher temperature. Yeral) [3.30-3.32] have studied the
structure of the copper laser lines and observedetiines with different peak
intensities at different time under same experi@enbnditions for the 578.2 nm.
However, they did not observe multiple peaks foe th10.6 nm. Thus, varied
observations were reported in the literatures iggrthe spectral lines of CVL and
influence of other physical parameters on them.rdfioee, 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 isotopedCu and ®°Cu , which occur in the ratio 69:31 in
the nature. Both isotopes have a nuclear slp'mg and acquire nonzero magnetic

dipole and electric quadrupole moments. This aalditi interactions of the electrons
with the nuclear spin leads to splitting of thenaito levels having total electron angular
momentumJ into a number of hyperfine components, each otiwltorresponds to a

definite value of the total angular momentdof the atomic state such that
F=1+J (3.2)

where | is the nuclear spin and

- -

J-1

— -

<F<|J+l (3.3)

In addition to this, isotopic shift is also comhiheith hyperfine structure. The state

2Py, which is an upper state for 578.2 nm emissioditssinto two hyperfine
2
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components, while théPy, sz and 2D7 states split into four components. The
2 2 2

numbers of components are governed by equation. (33 allowed transitions
between hyperfine components are restricted byst#lection ruldF =0, =1. A
symbolic representation of the various allowed gittons between the hyperfine

components of both green and yellow emission lisafiown in Fig. 3.4.
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Figure 3.4: Typical energy levels splitting of copper atom and itstransitions (a) 510.6,
(b) 578.2 nm

The frequency shifiv , of the hyperfine components can be calculatedgukirmula

[3.33]

_AC +E%C(C +1)-21 (1 +1)3 (3 +1)

V= 1 3(21 -1)(23 -1)

(3.4)

whereA is the magnetic dipole momen is the electric quadrupole moment of the
nucleus and

C=F(F+1)-3(0+1)-1(1-2) (3.5)

The transition probability between the hyperfineistiure components of two different

levels Jand J' was determined by the expression [3.33],
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T 3hes 2]+1SU’]’) (3.6)
where
o en ) C a3 F o)’ |
s(3,3)=g (ﬂj (2F +1)(2F +1){F| J 1} x J(J +1)(23+1) (3.7)

Here, g is the Lande factor for this level. Therefore, three strength or transition

probability of the various transitions can be ested numerically by solving the

equation (3.6) and (3.7). The transition probapitf different transitions (shown in

J F |
Fig.3.4) has been calculated by solvihgl 7 1}for differentd, J', Fand F'. The

. J
numerical value of _
F'J

I
1} has been obtained usiVggner j Symbol [3.34-3.35].

Fig.3.5 shows the transition probabilities of thypérfine components of 510.6 nm, (b)
578.2 nm. The frequencies are slightly shifted tuésotopic effects. Fig.3.6 shows
transition probabilities versus frequency shifthgperfine transitions of (a) 510.6 nm,

(b) 578.2 nm, for both the isotopes.

510.6 nm J 578.2nm

Transtion Probability
Transition Probability

Hyperfine Transitions Hyperfine Transitions

(a) (b)
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 sepdréirough a dichroic
mirror into two different beams. These separatedri@eams were investigated through
high resolution Fabry-Perot etalon (FSR 10 GHz famelsse ~100) and CCD camera
based setup, as described in Chapter 2.

3.4.1 Hyperfinelines of CVL

Fig.3.7 shows typical (a) Fabry-Perot fringe, ifitensity modulation along a
line of the fringe, of 510.6 nm, just above thrddh{8.36]. It has three distinct
frequency components with difference in their igiatintensities. The central peak,
which is most intense, is accompanied by two sikp of lower intensities. The three
peaks are labeled @s B andC in order of increasing frequency, as labeled m3:i7
(b). The widths (FWHM) of the peak&, B, andC are 0.87, 1.30 and 1.38 GHz,
respectively. The peal&s andB are close as compared@ The linewidth ofAB is
3.50 GHz andABC is 6.05 GHz. The separation between the p&Ks is 2.50 GHz,

and betweer\, B is 2.20 GHz.

67



1000
800
600

400 1 C

o U
0 T - T

T T T T T T T T T T T T
0 100 200 300 400 500 600 700

Intensity (count)

Fringe spacing (pixel)

(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 aséd [3.36] suggests that the pdais

probably ~due to the transitiéR,,,(F =3) - ZDV(FI:4)’ A s
2

2

P72

possible low intensity transitions were not detdcte

— 2 T ) — 2 —
(F=2) - D%(F =3) andC is P%(F =1) - D%(F = 2). However, the other

Fig.3.8 (a) shows the typical Fabry-Perot fringe5dD.6 nm, far above the
threshold. Composite image of the line scans adtwssgiameter of the fringe has been
generated over the time. Fig.3.8 (b) shows the csitgpimage of a line scan across the
diameter of the fringe of 510.6 nm linés.Ref.3.31, fluctuations in the intensities of
two higher frequency components of the 578.2 nm diha CuBr laser were reported. It
was proposed (Ref.3.31) that the two transitioastiay from the same upper level
compete in lasing action and this is responsibteiritensity fluctuations. However,
these intensity fluctuations may not be becauseoofpetition but may be due to
instantaneous variation in other microscopic plalsigarameters such as electron
density and electron temperature and other duastability in electrical discharge of

CuBr laser.
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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 Faboy-&@lon of FSR 30 GHz and
finesse greater than 30, to analyze the fringes €hlon (having low resolving power)
was unable to resolve the hyperfine componentshande no explicit multiple line of

510.6 nm were observed.

Fig.3.9 (a) shows typical Fabry-Perot fringe of Z7&m line just above the
lasing threshold. This has a single frequency corapb of 700 MHz linewidth.
Fig.3.9 (b) shows the composite image of a linenscacross the diameter of fringe
578.2 nm lines near threshold over the time. Howete observed behaviors for 578.2
nm at far above the threshold (i.e. at optimizedpeeters of operation) were different.
Fig.3.10 shows the typical FP (a) fringe, (b) isign modulation along a line scan
across the fringe diameter, of 578.2 nm linesafave the lasing threshold. It consists
of three well-resolved frequency components. Twadlitawhal peaks of higher

frequency and lower intensity accompany the mdsnise one.
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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
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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 &sB and C in the order of increasing frequency, as
labeled in Fig.3.10. The linewidth of these peaks @895, 0.960 and 1.380 GHz,
respectively. The peak separations betwéerB) and 8, C) are 1.94 and 2.76 GHz,

respectively. At the lasing threshold, only pefaks observed, while peak® andC

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 devicewhich the discharge itself
provides the energy needed to heat the lasing mediside the laser tube) and to
vaporize the copper metal. The output charactesisif copper vapour laser depends
on, (a) parameter of medium such as pressure o¥dpeur of an active substance,
pressure and type of buffer gas, etc., and (b)dgaharge excitation parameters such
as power supply voltage across the discharge tabe of rise of the discharge current
density, characteristics impedance of the laser, lataddition to this, the other key
parameters responsible for the output charactesisti CVL are gas temperature,
electron temperature, electron density, copper atensity, upper level population and
lower level population (metastable atom densityl),iraerdependent as well as be a
function of specific laser systems (e.g. thermaigie tube bore, electrical circuit,

etc.).

Kushner [3.16] in his ‘self consisted model floigh repetition rate CVL
outlined the laser power, laser energy densityimaph tube temperature as a function
of charging potential. The peak electron tempeeatwhich is a function of the tube
temperature, also depends on the charging volgdge.an optimum tube temperature
increases with increasing charging potential. Tloeeg fields generated inside the
discharge tube have major influence on the outpatacteristics of CVL. The spectral
composition of the laser was investigated for défe electric power sampled across
the discharge tube. A very few study on the spkwatidth of CVL with electrical input

power has been reported [3.29-3.31].

Study on spectral characteristics of 510.6 nm lole€VL was carried out by
varying the input power from 2.0 to 4.2 kW [3.3This has three distinct frequency
components with difference in their relative intéies. A, B, andC identifies the peaks
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of the hyperfine lines, labelled in Fig.3.7 (b).itimly, when lasing starts, peaR
dominant followed by pealh while peakC has the lowest intensity. The peBkhas
linewidth of 1.64 GHz. The linewidth of peakBC lumped together was 4.82 GHz.
The intensity and width of peaks increases witlrdasing an electric power, which
finally makes it difficult to find FWHM of peald, B andC, separately. Measurement
of individual fringe provides linewidth transfornat. The linewidth of peakAB
lumped together increases from 3.12 GHz to 3.37 @ltz increasing power in 2.2 to
3.5 kW range. Further increasing power from 3.8.®kW, the linewidth of peakB
lumped together varies from 3.35 to 3.92 GHz. Thewidth of pealC increase from
899 to 1132.8 MHz, from where it was difficult tmd FWHM because of increased
intensity of peaks. Fig.3.11 shows the typical Kdberot interference (a) fringe
pattern, (b) intensity modulation along a line seanoss the diameter of the fringe, at
4.2 KW input power. This shows that resolutionrd 510.6 nm spectral line decreased
by increasing input power. Beyond 4.2 kW input powe laser tube was overheated
leading to eventually decrease in output power IsioBoth, the intensity and the width
of three peaks increase as the temperature inselg@din medium was increased by
increasing the electrical input power. The changéemperature of the gain medium
modifies the width of spectral transition. Howevtdre peak separation between the
components remains unchanged with increasing teatyer through increasing
electrical input power. As expected, the tempeeatirthe gain medium does not alter
the emission frequencies or increase the numbédrypérfine components, but only
increases the intensity and the width of the 5&d@sion lines. The lumped linewidth
of peaks ABC was 6.51 GHz at 4.2 kW input powelCdfL. The linewidth reduces
with decreasing input power from 4.2 kW. Howevag intensity and spectral width of

peaks changes quickly and it become difficult toligewidth of peaks together.
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510 nm line at 4.2 kW input electrical power
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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 mafoumly). The linewidth of
peaksAB starts decreasing from 4.19 to 3.21 GHz. The g2&las initially linewidth
of 1.39 GHz, which reduces to 899.8 MHz. The initees of peakA andC decreases
sharply, which make them difficult to get FWHM. Hewver, the most intense central
peakB, which left alone, shows linewidth variation fra69 to 1.31 GHz. Evident
variations in the spectral widths are probably ttumstantaneous pulse-to-pulse power
levels variation because of the repetitive pulsergd instability in the gaseous
discharge medium. This is probably due to instadas instability in environment of

emitting atoms in the discharge tube.

Tenenbaunet al [3.29] have reported the spectrum of 510.6 nmsliae four
temperatures. They observed one intense peak eghibid and two additional peaks
above the threshold. Yule al [3.30] have shown that the resolution of the 5Xth6
spectral line decreases with increasing input po@e99, 1.3, 1.51, and 1.74 kW).
Yongjianget al [3.31] observed in the spectra of the 510.6 ni@wBr vapor laser line

that the intensity experiencing the same processcoéase first and then decrease last

73



as the voltage increases (3.5, 4.0, 4.5, 5.0 k\wever, they observed that the
linewidth is insensitive to the voltage applied.wé&wver, in this study, it was observed
that spectral width of components was susceptibthd power [3.37]. An input electric
power governs the tube/gas temperature and hemcdingwidth of predominantly

Doppler broadened CVL atomic transitions.
3.4.3 Buffer gaspressure

Buffer gas helps to (a) provide electrons for ext@min of copper atoms,
directly/indirectly to the upper laser level, (buickly cool electrons to allow
superelastic collisions, electron-ion recombinatiattachments, and in deactivation of
the metastable lower level, (c) to provide a mediarmun the discharge to heat up the
copper atoms to the operating temperature and phevents diffusion of the vapors
from the hot zone to cold region of the dischardgeet The output power, average gain,
saturation intensities strongly depends on thedbugas pressure [3.1-3.2]. However, a
very few study on the effect of buffer gas pressurehe spectral width of CVL has
been reported [3.29-3.31]. Thus, influence of huffas pressure on the spectral width

of 510.6 nm lines of CVL was investigated [3.38].

Tenenbaunet al [3.30] has reported that the shape and width peHine lines
of CVL were almost insensitive to the buffer gasgsure. Yongjiangt al [3.31] have
found that the shape and width of CuBr vapour ldises are sensitive to the neon
buffer gas pressure (in the range 53.33-213.32 /mb&ey have observed that the
spectral width of 510.6 nm line decreases from 6a1@.00 GHz by increasing the
buffer gas pressure from 40 to 160 mbar. Yebal [3.29] have also analyzed the
spectral profile of 510.6 nm line of copper at eiféfint buffer gas pressure and found

that the increase of gas pressure from 14.4 tombdr the intensity of the peaks of the
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510.6 nm laser line shape decrease slightly whileappreciable change in spectral

width was noticed.

In the present investigation, we have observednbytthe intensity but also the
spectral width of 510.6 nm laser line of an elerae@VL. Buffer gas pressure was
varied from 5.0 to 470.0 mbar. The relative intgnsind width of the frequency
components were decreased at 5 mbar pressure .[FRBB8B.12 shows the typical
Fabry-Perot (a) fringe, (b) intensity modulationadine scan across the diameter of the
fringe, of 510.6 nm at 180 mbar pressure. The iv@aihtensity and width of the
frequency components decreased. Only pdakadB dominating, while the peak is
barely seen at 180 mbar. The pe®R has 2.04 GHz linewidth. Fig.3.13 shows the
typical Fabry-Perot (a) fringe, (b) intensity moalibn of a line scan across the
diameter of fringe, of 510.6 nm lines at 470 mi@dre relative intensity and width of
the frequency components decreased drasticallyy @ frequency components
and B are seen, in which peak B is dominating, which B8a&%1 GHz linewidth.
Fig.3.14 (a) shows variation of linewidth of peakB andB with buffer gas pressure.
The peakB is sustained at all observed pressure range fref@O5mbar range.
However, intensity of peaR changes with buffer gas pressure. Fig.3.14 (byvshbe
typical variation of relative intensity of ped&kwith buffer gas pressure. Initially, the
intensity increases and then decreases with inagasiffer gas pressure. The spectral
intensity and width decreases with increasing pess Therefore, one can see that
with the increase of gas pressure from 25 mbarv@mdbar the intensity of peaks of the
510.6 nm laser line shape decrease [3.38]. Thaeygneicoupled to the discharge from

the applied electric field principally via the efems.
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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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Figure 3.13: Typical Fabry-Perot (a) fringe, (b) intensity modulation of a line scan

across the diameter of the fringe, of 510.6 nmlines at 470 mbar
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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 #&lens pick up energy between

collisions while the pressure controls the meae fvath between these collisions i.e.

E

electron temperaturd,, = f( J whereE is the electric field ang, is the pressure

Po
that corresponds to the (hot) particle density hme tube reduced to standard

temperature and pressure (STP).

The electron temperature depends on various digehgarameters like buffer
gas density, copper atom density, and excitati@thdirge current pulse. With the
increase of gas pressure the collision frequenoeases among particles, which would
decrease the electron temperature, the excitadims and the lifetime of excited upper
state particles. The decrease in laser intensity wcreasing buffer gas pressure is due
primarily to the decrease in electron temperatimereasing of buffer gas pressure,
decreases the electron density and hence eleetngetature. At buffer pressure below
optimum, excitation and ionization rates to statéth thresholds greater than the
copper levels become increasingly more probablehemte intensity decrease at low

pressure.

In the present study, the pressure was varied &anbar. At this low pressure
the linewidth was less than the value at optimarapng pressure (20-25 mbar). The
increased buffer gas pressures decrease the eléetnperature and hence reduce the
energy of the electrons. The excitation rates, whiéce proportional to electron
temperature, decrease with increasing pressures Tésults in decreasing the
population in the upper state. Alternatively, gashshe components are proportional to
the transition probabilities between these two rlasetes. Therefore, when the
excitation rates decreases, the frequency compestaning comparative smaller gain

will disappear. This causes the number of the Hypeicomponents, which reach the
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laser threshold decrease, and the width to redtlogs, in fact, the change of pressure

may destabilize the optimum equilibrium of the gadadium.

3.5 Summary

In conclusion, succinct description of copper ataser transition mechanisms,
kinetics, design, construction and working prineippf CVL are presented. The
theoretical analyses of energy level splitting opger atom, transition probabilities
between these levels are also investigated. Thesemiof green lines starts somewhat
earlier than that of the yellow lines. The 510.6 hines consist of three distinct
frequency components, which are result from thensitions of the hyperfine
components. For the 578.2 nm line, the observedwehis quite different. At the
lasing threshold, only one frequency component eerved. However, far above the
threshold, two additional components of higher @iacy (and lower intensity)
accompanying the most intense line is observed.fidgency components are well
resolved, stable and reproducible. Input electower in the discharge tube also plays
a significant role on the spectral width of CVL esion. An additional broadening of
almost 1 GHz at the highest input power for optimpperation is observed. The input
electrical power decides the tube/gas temperatur@ lkence the linewidth of
predominantly Doppler broadened CVL atomic transgi The intensity and the
spectral width of 510.6 nm laser line are sensitwethe buffer gas pressure. The
hyperfine components having highest gain appestr ifirlasing and are also the last to
disappear. Altering the buffer gas pressure redtitesnumber of components (and
hence the overall linewidth). Typical CVL paramstsuch as repetition rate, power,

pulse width, beam diameter etc. are also listed.
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Therefore, very stable spectral characteristics the visible region of
electromagnetic radiation made CVL an ideal sotfwcédigh repetition rate excitation
of the dye laser as well as for other applicatioifse present high resolution spectral
study also builds formidable experimental technidole 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 tlasdr beam characteristics. The
spectral characteristics of a laser, such as spesidth and coherence length are
primarily determined by the longitudinal modes; wdas beam divergence, beam
diameter, and energy distribution are governedheyttansverse mode structures that
survive inside the resonator. The resonator hasnegxe frequencies of its own that
interact with amplifying medium and controls energpatial, spectral and temporal
properties i.e. output power, monochromaticity, edgence and spatial intensity
distribution of the laser output.

Pulsed dye laser, like other lasers, typicallysists of organic dye as gain
medium, an excitation source, and an optical reson@ptical resonator is the optical
system that reflects radiation back to the gain immadand determines the mode
properties and power/energy of the lajget]. The most basic resonator, regardless of
the method of excitation, is that composed of tworars aligned along a single optical
axis. In general, optical resonator is made of tmoors in which one of the mirrors is
~ 100 % reflective at the wavelength or wavelengthmiterest while the other mirror
is partially reflective. The amount of reflectividepends on the characteristics of the
gain medium. The optimum reflectivity for the outpeoupler is often determined
empirically [4.1]. For a low-gain laser medium theflectivity can approach 99%,
whereas for a high-gain laser medium this reflétgtivan be as low as a few % [4.1].

The dye laser is a high gain laser in which a ~ #e€eflective optics is often
replaced by a diffractive element(s) like prismatgrg in either Littrow or grazing

incidence grating (GIG) configuration, as a parttloé resonator [4.2]. The grating,
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which controls the wavelength of oscillation anduees the laser emission spectral
width, has been used as the principal elementhigtype of laser resonator system,
narrow wavelength operation is generally achiewedllmwing the broadband emission
emerging from the dye cell to pass over the surfzca diffraction grating and the
grating exerts maximum angular dispersion on tleztspl 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 depemdsnly on the passive
bandwidth of the resonator and the number of raupd taking place in the resonator
[4.2]. Passive bandwidth of the resonator is deteethby the angular dispersion of the
wavelength selector and the divergence of the dgerlbeam incident on it [4.1-4.3].
Narrow bandwidth laser output is obtained by makpagsive bandwidth small, using
highly wavelength selective elements and/or byahlg a large number of round trips
to take place within the resonator. For short pdige lasers where the number of round
trips are only a few, the laser bandwidth is deteeah mainly by the passive bandwidth
of the resonator.

For pulsed dye laser resonator incorporating dgperelements, the single pass

bandwidth is given to a first approximation [4.3] b

AN = 55 (4.1)

whereA@ is the beam divergence a@%) is the total dispersion provided by the
c

optical components in the resonator. Thus, bandiwigltminimized by reducind\@
and increasing the dispersion. For the gratinganicavity, the emission wavelength is
governed by the grating equation
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mA = a(sin® + sin©") 4.2)
wherem is the ordera is groove spacing is the angle of incidence, ad is the
angle of diffraction.

For a grating utilized in Littrow configuration €i, ® = @), the grating dispersion

becomes

(5), =2ney, @.3)

And for grazing incidence grating configuratione thrating dispersion is

00\ _ 2 (sin® +sin®")
(5)6 - /A cos @ (4.4)
Or equivalently,

20\ _ 2
(H)G =" 4 cos® (4.5)

Fig.4.1 and Fig.4.2 show the typical dye lasersatu_ittrow and GIG configurations,
respectively. While in GIG configuration, the ragadn of the cavity is enhanced by
illuminating the whole grating with the unexpandesghm (which is widened by natural
beam divergence only) using the grating at a largge of incidence. Thus, the way to
reduce linewidth is to use a highly dispersive igia{a grating used at large angles of
incidence) and simultaneously reduce the beam givereAd by expanding the beam

incident on the grating.

Zero

order Excitation rn Feeback  Excitation
Source order Source
S L 1. ome S S
beam beam
Dye cell
DFE cell Qumut Beai QutpLt
Grating E:;::mer coupler Grating expander coupler
(@) (b)

Figure4.1: Typical dyelaser setup in (a) Littrow, (b) GIG configuration
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Beam expansion by a ratio M decreases the beamgdivee A@ by the same factor

M, so that [4.2]

Mm=22_—_ (4.6)

M (32,
In other way, the angular dispersion of the beampageger-grating combination is M

times the angular dispersion of the grating usedegli.e.

M =—22_

4.7)
M (57,

The resolving power of grating depends on the oodi@liffraction. In a given order, it

is proportional to the total number of lines illurated. The illuminated width ) of

the grating is given by

w
cos 0@

G =

(4.8)

wherew is size of beam incidence on the grating. Therefilarenaximize the resolving
power of grating either size of the incident beantarge enough or it should be kept at
higher angle of incidence (i.e. at grazing incid®nclhe grating efficiency reduces
drastically at grazing angle of incidence [4.4]eldfore, effective way to increase the
resolving power of the grating is to increase tlearb size before its incidence on
grating. Expansion of the beam inside the resonataccomplished by using optical
element, called beam expander. Several methods lhere used to expand the beam
inside the resonator and reduce the spectral waditipulsed dye laser [4.5-4.11].
Hansch [4.5] used a telescope to expand the l&enIso that it illuminates maximum
length of the diffraction grating, which was setairLittrow configuration. Eeslest al
[4.6] used mirror-telescope as an intra-cavity bearpander. Telescopic beam
expander provides two dimensional beam expansiah rmaade resonator length
relatively long, although, in laser spectral narrayvmechanisms beam expansion
along the length of grating is effectively usefiikeping these facts in mind, Haneta
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al [4.11] proposed prism as a one dimensional compé#et-cavity beam expander and
demonstrated the narrow bandwidth operation of ldger. After that a number of
authors have implemented prism or multiple prismsréduce the bandwidth and
improve the efficiency of dye laser.

The main role of the beam expander is to expandldeer beam and fill
maximum length of the grating. Magnification prosetby the prism, which depends
upon angle of incidence, apex angle and refracinaex of material used for
construction, plays an important role on the spéctarrowing of the dye laser. The
magnification provided by the prism is given [4.13]

_ C0sb, cosl,

4.9
c0sf, cosb, (4-9)

whered,, 8, andg,, 6, are the angles of incidence, refraction at thst Surface and

second surfaces, respectively. These involved anigiedbeam transmission through
prism are shown in Fig.4.2 (a). The angles areaélavith prism parameters such as

refractive index and apex angle through,

8, =sin™[(sing)/ n] (4.10)
8,=A-6,,and 6, =sin™*(nsiné,) (4.11)
And angle between the entrance and the exit beans i

E=6,+6,-A (4.12)

where n is the refractive index, A is the apexi@md prism.

To fully illuminate the grating and achieve maximumasolution, the frequency

selectivity is improved using a prism as an inta&iy beam expander. However, to
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reduce contraction on leaving the prism, the exifaxe of the prism has been made

approximately normal to the beam.

Angle of prism

Deviation

(a) (b)
Figure 4.2; Systematic of (a) anglesinvolved in beam transmission through prism, and (b)

beam expanding view through the right angle prism
When a beam of siz®; incident at an angl@, on the first surface of the right angle
prism andi/, is the beam size after passing through it, themtagnification factorM

of the beam is given by [4.2]

1
2 _qj 29 /2
M="2_ (w) (4.13)

wy n2-n2sin? 0,

The systematic of beam expanding view through thbkt rangle prism is shown in
Fig.4.2 (b). The reflection losses are also an mamb factor on the design of optical
element because they affect significantly the efficy of the system. According to
electromagnetic wave theory, when a beam of ligkbtdent at an angle it is partly
reflected and partly transmitted. The reflectioreflioient R for p polarized light at

first surface of the prism is given by [4.2],

_ tan 2 (91—92)
" tan 2 (8,+0,)

(4.14)

The transmission coefficier® is related with reflection coefficient R by

T—1—R= sin20;sin2 6, (4.15)

sin2 (0,+6;,)cos 2 (6,—-05)
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The multiple-return-pass linewidth for a multiplagm grating oscillator is given by

[4.2],

ABR

AL =
(RV;®p+R M V;04)

(4.16)

whereV, 0. is the total grating dispersio; ®, is the total prism dispersio is the
intra-cavity beam expansion ratio, heReis the total number of return passes. The

multiple-return-pass beam divergend, is given by [4.2]

2 2 1/2
o= (20) 1+ () + (5 &

WhereLy is the Rayleigh lengttAgr andBy are the multiple return pass transfer matrix
coefficients,W is beam waist size, antlis the wavelength.

4.2.2 Numerical analysis

In this section, the numerical analysis of beam mifaggtion and dispersion
provided by prism and grating is presented forghemeters used in the experiments
of later chapter. Magnification provided by thespni in fact, depends on the angle of
incidence and refractive index of the prism materidere, results of the calculations
associated with dependent parameters are discus$ed.4.3 shows variation of
magnification with (a) angle of incidence on thespr, (b) refractive index of the prism
material. Magnification increases with increasimgla of incidence, for a given prism
apex angle and refractive index. The increasedgmification is very small for angles
less than 85 however, it changes drastically for angles inrtreges 86to 89. Fig.4.4
shows variation of beam transmission and refleatmefficient with angle of incidence
on the prism. The transmission below’ & almost constant and reduces drastically in

the range of 80-89angle of incidence, irrespective of the refractivdex of material.
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Figure4.3: 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 reflectioasés and get higher magnification,

multiple prisms are generally used at relativelydo angle of incidence.

The single pass dispersion of the prism [4.13] is

Vb, = 4 dn (4.18)

cos B, cosf, dA

dn . . . , .
where d—;l is the dispersion of the prism material.
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For prism apex angle 70angle of incidence 8o the first surface, hence % the
second surface, the typical calculation for thelesglescribed above shows that the

prism dispersion is

%) _ _2sin4 dn mrad
(al)p "~ cosf;cosf; di 0.3897 /A (4.19)

d —
where == = —6 x 107 /A
For 88 angle of incidence to the grating (magnificatiaid, &eam size 0.1 mm from

dye cell), the illuminated width G, of the gratii®g24.93 mm. For the grating with a =

4.17x 10" mm (grating 2400 lines /mm). Dispersion of thetiggis

("—@’) =9.7162 mrad/A (4.20)
a1/ ¢
Thus, the total dispersio@—ii’) + (Z—i) = 10.1059 mrad/A

P G

For a prism beam expander-grazing incidence gratingyg mirror configuration, the

typically passive bandwidth [4.13] is

22 2 1
AL = 5 =5 (4.21)

MW (50 (52)o)

These numerical analysis shows that the dispemiaovided by the prism is very small

as compared to the dispersion by the diffractioatigg. For the dye laser emission
peak wavelength = 576.00 nm, the typical estimated passive banthwsihl = 4.28
GHz. However, it is known that the passive bandwitt always larger than that

experimentally observed, due to the gain narrowing.

Numerical analysis of bandwidth is further estindad different angle of incidence on
prism and grating. Fig.4.5 shows variation of bamitlwwith angle of incidence on the
(a) prism, (b) grating. Fig.4.6 shows variation(af bandwidth with beam waist size,

(b) the ratio of bandwidth and wavelength with beasist size for different angle of
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incidence. The dispersion due to the prism is namhbller than that due to the grating,
hence after neglecting the prism dispersion telneratio of bandwidth and wavelength

were estimated for different angle of incidencdlmngrating with beam waist size.
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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 inciden@eand diffraction angl®’,
- Z
AX/A = (4.23)

22 1
M (sin®+sin®r)’

whereZ = Therefore, variations af1/1 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 otitpoupling from one side of
the optical resonator with a partially transmittimgror, whereas dispersive element is
generally used as a reflective optics on the atltsr [4.2]. In the open cavity of Saikan
[4.14] the laser output was taken directly from g¢nating in the form of the zero order
beams. The closed cavity used by Littman and Mifgd], in which the output beam
was taken from a partially transmitting mirror aetopposite end of the cavity. For
power extraction the transmission coefficient o thutput coupling mirror is a very
important factor. If it is very large then loss egd the gain and no lasing is possible
and if it is small then laser may oscillate brightiside the cavity but output coupling
is very small. For an efficient laser operation améximum power extraction,
optimization of reflection coefficient of partialtyansmitting output coupling mirror is
an important aspect.

Dasgupta and Nair [4.15] have optimized the gaingtle for maximum
extraction efficiency. Zhang and Tokaryk [4.16] Baproposed a new geometry for
grating-tuned cavities that reduces optical logsa® the gratings, lowers the lasing
threshold, and enhances the laser output. Masheal §¢.17] has treated the
optimization of the grating efficiency in grazingcidence. Munz et al [4.18] have
addressed the problem of output—coupling optinoratiye laser in terms of a rate

equation approach under steady state, spatial tiwariaof the gain distribution,
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reabsorption, triplet effects and excited stateogiigon. In the present study, effect of
output coupler mirror reflectivity on the opticalower of dye laser in GIG
configuration was investigated theoretically angerxmentally. The two mirror cavity
approach has been simplified and optimized for dye laser output power. A
schematic representation of the dye laser setudogey for this study is shown in
Fig.4.7 (a). The prism beam expander, grating atigg incidence, highly reflecting
mirrorM , and a partially transmitting mirrdvl, forms the resonator of dye laser. The
tuning mirror M of reflectivity Rand the grating with first order are positioned as
shown in Fig.4.7 (a). The combination of the grgtand the tuning mirror is lumped
together and represented as a flat mirror of réfleg R, = R(2R, ), where R, is the
grating diffraction efficiency. The simplified resator, typically, consists of two
mirrors of transmission coefficieri} (reflection coefficient, — R;) and transmission

coefficientT, (reflection coefficientl — R,) separated by the active medium length

Tuning Mirror (M) M; M,
R
Pump Beam R 1 2
T 1{ T Output T I s
T
JT\‘J 'T' I] [—— ——]
Grating Dye Cell Ta Ty
Beam Expander
Output Coupler T1 T2
Mirror M
2
(a) (b)

Figure 4.7: Schematic representation of the (a) dye laser setup, (b) simplified symbolic
representation of the dye laser resonator
The quantitied;” andl; are the internal photon intensities propagatinthe positive
and negative x-direction (as shown in Fig.4.7 {ajh the total intensity; at any point

given by

L=1+1I (4.24)
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In Fig.4.7 (b), T, andT, are the transmission coefficient of the dye cétidews,Tp is
the transmission coefficient of the prism beam exiea, respectively®, is the lumped
reflection coefficient of grating-mirroR, is reflection coefficient of the output coupler
mirror. It was assumed that the losses of the beassing through both the windows
are same i.€[,, = Ty,

In the resonator, which support substantially plaleetromagnetic waves, the loss due

to output coupling is defined by

L, = exp{—%ln(leRzD (4.25)

For an optical resonator containing an active medias an amplifier, the self-

oscillating condition for a resonator shown in Bi@. can be written as,
R, RT2T2 T expl2al) =1, (4.26)
wherea is the gain coefficient.

The output intensityl ,, of laser in a gain medium having small signal gajand

out

saturation intensity ., in absence of expander, is given by [4.19]

T.T,|a,l —1In[221J

\ L

o b-\T2T2RR, i+ 2R, /TR

With inclusion of another losses (prisms, windows.)e above equation can be

(4.27)

modified as,

Iout :Tszls aOI _Eln % X
2 T, T.T,RR

{1+(R2 T/ RlTpZT;);}_ (4.28)

{{1_ (-I-a2 sz sz RR, )%

For theoretical investigatior, = 02 - 0.3, as feedback through grating-mirror in first

order never exceeds 30% at grazing incidence [4al®]T, =T, = 096 are used. For a
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specific and known values dt, T,, T,, R, anda,l, the transmission coefficient,

andT,varied in the range of 0.1 - 0.9. Fig.4.8 showsuigation of normalized output

intensity with transmission coefficient of gratingfror. Intensity decreases

monotonically with increasing transmission coe#id. In dye laser resonator
reflectivity R, of grating-mirror system mainly depends on the argfl incidence of

light on the grating and diffraction efficiency, iwh governs the spectral properties of
radiation [4.2, 4.13]. In dye laser, transmissiaefticient of gratig-mirror system
mainly depends on the angle of incidence of light tbe grating and diffraction

efficiency.

Fig.4.9 (a) shows variation of normalized outpdénsity with transmission coefficient
of the coupler mirror. This showed maximum intepsibupled outside the cavity near
transmission coefficient 0.7, i.e. 30 % reflectviExperiment has been carried out to
optimize the output coupler mirror transmission fioents for CVL pumped dye
laser. Fig.4.9 (b) shows variation of dye lasempatipower at different transmission
coefficients (0.1-0.9) of output coupler mirror. eflmaximum output power was

observed in the range of 0.7-0.8 transmission woefit.
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Figure 4.8: Typical variation of normalized output intensity with transmission

coefficient T; 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 couptemror has an effect on the output
optical power of dye laser. Its selectivity is anportant step for maximum average
optical power extraction from the dye laser. Thasiwo-mirror simplified cavity

approach has been used for optimization of outpmwep through transmission
coefficient of mirrors of the dye laser resonatmth theoretically and experimentally.
The maximum output power was observed in the rasfg20-30 % reflectivity of

output coupler mirror. The experimental resultslvagiree with the model developed.
This study has helped us for selection of transomsscoefficient of partially

transmitting output coupler mirror in the designdadevelopment of the narrow
bandwidth dye laser oscillator for further inveatigns 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@+B). In a laser with cavity
length of few tens of centimeters, numbers of mamkesllating are large and the laser

is said to be multimode or broadband laser. Forynmspectroscopic applications, a
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narrow bandwidth dye laser is essential. Narrondbadth dye laser is defined as a
source of highly coherent emission having a banttw[d.1] narrower than Av =
3GHz , which is approximatehA = 0.0017 nm at 510 nm. Therefore, a rigorous
attempt was on the development of tunable opticadorow linewidth operation of dye
laser. The dye laser is a homogeneously broaderstehs;, hence the gain available can
be efficiently channeled into a narrow bandwidthpot. Therefore, spectral narrowing
occurs, without appreciable change in energy, whemvelength selector is introduced
in the resonator. A large variety of wavelengthestle optics has been used for
spectral narrowing of the dye laser. The reporygical bandwidth of dye laser using
broadband dielectric mirrors resonator wa$.0 nm [4.20]. Replacing one of the
broadband mirrors by a grating in Littrow configiwa reduced the linewidth to
~0.06 nm [4.20]. Bradley et al [4.21] reported a refireerh of the grating-mirror
cavity that incorporate an intra-cavity etalon thiave bandwidth of about 0.05 nm.
Myers [4.7] incorporated a prism positioned at ayvéarge angle of incidence
approaching 90in the optical cavity of dye laser. He found thia¢ bandwidth was
narrowed from 10 nm to 0.2 nm when the prism wagqd in a broadband cavity
consisting of two high reflecting mirrors. When te@me setup was put in a grating
cavity-mirror, the reduction in bandwidth was frdmd nm to 0.09 nm.

Hansch [4.5] demonstrated bandwidth of about 0/@®3atA~600 nm, using
intracavity telescopic beam expansion in Littrovatgrg configuration and a further
refinement (reduced to less than 0.0004 nm) intehescopic device was achieved by
employing an intracavity etalon. As telescopic beaxpander is long, expensive and
cumbersome to align, an alternative beam expamdeich is much simpler to use,
compact and also less expensive, is a prism aazang angle of incidence to expand

the beam in one dimension (in the plane of incidgnéiannaet al [4.11] have
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incorporated prism as an intracavity beam expaaddretalon in Littrow and achieved
bandwidths in the 0.003-0.007 nm range.

A significant development in the area of resonatompactness and narrow
bandwidth operation was the GIG resonator, develapgependently by Shoshan [4.8]
and Littman and Metcalf [4.9]. It provided a altatiwe design for compact narrow-
bandwidth dye laser in which grating was illumirthtg a grazing angle of incidence,
in conjunction with a tuning mirror and reportedewidth of 0.003 nm at 600 nm.
Littman [4.10] used a grating-grating combinatiord aeported single mode linewidth
of 300 MHz.

Shosharet al [4.8] have used a 100% reflecting mirror at oné ehthe cavity,
grating in grazing incidence, and tuning mirrortta¢ other end. The laser output was
taken directly from the grating in the form of tkero-order beam and they have
achieved narrow linewidth of 2.4 GHz. Since thepotitwas taken from the grating
zero-order, it contains a large fraction of amptifispontaneous emission (ASE). The
ASE has several undesirable effects on the perfoceaf a narrow band pulsed dye
laser [4.22] such as reduction of the laser efficig restriction of the tuning range, and
formation of a broad band spectral background sonp&xsed on the narrow band laser
output. Littmanet al [4.9] have used partially reflecting output mirrgrating in
grazing incidence with tuning mirror and have aecbdé bandwidth of 1.25 GHz.
Littman [4.10] have used another grating in Littreaanfiguration in place of tuning
mirror and achieved a single mode linewidth of R*89z. Duarte et al [4.13] have used
additional prism beam expander in configurationdulgg Littmanet al [4.9] to obtain
the bandwidth of ~ 1 GHz with improved efficiendyaruyamaet al [4.23] have used
double prism beam expander in Littrow configuratwith intra cavity etalon of FSR

30 GHz and a finesse of around 20 and achievedh@dth of 62 MHz. Bernhardit
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al [4.24] have used intra cavity etalon (FSR 20 Gfitmsse ~ 13) in addition to a
multiple prism beam expander (magnification ~ 40)Littrow configuration to force
the oscillations into a single mode and have a&udes0 MHz linewidth. In all these
cases, narrow bandwidth of dye laser has been\athiey effectively increasing the
dispersion in the cavity and single mode operatebrgeasing the losses for all except
one mode.
4.4 Single mode dye laser

Single mode pulsed dye laser is widely used in nmasoe ionization
spectroscopy, high-resolution optical spectroscapywell as in the efficient optical
pumping of the excited species, where the spelitred are very close to each other.
Narrow bandwidth dye lasers have been realizeditinolv, multiple prisms Littrow
(MPL), grazing—incidence grating (GIG), multipleigns grazing incidence grating
(MPGIG), or hybrid multiple prism grazing incidengeating (HMPGIG) dispersive
cavities [4.2]. These usually operated with a nundfeaxial modes. In a laser with

cavity length L, the longitudinal modes spacing in frequency damai given by

v = i and the number of longitudinal mod¥s,, is given byN,,, = ﬁ‘”/&}, where

Av is the gain bandwidth. Thus, number of longitudmades, within the gain profile,
can be reduced to single mode by reducing the ycdeiigths appropriately. The
reduced/compact cavity length realization is limitey physical dimensions of the
components of the resonator.

It is common practice to use long cavity and introgl additional optics (to
suppress all modes except one below the losstiinggt single mode. Laser oscillation
on a single mode can be achieved if the losseslfpexcept the desired mode, are
increased to such an extent that they do not remdilation threshold. Another

approach to ensure single longitudinal mode opmras to increase the effective gain
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of the desired mode by injecting radiation seethat mode so that it builds up faster
and dominates. However, the power needed to laaepatticular mode will increase
rapidly as the desired mode moves farther fromlitie center. Further, the injected
radiation must be an allowed mode of the resonatbich requires a careful control of
the resonator length. All these approaches hasiealwn technological challenges.

A number of techniques [4.8-4.9, 4.14, 4.23, 4.Z8tihave been reported for
the single mode operation of pulsed dye lasersudinmog pulse amplification of cw
single mode [4.32], external filtering of a multid®laser oscillator [4.33], and a very
short cavity oscillator incorporating frequencyesgive elements [4.26] such as intra-
cavity etalons [4.23-4.24]. Single mode operatignuking intra cavity etalon can be
achieved by varying the optical path length of #talon (by adjusting its tilt or
temperature) such that one of its transmission maxoincides with the desired mode
and no other transmission maximum falls in the dandwidth. The later condition
requires that the free spectral range (FSR) okthin should be greater than half the
gain bandwidth if the desired mode coincides with ¢enter frequency, or in general,
greater than the gain bandwidth. This requiresipeeselection of the FSR and finesse

of the etalon to force the lasing in single modke Free spectral rangeSR) of an
etalon is given bym'l—; , Where dis thickness of the etalomn, is the refractive index of

the medium of the etalon. The estimate of minimesolvable linewidth or resulting

laser linewidth obtainable from the etalon is gisrratioc—, F is the effective finesse

of the etalon. The finesse of the etalon is a fioncdf the flatness of the surface (often
in the range o*ﬂflm — *1,!50), the dimension of the aperture, and the refl@gtnf the

surfaces. The effective finesse is given [4.1] by

1

7

(4.29)

1 1 1
FEOFRR 7}
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whereFg, F- and F,; are the reflective, flathess, and aperture finagespectively.

Hung et al [4.25] have reported a novel simple cavity forzgng incidence
pulsed dye laser in which the tuning mirror wasated from Littman’s working
position so that the beam diffracted at an angle meflected back to the grating at the
Littrow incidence angle. This modification is eqalent to the use of the second grating
in Littman’s double grating design. Thus, single dmooperation with a spectral
bandwidth of 385 MHz was achieved using only orspelisive element (grating) in the
linear cavity. However, in this technique the tunmirror was rotated about the same
axis for single mode operation and tuning of the tser. Hence adjustment of angle
of tuning mirror for single mode operation may afesult in tuning of wavelength of
the dye laser. A new technique for single mode atp@r of dye laser was anticipated
and successfully demonstrated, in this thesis,graaing incidence grating long cavity
without using any additional optics or modificatsoin prism GIG long cavity, by
introducing losses in the resonator through beartk-ofé [4..34]. Fig.4.10 shows
schematic diagram of CVL pumped dye laser. In $kisip, resonator typically consists
of output coupler mirror (20% reflectivity), dye Igesingle prism beam expander
(magnification ~ 8) and grating (2400 lines / mm)grazing incidence with tuning
mirror. The overall cavity length was 16 cm, in anidye laser oscillates in three axial
modes successfully.

Grating

R=20%

=\

Tuning Mirror

o ]
\I—l/l

ZI\" Dye Cell

Prism Beam Expander

Figure 4.10: Schematic diagram of dye laser
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Fig.4.11 shows dye laser FP fringe of (a) threalaxiodes, (b) double axial modes,
and (c) single mode. In normal operation of the ldger, without any additional loss in
the resonator, the observed separation of the mades was- 990 MHz, close to the
value of ~ 937 MHzstimated from the resonator length. The numbexxa modes
was reduced by introducing losses in the cavitgugh rotating the tuning mirror about
an axis parallel to the plane of incidence of difted beam from the grating. When the
tuning mirror was aligned in such a way that thstfiorder diffracted beam from
grating is incident normally on the tuning mirrdhree axial modes lasing. Was
observed that the rotation of the tuning mirror @ban axis parallel to the plane of
incidence, rather than perpendicular, discrimingtesnumber of axial modes. Fig.4.12

shows the schematic of the rotated positions argttion of the tuning mirror.

(@) (b) (c)

Figure4.11: Dyelaser fringe of (a) three axial modes, (b) double modes, and (c) single

mode
The maximum angle of rotation of tuning mirror ineodirection depends on the
beam size perpendicular to the plane of incidemckdistance of tuning mirror from
the grating. Ifdis the distance between grating and tuning mirmat & is the beam

size (along minor axis), then the maximum angleotétion & in either direction is

w . . .
9:5. The angles of rotatio® are very small and require precise control on the

rotation to discriminate the number of modes.

103



Tuning mirror
and itsrotated
positions

Figure4.12: Schematic of rotated positions and direction of tuning mirror

Precise rotations in either direction resultedimgle mode, as shown in Fig.4.11 (c).
Thus the position of tuning mirror plays signifitanle on the performance of the dye
laser. As a result, the same cavity, without using additional optics, can be made to
operate in single axial mode just by controlling tiotation of tuning mirror along an
axis parallel to the plane of incidence of therdiffed beam from the grating. This
novel technique givesingle mode of 360 MHz [2.34] bandwidth from a dgser
which normally (i.e. in symmetrically aligned cotidn) operating in three axial
modes. The beam diffracted from the grating suffeam walk—off through tuning
mirror, which introduces losses in the resonatos @ur configuration employs
minimum number of optical components, hence misatignt and instability are

greatly reduced.
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4.5 Summary

In conclusion, pulsed dye laser resonator chargtitsy are extensively
investigated. The dispersion theory for narrow bé@dth pulsed dye laser is analyzed
theoretically and numerically. The pulsed dye ladispersive resonator is analyzed.
The simplified two-mirror cavity is used for optimaition of the output coupler mirror
transmission/reflection coefficients for maximumtiogl power extraction from the
resonator. The optical power of the dye laser fhiégmced by the reflectivity of an
output coupler mirror. Maximum output power is atveel at 20-30 % reflectivity of
the partially transmitting output coupler mirrorhd experimental results agree well
with the model developed, which should help in d@wament of the tunable dye laser
oscillator.

The bandwidth issues associated with pulsed dy# f@sonators are reviewed.
A cavity with single prism beam expander and gratingrazing incidence with tuning
mirror, which operates in three axial modes is usedingle mode operation, without
using any additional optics. This technique is v&imple 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 dyerlas single prism grazing
incidence grating cavity
Optics and Laser Technolo@9, 1140 (2006)

Nageshwar Singh
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Chapter 5

Studies on high repetition rate dye laser subsystem

High repetition rate dye laser typically consistddge cell for containing the gain
medium, excitation (pump) source, resonator foawig narrow bandwidth, dye solution
circulation (DSC) and cooling system for minimipatiof thermal effects. In the previous
chapters, the excitation source and the narrowltid resonators for the dye laser have
been extensively investigated. In this chaptemigance of associated sub systems like
DSC system, dye cell flow channel geometry and fttaracteristics 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 dgser at high repetition rate, the
active dye volume exposed by the excitation soness to be rapidly removed between
successive pulses. Thus, it becomes imperativéoto the dye solution through the dye
cell at a sufficiently high speed. High clearingioa of dye volume results in minimum
thermal effects and extended dye lifetime. Theersfodye-flow handling system
considerations become a major concern for dye dasperating at high repetition rates.
The mechanical pump motor system associated walDBC system is the largest source
of heat generation and mechanical vibrations. Thwgesign detail of DSC system, which
is major subsystem of the dye laser, is presemteatiis chapter. Design of flowing type
dye cells of different flow channel and numericablgsis of velocity vectors inside the
dye cells is briefly presented. Theoretical analysithe 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@$C system [5.1]. Therefore, first
of all DSC system was especially designed anddated for the flowing the dye solution
through the laser gain medium. The DSC system d&jlgiconsisted of a closed loop dye
solution reservoir, mechanical pump motor, comdaeized plate heat exchanger, SS
sintered filter, temperature sensor (PT-100), presgauge, self-tuned PID temperature
controller and digital flow meter. The SS 316 mialerwhich is non-corrosive and
compatible with the organic dye, was used for adichanical components which are in
direct contact to the dye solution. To adjust tba/frate, a part of the dye solution returns
through an adjustable by-pass valve while remaipiag of the solution flows through a
filter system to the dye cell and finally returnttee dye reservoir. In this way, mass flow
rate through the dye cell can be adjusted by me&bg-pass valves at constant pressure.

Fig.5.1 shows dye circulation and cooling unit snhéc.

SYSTEM FLOW
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&
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'
7 —— Flow Switch Sraner

Figure5.1: Dye circulation and cooling unit schematic
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Dye Cell

Figure 5.2: Smplified schematic of dye cell and flow loop

The liquid volume capacity-( liters) of the dye solution reservoir was chosersuch a
way that flow can be adjusted up to 20 liters penute (LPM) while dye solution
temperature controlled within + 0.9C by PID controller. Fig.5.2 shows simplified

schematics of dye cell and flow loop.
5.1.2 Studieson mechanical vibrations

Liquid dye laser, operating at high repetition r@ié&Hz), is coupled with the DSC
system. One of the key components in the DSC sy&emnechanical pump motor, which
inherently generates vibrations. These vibratiores teansmitted through the flow loop
system to the dye cell. In this way, it can causerhechanical vibration of the dye cell,
which is intra-cavity part of the dye laser. Theref identification of these vibrations is
essential for stable operation of the dye laseer@hs a possibility that mass flow may
also generate vibrations. Reynolds numbers, whitaracterize the liquid flow, was
estimated for the mass flow rates of the dye smhufdye dissolved in ethylene glycol and
ethanol mixture). Thus, vibrations transmitted tlgle mechanical pump motor and
Reynolds number of the flow were measured usingneervially available portable
vibration meter (Cardvibro VM-2004 Neo model). \alional frequencies were measured
at different location on the flexible pipe used tmmnecting the dye cell to the outlet of

dye circulation system. Fig.5.3 (a) shows frequesi@resent at different locations away
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from the dye cell. The distance towards pump mbtwn dye cell was taken as positive

while in other direction as negative.
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Figure5.3: Variation of vibrational frequency (a) on pipe fromthe dye cell at Reynolds
number 1000 (b) with Reynolds number of the flow

Vibration of 38 Hz frequency was detected near dige cell while maximum
frequency present on the pipe was less than 200aH&Reynolds number of 1000.
Frequency of vibrations was also measured at tlee @yl as a function of Reynolds
number. Fig.5.3 (b) shows variation of vibratiofralquency with Reynolds number of the
liquid flow. As the Reynolds number of flow increasthe frequency of vibrations also
increase and approach saturation. The vibratioquéecy of the optical table was 487.5
Hz during DSC flow system off while it was 1143.F% during on condition. The lower
frequencies are always present while higher freqgiesrin kHz range were due to the DSC
system. This exercise of measurement helped irgesid development of experimental
work station for the characteristic investigatidndge laser. Based on these observations,
rubber stud pads were used to isolate these kHerraquenciedt was observed that the

pads offer the most effective and easily applicalleration/shock isolating resilient
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material for passive stabilization of the dye lasgstem. The pads reduce ground borne
vibration. Further it also isolate the vibrationoguced by flow & noise from heavy

machinery and even passing traffic for giving petitsn from external disturbances.

5.2 Development and studies on dye cells

Dye cell, used to enclose the gain medium, is drie critical components of a
high repetition rate dye laser. A number of dyd gebmetries have been reported in the
literatures for a high repetition rate pulsed dgsels. Many of these have specific
experimental objectives in mind or offer specifitvantages. The planar cell is the most
commonly used dye cell. In the planar duct dye, ¢bl flow channel is profiled on the
inner surfaces such that the cross sectional adkaces to increase flow speed in the pump

beam region.

For a high repetition rate dye laser, several tyggebye cell conduits were reported
in the literatures [5.2-5.12]. Zemska¥ al [5.2] used planar nozzle of 0.5 x 6.0 fm
dimensions for studying the energy and time charetics of jet dye laser pumped by
CVL (10 kHz). Pease and Pearson [5.3] investiggiatse to pulse mode structure
fluctuations in narrow linewidth dye laser pumpsd@VL (6 kHz) using 8 mm dye cell.
Zherikin et al [5.4] used slit-like gap of 15.0 x 0.5 rAimectangular quartz cell and studied
the efficiencies, narrow bandwidth operation, amthble second harmonic generation of a
dye laser operating at 10 kHz. Bernhardt and Rasemufs.5] have used quartz dye cell
having internal dimensions approximately 8 x 8 xr@@" and inserted a curved metal
piece into the dye cell to constrict the flow thgbuan area of 8.0 x 0.3 mimacross the
pumping region. Broyeet al [5.6] have used a dye cell, assembled from foudically

contacted fused silica plates, in which the dyeitsmh flow channel was restricted by an
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inserted ventury, which left a total clearance 8f51x 0.4 mrA Duarte and Piper [5.7]
characterized the high pulse repetition frequer8y13 kHz) dye laser resonator using
flowing dye cell of trapezoidal cross-section ofmédnsions 11 mm wide x 1 mm thick.
Lavi et al [5.8] had designed the dye cell (10.0 mm x 0.1 jnamd studied the pulse to
pulse mode structure fluctuations of a CVL (at Zkidumped dye laser. Amét al [5.9]
had investigated the temperature gradients, gestetat a high pulse frequency (4 kHz)
CVL, in a planar dye cell (gap, 0.5 mm). Maruyaghal [5.10] characterized the output of
high repetition rate dye laser, using 8 mm gaimgtlerof the dye medium in a rectangular
cross-section dye cell. Sugiyardaal [5.11] reported temperature and pressure controlle

frequency tuning of a dye laser using a dye ceivacegion dimensions 8 x 0.2 x 1 Mim

All of these dye cells, used for the high repetitrate dye lasers, were of diverse
liquid flow characteristics and hence differed liowf induced inhomogeneity in the gain
medium. Therefore, high repetition rate dye lasdlrreeeds a good optical quality lasing
medium for better passive stabilization. In thiadpwe made an effort to develop dye cells
with enhanced spectral stability for a high repatitrate dye laser. In this thesis work, new
dye cells for a high repetition rate dye laser wasigned. Numerical simulations of the
dye solution flow in some of the dye cell were atsoried out for better understanding.

The brief description of the dye cells design isgented as follows.
5.2.1 Planar duct dye cell

A planar duct dye cell is generally used for CVLnmed dye laser. Fig.5.4 shows
side view of schematic of the planar dye cell. Tye cell is typically consisted of glass

windows which were assembled in such a way thatgtt long channel function for the
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liquid flow. These windows were sealed with thephef ‘O’ rings. The dimension of these
glass windows typically provides the characteridtmnv area cross-section. The gap
between the optical windows can be adjusted manuhlliing the assembly. Hence the
flow speed of the dye solution can be varied algochanging the gap between the
windows to have optimum flow velocity. During theeavation of dye laser using planar
dye cell, it was noticed that the output of dyestasuffer from fluctuations, in spite of the

best efforts towards mechanical stabilizations.

Dye Out

< Pump beam

DyelIn

Figure 5.4: Sde view of schematic of the planar duct dye cell

Then it was anticipated that sudden change of dmgs-section in the planar dye cell, to
some extent, is responsible for these fluctuatidhsrefore, a need was felt for other dye
cell geometries which intend to minimize the suddeange 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 aesa the pumping region, a curved
profiled flow channel dye cell was used. In thigdell, the flow profile was nearly 360

curved with aspect ratio continuously decreasimgéasing from 22 mm to 0.5 mm and
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height 25 mm. Schematic of flow channel of curvedtdlye cell is shown in Fig.5.5. The
duct was formed by two cylinders of radii of cunuas of 46 mm (outer radii) and 35.5
mm (inner radii) with a height of 25 mm [5.12]. Taris of the inner cylinder was shifted
such that a gap of 0.5 mm was maintained at theppgion. The cross sectional area at
the pump region was thus 25 x 0.5 farfihe inlet and the outlet were located close to
0/360 with a suitable separator. Thus, this curved géomleas concave-convex flow

channel for the liquid flow.

Dye laser axis

<7 Pump Beam

Dye flow duct

Figure5.5: 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,cdimer dye cell was designed.
The dye cell was made by pinching a glass tube twonsides. The borosilicate glass tube
was heated and then quickly transferred for pinghime heated region between two
spatially profiled graphite jaws in such a way tités flat in the pinched region of height 5
mm and length 10 mm, inside the dye cell [5.13p&a technique was applied to obtain
uniform gap inside the pinched region of the dyd. CEhe flow channel gap can be
adjusted from 0.02 to 0.5 mm during the pressingraion. The ends of the tube were
maintained at positive pressure to keep the wadisnfcollapsing, during the pressing

operation. The uniformities of the gap were inspegbhysically. The outer sides of the
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glass tube, in the pinched region were polishet wipering of & on both sides to avoid
the reflection from it. Ends of the glass tube wigted in a stainless steel (SS 304) blocks
and sealed with help of EDPM ‘O’ ring. It offersrraw region for dye solution to flow at
high velocities in the pump region. Fig.5.6 showstpgraph of dye cell fitted in SS
assembly and flowing dye solution with (a) optipaimping region, (b) dye laser emission

region, faces.

(b)
Figure 5.6: Photograph of dye cell fitted in SSassembly and flowing dye solution with (a) optical

pumping region, (b) dyelaser emission region, face

Further, an investigation of the liquid flow thrduthis dye cell has been carried
out via computational fluid dynamics (CFD) analysihe cell was modeled with NX
software. A finite volume analysis technique wasf@ired to calculate the flow velocity
distribution in and around the pinched region of dgll. Ansys fluent software (NX7) was
adapted for meshing and analysis. A fine mesh akentin the pinched region to take care

of the boundary effects. A simple algorithm hasrbased to solve the flow equations.
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Fig.5.7 shows velocity profile of the liquid flokrough the dye cell as analyzed by CFD
(a) along the width, (b) along the length. Fig.8W®ws liquid flow (a) velocity contour, (b)
velocity vector, through the dye cell. There issignature of any kind of flow disorder
noticeable in the velocity vector and contour o tiquid 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
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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 chaglnvas designed. The cell was
made from solid 30 x 30 x 30 mimsingle piece borosilicate glass cube. Two
perpendiculars through holes of diameter 20 mm weade in the cubical solid glass. The
inside and outside surfaces were optically polisied.5.9 (a) shows the photograph of
exposed outlook of glass piece of the dye celltaintess steel (SS) cylinder of length 24
mm with specially profiled curved surface was deeiy The cylinder has been designed
to seal the flow from one side and allow 1 mm gaynf other side. The cylindrical rod
was made of two half cylinders of radius 19 mm &aBdnm. The cylinder was inserted in
the glass piece in such way that it provides ne2dlynm length and 1 mm gap between
metal and glass in one side [5.14]. The opposide sias sealed with help of EDPM ‘O’
ring, inserted in cut made in the cylinder. In thigy liquid flow through the one side only.
Fig.5.9 (b) shows 3D model of the dye cell flow chel. In this model, white, gray and
yellow color represents glass, steel and dye liglov zone, respectively. The flow
channel gap can be adjusted by varying the dianoétdre cylinder. Ends of the cylinder
were sealed with help of EDPM ‘O’ ring and optigahdows. Also, an investigation of

the liquid flow through this dye cell has been eatout as described in section 5.2.4.

(b)
Figure5.9: (a) Typical photograph of glass piece, (b) 3D model, of the dye cell flow channel
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Figure5.11: Ve ocity 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 liquidvll through the dye cell, (b) photograph
of dye cell assembly along with dye solution. Figjl5(a) shows liquid flow velocity
profile along the width of the dye cell. Fig.5.14) (shows liquid flow velocity profile
along the length of the dye cell. It appears thatwelocity vectors of the liquid flow, near

the pumping region in the dye cell, are free frarg kind of vortices.
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5.3 Microstructure of the flowing gain medium

In the dye laser operating at low repetition rétte,gain medium remains stationary
or flowed at a relatively low speed transverseh® dye laser axis. However, for the high
repetition rate dye laser, the dye solution is asagly flown at high speed and cooled to
minimize thermal problems. The flow speed of the dplution depends on the pulse-
repetition-frequency and power of the pump laseméally, flow rate is chosen to replace
the optically pumped dye molecules after each plaspr pulse. For this, the mass flow

rate must be sufficient to remove the slow moviogrmary layer, existing at the window
. V
surface. Thus, the volume flow rate must exceedtleeage volume flow rate i.¥, < ?"

whereV, is the average volume flow rat€, is the cell volume being optically pumped

and T is the pulse repetition period. Typically, the nenlof dye volume replaced per
pulse is at least two or more and also a high icigamatio is necessary to have extended

window and dye lifetimes [5.15].

The liquid flow is characterized by Reynolds numbler fact, the value of the
kinematic viscosity, the characteristics velocity, and the characteristics dimensién
characterize the viscous liquid flow. The quantidy characterizes the dimension of the
flow as a whole, and arises from the boundary da of the fluid dynamics problem.

The Reynolds number, which is the ratio of inerdiadl viscous forces, is defined as,
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The characteristics dimension of the flow is dediias
D=— (5.2)

where A is the cross sectional area of the flow, @i the wetted perimeter. The values
of Reynolds number describe the flow features (aminar or turbulent) in the dye cell.
The average flow velocity can be estimated frommtiass flow rate measurements. These
equations estimate the corresponding Reynolds niemtoe the solvent and dye cell
parameters used in the experiments. In the lanflioay liquid layers move parallel to each
other in an orderly manner. As the Reynolds numbereases by increasing the flow
velocity, it encounters large disorder in the layuand the liquid flow becomes turbulent.
In the turbulent flow, irregular and chaotic movernef liquid chunks involved [5.16-
5.17]. As a consequence, a multitude of small eddie created by the viscous shear
between adjacent particles. These eddies grovzenasid then disappear, as their particles
merge into adjacent eddies. Thus, turbulent flowraées the optical quality of the

medium.

The velocity fluctuations give rise to a turbulshear stress), defined [5.18] as
r=n— (5.3)

wherez—; is velocity gradient, andl is the eddy viscosity, which is a function of thid

motion. In general, the total shear stress in terduflow is the sum of the laminar shear

stress plus the turbulent shear stress, i.e.,
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du du du
T=Uu—+n—=pW+¢&, |— 5.4
Hay ey p( M)dy (5.4)

Where u, v are the dynamic and kinematic viscosity, respebfivp is the density,

&y =— Is the kinematic eddy viscosity. The flow is laamimear the smooth dye cell

window wall and the shear is=y%. The flow remains laminar for a small distance,
y

however, at some distance from the window, thee/alh% becomes small in turbulent
y

flow, and hence the viscous shear becomes negigiblcomparison with the turbulent

shear. The latter can be large, even tho%%ﬁs small, because of the possibility of
y

being very large. Between the two, there must lemsition zone where both types of
shear are significant. This transition zone is ethlbuffer region. The flow is fully
turbulent after the buffer region. Thus, turbuldioiv is generally categorized in three
regions; a)a laminar sub-layer, which is a very thin region immediately adjacémtthe
window wall, where the shear is due to viscosignal b)buffer region, away from wall
where some turbulence action is experienced, ktriblecular viscous action and heat
conduction are still important, and fa)ly turbulent region, in which the main momentum
and heat exchange mechanism is one involving meapas lumps of liquid moving about

in the flow.

The viscous sublayer is extremely thin but its @ffis large because of the very
steep velocity gradient within it. At a distancerfr the pump window surface the viscous

effect becomes negligible, but the turbulent sheahen large. The thickness of viscous
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sublayerd, , is approximated [5.18] as

14

- & D
RN

d =C. - (5.5)

where Cy is sublayer constant, whose magnitude dependsi@megion of flow,C, is

wall friction coefficient. Higher the velocity dower the kinematic viscosity, thinner the
viscous sublayer. Thus, for a given constant aoe fthannel geometry, the thickness of

the viscous sublayer decreases as the Reynoldsemuntpeases.

A number of models like mixing length, Van Driest- ¢ model, second-order

model, stress-flux, and many more were generalgdusr turbulent flow [5.18, 5.19]
analysis. The time averaged turbulence kineticggnevhich is produced and decays in the
boundary layer and also diffuses across the boyridger in much same manner as heat,
equation for boundary layer is given by [5.18],

TEARvLL {(v+£k)%}:£M(auJ - (5.6)

- V_ - -
ox oy oy ay oy

2
where ¢, (?J accounts for the production of turbulent kineticemyy, and £ the
y

dissipation of that energy into thermal energy tigto the action of viscosity. Similarly a
differential equation for dissipation ratecan be written as

_ _ 2 2
u%+v%—i (v+££)a—£ =C1£ Ew ou —CZET (5.7)
ox oy oy ay k oy k

The solution of equation (5.6) fok and (5.7) foe, gives the eddy diffusivity for
momentum
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EZ
En =C ? (58)

u

where constants having valu€s,= 009, C, = 144, and C, = 192. The numerical value

of these constants depends on the streamline cuevainction. The curvature of the flow
channel surface, which is either convex or concaubstantially changes the structure of
the boundary layer. Convex curvature causes tlodidini coefficient to decrease, while
concave curvature has the opposite effect. Conuevature has a stabilizing effect on the
boundary layer, while concave curvature is destabg [5.18]. Depending on the

applications and advantage specific curvature e@flttw channel can be used.

The velocity profile is not uniform through flow ggage. As a boundary layer of
very slow moving dye exists at the pump window acef the flow rates must be sufficient
to remove this slow moving layer, which are expogethe highest pumping fluence. The
thermal field moves 1-2 mm upstream in the flowldi¢s.9]. The Reynolds number
requirement for the complete replacement of thegrttal field, before the arrival of next

pulse, can be approximated as

R> , (5.9)

where h, is the distance covering thermal field in upstrdeom 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 teys is conceptualized,
fabricated and incorporated into high repetitioneraye laser system. Furthermore,
mechanical pump motor and mass flow induced vibnati frequencies are studied. The
circulation system is capable of flowing liquid lagh velocity with dye solution bulk
temperature stability within +0.9C. Additionally, it has high precision calibrateiital
liquid flow meter and pressure gauges connectetieainlet/outlet. Mechanical by-pass

valves are incorporated to adjust the flow ratesoastant pressure.

During our initial experiments using planar dyel,cilis noticed that the dye laser
has spectral instability, in spite of the stabti@a of all the mechanical components
involved in the cavity. It is anticipated that gleth change of flow cross-section in the
planar dye affected the stability. To validate significant role of dye cell profile channel,
various geometries are tried. Out of many such gtoes studied, three new dye cells
namely, nearly 36Dcurved, pinched dye cell and convex-plano dye @l proposed for
high repetition rate applications. The flow stakils the main motive behind the variety of
the dye cells. The velocity vector through the pett and convex-plano geometries are
also numerically analyzed using computational fla@ignamics. The characteristic of
laminar and turbulent flow is described. The roleshear 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 angnBkls number of liquid flow,
affecting the spectral stability of high repetiticate dye laser, were largely ignored so far
by the researchers working in the field [6.1-6.IPe planar flow channel in the pump
region has been conventionally used for the higletiBon rate dye laser with an objective
to replace the dye solution between successive paseap pulses. Schroder al[6.1] have
investigated several planar dye cells to reduce ftbe-induced fluctuations. They
observed that after an abrupt narrowing of theszgextion, it takes some time before the
final turbulent flow with velocity fluctuations bldgis up. Hence, it was suggested that the
active zone of the dye laser should be as clogmssible to the entrance of the narrow-
flow channel to avoid the fluid flow induced fluetions. They also observed that
maximum velocity fluctuations occurred at the boanydayers rather than at the center of
the dye cell. Broyeet al [6.2] have used a dye cell in which the dye soluppassage was
restricted by an inserted ventury, which left atatlearance of 13.5 x 0.4 mnFor a
narrow bandwidth stable dye laser, it is therefoeeessary to find a dye cell with small
velocity fluctuations and with a small boundary emf decreasing velocities. No reliable
theory for the microscopic flow fluctuations in tigain medium is available at present.
Therefore, dye cells of various profiles have beed for fluid flow stability. During our
initial course of studies, it was observed that dghition flow channel profile and mass
flow rates both significantly affect the dye laspectral stability. Therefore, the spectral

stability of dye laser was experimentally investéghusing planar, curved, pinched and
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convex-plano dye cells. In addition, spectral digbwith curved duct dye cells as a

function of Reynolds number was also studied expentally.
6.1 Experimental details

Dye cells have been employed in GIG narrow bandwiispersive resonator.
Fig.6.1 shows schematic layout of the dye lasenpsethe dye laser setup used in the
experiments typically consists of an output couphemror (20% reflectivity), a dye cell,
intra-cavity etalon (FSR 20 GHz, finesse 13) andrazing incidence grating (2400
lines/mm) in conjunction with a tuning mirror. Titlye laser is based on the grazing
incidence diffraction grating with intra-cavity &ia to provide narrow spectral width
emission. This is a very convenient configurationobtain narrow spectral width with
minimum number of optical components. The Rhodand@edye in ethanol solvent was
used as the gain medium. A copper vapor laser $10.6 nm, average power 4 W, 60 ns
pulse duration, 5.6 kHz pulse repetition frequeneys used as the optical excitation

source.

Tuning Mirror

|

Excitation Source (CVL)

LI o

T ] /‘

Grating Fabry-Perot Etalon

Output Coupler
Mirror

Figure 6.1: Schematic layout of the dye laser setup
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The pump beam was transversely line focused onéo dye cell through a
combination of spherical (focal length 40 cm) agtinclrical lens (focal length 6 cm). The
performance of the dye laser was investigated uBigh resolution spectroscopy based
techniqgue and a composite image generation softy@i&-6.14]. In composite image
generation technique, an image of fringe generatedrabry-Perot etalon was acquired
through an imaging lens and a CCD camera baseq.sEte FP etalons of different FSR
(4, 5, 10 GHz, etc.) and finesse (100, 60, 25 a®)used, depending upon situation. The
detail about spectral diagnostic technique wasrdest in Chapter 3. Experiments have
been performed for spectral stability using the dg#s of flow channel profiles whose
design details has been described in chapter %. tBaldye cells have been changed in the
setup and other experimental conditions were kaptes Therefore, in this chapter, only
experimental results and discussions related \wetrspectral stability of the dye laser with
different dye cells [6.15-6.18] are presented. Bw comparative studies, Fabry-Perot
fringes were acquired through a setup, as showrigr2.1 of Chapter 2, and composite

images were generated with each dye cell for a-terg spectral stability.
6.2 Results and discussion

6.2.1 Planar dyecdll

Fig.6.2 (a) shows typical Fabry-Perot fringe oédgser generated through planar
dye cell. The composite image of a line scan actibesdiameter of the fringe, over an
observation period of about 90 minutes was gengr&be the spectral investigation
through planar dye cell, as shown in Fig.6.2 (Ipecral measurement from the composite

image data was carried out. Fig.6.3 shows the tirani@f bandwidth and wavelength with
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time, using planar dye cell. The bandwidth and Wwewgth fluctuates within 1.214 GHz

and 0.035 nm, respectively, over the observatieniod.

2SWLLY JO "OopT

abry - Perot Fringe spacing

(b)
Figure 6.2: Typical Fabry-Perot (a) fringe, (b) composite igeagenerated from a line
scan across the diameter of the fringes, usingtaear dye cell
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Figure 6.3: Variation of bandwidth and wavelength with timeing planar dye cell
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6.2.2 Concave-convex duct dye cell

Fig.6.4 shows typical Fabry-Perot (a) fringe, (binposite image, generated using
curved duct dye cell. Spectral measurement fromctimaposite image data was carried
out. Fig.6.5 shows variation of bandwidth and wemgth with time, using curved duct
dye cell. The bandwidth fluctuates within 900 MHmawvavelength varies within 0.0196

nm over the observatigreriod of 90 minutes.

ASULLT JO "ON

(a) Fringe Spacing (pixel) (b)

Figure 6.4: Typical Fabry-Perot (a) fringe, (b) composite igeagenerated from a line
scan across the diameter of the fringes, usingtimcave-convex duct dye cell
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Figure 6.5: Variation of bandwidth and wavelength with timsing concave-convex duct dye cell
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6.2.3 Pinched dye cell

The pinched glass tube dye cell was employed floigh repetition rate pumping.
Fig.6.6 shows the typical Fabry-Perot (a) fringe) ¢omposite image generated using
pinched dye cell. Spectral measurement from theposite image data was carried out.
Fig.6.7 shows variation of bandwidth and wavelengith time, using pinched dye cell.
The variation of the bandwidth was within 400 MHmavavelength varies within 0.0128

nm over the observation period of 75 minutes.

(@)

(b)

Figure 6.6: Typical Fabry-Perot (a) fringe, (b) composite igeagenerated from a line
scan across the diameter of the fringes, usingh@daye cell
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Figure6.7: Variation of bandwidth and wavelength with timejng pinched dye cell
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6.2.4 Convex-plano dye cell

Fig.6.8 shows typical Fabry-Perot (a) fringe, (bjnposite image generated using
convex-plano dye cell. The spectral measurememnt tiee composite data generated over
the period of time has been carried out using complano duct dye cell. Fig.6.9 shows
typical variation of bandwidth and wavelength withe, using convex-plano dye cell. The
dye laser bandwidths fluctuate within the range M9z, while wavelengths fluctuate

within the range 0.0098 nm over the period of anrho

T J5uLy |4 ] Jo quny

)
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FPI Fringe Spacing (Pixel)
(b)
Figure 6.8: Typical Fabry-Perot (a) fringe, (b) composite igeagenerated from a line
scan across the diameter of the fringes, using @plano dye cell
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Figure 6.9: Typical variation of bandwidth and wavelengthmwiitme, using convex-plano duct dye
cell
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These relative investigations, give the spectrabifity of high repetition rate dye laser
with the dye cell flow channel geometries. The gpgdluctuations are summarized in
Fig.6.10. It was demonstrated that the convex-plow profile dye cell provides better

stability amongst the dye cells investigated.
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Figure 6.10: Fluctuations of bandwidth and wavelength with dgés

It is experimentally demonstrated that the curvedtdye cells show minimum
spectral fluctuations. Therefore, these studieabéished that the dye cell flow channel
geometry, which determines the fluid flow, has #igantly role on the spectral stability of
the high repetition rate dye laser. The microsceplocity fluctuations of the flow through
the laser active zone can be minimized by a prdpsign of the dye cell. For this purpose,
a curved (convex-plano) dye cell [6.18] was foundé much superior to the conventional
planar flow channel dye cell, due to the stabilizieffect 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 spectiadracteristics of dye laser, it
was anticipated that the Reynolds number of theghya medium flow would affect the
spectral stability. Thus, comprehensive experimdntaestigation has been carried out to
demonstrate this apprehension. First of all, cufeethvex-concave) dye cell was used to
study the flow induced effects on spectral stapb[it19], seeing that it demonstrated better
stability than the planar dye cell. Fig.6.11 shayyscal Fabry-Perot fringe of the dye laser
at 1012 Reynolds number. The dye laser oscillatéisree distinct longitudinal modes. For
the spectral investigations at other Reynolds nusjtemposite image from the Fabry-
Perot fringes has been generated at different Réynumber to enumerate the spectral
fluctuations over the long period of time. For thgestigations, flow of the dye solution
was adjusted at the Reynolds numbers 221, 681 84&. IFig.6.12 shows composite
images at typical Reynolds numbers (a) 221, (b) @84 (c) 1012 over the period of more
than an hour. The dye laser output essentiallyistmef 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 1018yRolds number
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(@) R =221 b) R :81 (€) R = 1012

Figure 6.12: Composite images at typical Reynolds number#R221, (b) 681, and (c)
1012

It is evident from these composite images thatetherm large variation in spectral
structure at low Reynolds number, which makes fiticdilt to distinguish, whereas the
individual modes are clearly distinguishable athleigReynolds number. The number of
modes and mode separation varies from pulse toepdspending on the strength of
instantaneous fluctuations present in the mediuptic@l stability of dye laser degrades at
lower Reynolds numbers. Measurements from the ceitgpdata show that the bandwidth,
wavelength and its fluctuation were large at theyfeédls number 221 while slightly
reduces at 681. Further increase in Reynolds numbdye solution flow decreases the
bandwidth and its fluctuations. The central modevelength varies from 576.2281 to
576.2289 nm, 575.9966 to 576.003 nm and 575.986759928 nm while bandwidths
from 235 to 324 MHz, 282 to 545 MHz, and 330 to51GHz at the Reynolds number
1012, 681 and 221, respectively. Fig.6.13 shows#&ywariation 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 & thost stable central mode with
Reynolds number is shown in Fig.6.14 (a). Fig.6(ty showsAA/A variation of the

central mode with Reynolds number [6.21].
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Figure 6.14: (a) Bandwidth and wavelength fluctuations of teatral mode, (b)

fluctuations inAA /A with Reynolds number
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In another experiment, composite image was gerkeideing slowly decreasing

the flow speed of the dye solution. Fig.6.15 sha@asposite image of the line scans of

fringe generated during continuing Reynolds numbemiation in the range 1012-221.

Measurement was carried out from this compositeggergata. Fig.6.16 shows variation of

bandwidth and wavelength with number of spectrukenaduring the gradually Reynolds

number variation from 1012-221 range. These obsensobviously demonstrate that the

bandwidth and wavelength fluctuations increasetidial/ with reducing the flow of the

dye gain medium.

1012

221

Figure 6.15; Typical composite image of line scans of fringaerated during continuing
Reynolds number variation in the range 1012-221
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Figure 6.16: Typical variation of bandwidth and wavelengthiwfiiow rates the continuing
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The spectral property of dye laser was further stigated at discrete flow rates in a
convex-plano dye cell. To further visualize and lgs®a spectral fluctuations by gain
medium inhomogeneity, a large number of dye laséry-Perot fringes were generated at
Reynolds numbers 1129, 2258, 3387, 4516, 5645 @id, Gespectively. The liquid flow
adjustments were carried out with a suitable tirap. dAfter each acquisition of data for
spectral profile, there was a waiting period of @thbd0 minutes for stabilization of the
medium. Fig.6.17 show the composite image of licensof fringe generated at Reynolds
numbers 1129, 2258, 3387, 4516, 5645 and 6774ectegply. Estimation of bandwidths
and wavelengths were carried out from this compogdéta. Fig.6.18 shows variation of
bandwidth and wavelength fluctuations as a functibReynolds number. The fluctuations
decrease as the Reynolds number of the gain mefiitmwnincreases from laminar to the
turbulent regimes. However, it again begins to ease at high Reynolds numbes (

6000).

.1

Figure 6.17: Composite image of line scan of fringe generatieReynolds numbers 1129, 2258,
3387, 4516, 5645 and 6774

141



o Bandwidth

20—l E e} g
4 0 -
1.84 .-0.028
~N 1 - 0.026
I 1.64 L <
) . ] - 0.024 3
- 144 i 3
o ]e - 0.022 ]
T 1.2 " " -0.020%
S 1.0 0018 §
e ] * [ 0016 &
£ 08- 0016 2
S 1 ° L 0,014 ~
$ 06- [ oo 3
% | - o Loowx=
0.4- n A
o ] ° ° - 0.010
024 -

M 1 M 1 M 1 M 1 M 1 M 1
1000 2000 3000 4000 5000 6000 7000
Reynolds Number

Figure 6.18: Variation of bandwidth and wavelength fluctuatias a function of Reynolds number

To further investigate the effect of flow induceshomogeneity [6.21] in the
medium, a He-Ne laser beam, which is not absorlyetidoRh6G dye, was passed through
dye cell along the dye laser axis containing the dglution after removing the optical
components of the resonator and putting the puisgr laeam off. The intensity and beam
spot size (or beam spread) of the He-Ne laser lyean®m monitored on the other side of the
dye cell through a CCD camera. Fig.6.19 shows tranaof the beam size and the
intensity of the He-Ne laser with the Reynolds nembwWhen the dye solution was
stationary, the beam size of He-Ne laser was samallintensity was high. This is due to
the maximum transmission and minimum scatteringdses When the dye solution was
flown, initially the size of beam increased ancimdity decreased and after that it becomes
constant, irrespective of flow rate in the obsematge of Reynolds number. Increasing of
the He-Ne laser beam size after passing throughsthetion is a clear evidence of

scattering in the medium reflecting in increasedngetrical divergence.
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Figure 6.19: Variation of beam size and intensity of He-Nestagith Reynolds number

The gain medium optical quality plays a vital ratethe performance of the dye
laser. It has been established that the charaatsrisf the gain medium flow affect the
spectral (wavelength and bandwidth) propertieshefdye laser [6.22-6.23]. To elucidate
the mechanism responsible for relative spectraitdlations, computational study of the
flow and the corresponding heat transfer procesesigh a volumetric heat deposition
was done. For this purpose, computational fluidasiyits (CFD) analysis by the finite
volume method [6.24lsing ANSYSM™ CFX version 14.0 has been carried out. The
average flow velocity at 0.5, 1.0 and 1.5 m/s ia taminar regime and 2-8 m/s in the
turbulent regimes was used for the study. Also iy V@w flow velocity 0.019 m/s was
used in order to elucidate the deterioration ofrtreglium properties by processes such as

boiling and decomposition of the dye gain medium.

The environment of the gain medium, near the dyewiadow wall, dictates the
optical quality of the medium and hence spectralbiity of the dye laser. Therefore, in
order to get temperature distribution inside thieative gain medium, ‘near the wall

model’ is highly appropriate. Thus, a hybrid modalled k-o shear stress transport (SST)
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turbulence model[6.25] was used to evaluate the flow and thernatfnear the wall,
without losing the accuracy of the flow behavioragwirom the wall. This hybrid model
[6.25] combines the Wilcox k- model [6.26] near the wall and the: knodels [6.27] away
from the wall. The finite volume mesh near the acef has been kept fine to capture the
flow conditions and temperature in the near watdjior [6.28]. Fig.6.20 shows typical
temperature variation as a function of distancenfithe wall, at average flow velocity
0.019 m/s. The temperature gradient is very langthé gain medium region below 200

um at mean flow velocity of 0.019 m/s.
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Figure 6.20: Typical temperature variation as a function o$tdince from the wall, at average flow
velocity 0.019 m/s

It is obvious that the temperature near the dyéveal has almost reached the
boiling point of the dye gain medium. Therefore,ameflow velocity below 0.019 m/s
would lead to nucleation of boiling near the cedfwThis would cause drastic changes in
the density/refractive-index of the dye gain mediwhich leads to a quick degradation of
optical homogeneity as well as severe change irthiieno-optical properties of the gain

medium. This is the reason why lasing action cameosustained without flow of the dye
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gain medium. In fact, it was observed that the pisegm entrance window start appearing
blackish after a few minutes of operation in treishary gain medium. Fig.6.21 (a) shows
typical temperature variation as a function ofafise from the wall at mean flow velocity
0.5, 1.0 and 1.5 m/s. There is a temperature difiex of~ 3 to 6 K in the effective gain
medium, which enforces sufficient thermal inhomagignin the effective gain medium.
Fig.6.21 (b) shows typical temperature variatioradsnction of distance from the wall, in
the mean flow velocity range 2-8 m/s. Now the tharaone with a very small gradient is
available in< 50 um distance from the wall. Hence thermal inhomoggnmitreduced,

due to high heat transfer rates.
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Figure 6.21: Typical temperaturwariation as a function of distance from the walhaean flown

velocity (a) 0.5, 1.0 and 1.5 m/s, and (b) 2-8 m/s

It has been exclusively illustrated, in Refs. 6,280 and other references there in,
that the turbulent fluctuations of the flow affabe refractive index fluctuations of the
medium. Therefore, the presence of turbulent flaibms in the region 0f00 um from

the wall would generate appreciable fluctuationghia refractive index. Two important
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parameters is generally used to quantify the lef@lirbulence; turbulence kinetic energy
(k) and turbulence intensity,(). The turbulence kinetic energy measures the irtens
turbulence fluctuations and is defined as a suspetific kinetic energies associated with

fluctuating components of velocities in three ogboal directions [6.31-6.32].
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Figure 6.22: Typical variation of (a) turbulenckinetic energy, and (b) turbulence intensity asrecfion of

distance from window wall

Fig.6.22 (a) shows typical variation of turbulerigeetic energy as a function of
distance from window wall. The order of turbulermesr 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 meealocity. Fig.6.22 (b) shows typical
variation of turbulence intensity as a function ditance from the window wall. The
maximum turbulence kinetic energy and its distafroen the wall were estimated at
various flow velocities. Fig.6.23 shows variatioh maximum Kkinetic energy and its
distance from the wall as a function of Reynoldsnhar. The maximum kinetic energy
increases while its location intruded more towatdswall (i.e. in the region of effective

gain medium) by increasing the flow Reynolds numbéris is also accompanied by
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existence of high extent of turbulent intensityhe effective gain medium region at higher

Reynolds number.
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Figure 6.23: Variation of maximum kinetic energy and its digte from the wall as a function of
Reynolds number

The effective gain medium region from the dye @ehdow wall is of the utmost
importance for the performance of the dye laselod Reynolds number, the temperature
gradients are present in the effective gain mediegion. Therefore, in high repetition rate
dye laser, the temperature variation is not ontaldo the wall but is also very fast [6.32-
6.33]. Pulse to pulse and intra pulse variatiorthef pump beam fluxes, due to evolving
intensity and divergence can also cause non-unifprand fluctuations in temperature,
leading to fluctuations in density/refractive-indéx this way, at low Reynolds number,
the thermal inhomogeneity is dominant mechanisndémradation of optical quality of the
gain medium, which in turn causes instability ire ttmission passing through it. This

resulted in large spectral fluctuations of the theer. As the Reynolds number of the flow
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increases; the scale length of thermal gradientsedses due to added heat transfer,
consequently, the optical homogeneity of the gag@dionm then tends to improve. The dye
laser spectral fluctuation was the least for thgrRls number in the range of 4000 to
6000. This corresponds to the mean flow velocittherange of 3 to 4 m/s. When the flow
velocity was increased to 5 m/s (Reynolds numbe8860), the temperature difference
reduces to 0.26 K while the peak values of turbedekinetic energy penetrate within
effective gain medium, where most of the heat indeeposited. Simultaneously, the
increased to more than 10% (a high turbulence)kaisdsignificantly high as compared to
the value at flow velocitg4 m/s. The high value é&f together with highek, signifies the

higher level of turbulent fluctuations.

In real turbulent flows, the mean density may vawy the instantaneous density
always exhibit turbulent fluctuations [6.24]. Thecal density fluctuations, which may or
may not contribute to the average flow charactess{6.24]; however, randomly
contribute to the instantaneous refractive indexhaf medium [6.33]. Yokomottet al
[6.31] showed, through optical technique, thatdadgnsity fluctuations were clustered in
an isotropic, homogeneous and subsonic air jet {lBeynolds number ~ 10000, Mack
number ~ 0.02, at 0.5 bar). They also observed theters resemble an oscillatory
dynamics and the segments of oscillations wereratgghby more irregular behavior. A
higher compressibility of ethanol would also proeméarbulent density fluctuations. For
the Reynolds number exceeding 6000, these turbilens stimulate significant density
fluctuations prevailed in the effective gain medivegion. 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 tmEn medium is low,
consequently, the thermal inhomogeneity is largeth® same time, the effective gain
medium region is in either fully laminar or lamirgub-layer region of the flow i.e. away
from turbulent fluctuations. Thus, flow related amhogeneity was not appreciable in the
gain medium, although the flow was in the turbulergime (Reynolds number 5000).
However, for Reynolds numbers 6000, turbulent fluctuations penetrate into the effesti
gain medium region so that the flow related inhoeraaty dominated in the gain medium
[6.34]. It is entirely responsible for the degradatof the optical quality of the medium
and hence further increase of spectral fluctuatiohsthe dye laser. Thus, thermal
inhomogeneity is the dominant mechanism respongiblthe large spectral fluctuations at
low Reynolds number, however, fast flow relatedomiogeneity increase the spectral

fluctuations again at higher Reynolds numbers.

6.4 Summary

It has been comprehensively established througkerarpntal investigations that
the dye cell flow geometry, which determines thedfflow characteristics, significantly
affects the spectral stability of the dye lasere Bpectral fluctuations of the dye laser can
be minimized by a proper design of the dye celwadl as the gain medium flow at
optimum rates. To validate this, the performandab@®dye laser are evaluated in terms of
spectral stability using various dye cell geomsta@d Reynolds number of the flow. The
curved profiles of the flow channel geometry pr@ddmproved performance as compared
to the planar dye cell. Out of the curved profisadied, nearly convex-plano profile
provides the best spectral stability. This is ptipdecause of the fact that the curvature
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of the flow channel surface minimizes the flow aistity considerably. Convex curvature
has a stabilizing effect on the boundary layer,levisbncave curvature is destabilizing.
Thus, the flow stabilizing nature and enhanced meatoval capability of the convex
geometry is responsible for the better optical igpadf the medium, which in turn

improves the spectral stability of the dye laseission.

The temperature distributions in the dye laser gaedium, in laminar and
turbulent flow regimes, are computed using finitduvne method of computational fluid
dynamics. An appreciable temperature gradien6@ K) at 0.019 m/s reduces to 0.67 K
for mean flow velocity at 4 m/s and it reduceshertto 0.26 K at the mean flow velocity 7
m/s. At low Reynolds number, the flow velocity istrsufficient to transfer the heat from
the gain medium and promotes the large thermalmdgeneity, which remains present in
the effective gain medium. These substantial themm@mogeneity leads to large spectral
fluctuation of the dye laser. The minimum dye lasgectral fluctuations are observed for
the Reynolds number in the range 4000-6000. Inrtmge of flow, the thermal causes are
almost insignificant due to high heat transfer wtithe gain medium is in the regime of
laminar sub-layers i.e. flow related inhomogengtyet not appreciable. At high Reynolds
numbers, turbulent fluctuations begin to penettiageregions of the dye gain medium, as a
result, the optical quality of the medium degrad8dbstantial effects of local density
fluctuations, associated witk and I,, at higher Reynolds number are evidenced.
Therefore, characteristics of thermal and hydrodynaboundary region in the gain
medium appreciably influence the optical homogenaiid hence spectral fluctuations of

the dye laser emission as experimentally observed.
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Chapter 7
Studies on fluor escence of Rhodamine 6G dye under high repetition rate

excitation

The fluorescence from dye molecules is forced by mdsonator to develogs
coherent laser radiation. Therefore, photo-physicdye laser is principally governed by
the dye fluorescence emission. The exploratioduafréscence characteristics is essential
prior to choosing an amplifying medium for the dgeer. In this chapter, fluorescence a
characteristic of Rh6G dye is briefly reviewed ansignificant investigation coupled with
high pulse frequency excitation is presented.

7.1 Review of Rhodamine 6G fluorescence characteristics

Fluorescence spectrum of Rh6G closely resenth&esnirror image of the long-
wavelength absorption band [7.1]. However, itsimsic fluorescence spectrum is affected
by environmental factors [7.1-7.4] such as the exai\(solute-solvent interaction, polarity
and pH of the solution), temperature, concentratbrihe dye, etc. Apart from these,
excited-state and self-absorption of fluorescenéé-7.6] also affect the emission
characteristics of Rh6G dye. The characteristithefsolvent [7.7-7.8] appreciably affects
the fluorescence quantum efficiency, spectral watid the spectra of dye molecules. The
concentrations of dye also alter the efficiencydge laser [7.1, 7.4]. The kinetics of
intersystem crossing rate and the triplet state time of Rh6G, also influence the
fluorescence spectrum [7.9, 7.10]. The fluorescenoel lasing characteristics are
influenced by the thermo-optical properties of soévent [7.1, 7.3, 7.11-7.12].

Ahmed et al [7.13] have reported fluorescence of Rh6G dyeotiiesl in liquid

solvent with added Tigparticles (in a thin 0.016 cm x 1.0 cm and a tHidkcm x 1.0 cm
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cell) to provide random scattering under lamp etiwh (514.0 nm) and found that
fluorescence in thick (1 cm) cell was red shiftethwespect to the intrinsic fluorescence
from thin (0.016 cm) cell. Thegbserved that the presence of random scatterirtbein
luminescent bodies affects the spectrum of therdsient radiation observed at the surface
of these bodies. The primary effect observed wdsstgft in the emission spectra with
respect to the intrinsic fluorescence emission. géuet al [7.14] reported the shift in
fluorescence of Rhodamine 6G in ethanol solutiomdeu a wide range of pumping field
fluence. Blue shift of the fluorescence spectra #8ndrescence quenching of the dye
molecule in solution was observed at high excitatilmence field. These effects were
interpreted as the results of population redistridou in the solute-solvent molecular
system induced by the high fluence field and therfice dependence of the radiationless
decay mechanism. Fischer a@aorges [7.15] had measured the fluorescence guantu
yield of Rh6G in ethanol. Hammond [7.5] had repaiee self absorption of fluorescence,
amplified fluorescence, spectral properties suckerassion maximum (553 nm), Stokes
shift (21 nm), quantum yield (0.93), decay timeRbi6G in ethanol under nitrogen laser
(5 Hz pulse repetition frequency, 8 ns pulse widtdhanget al [7.16] had reported that
the fluorescence peak wavelength shift to the longavelengths by increasing the
hydrostatic pressure of Rh6G dye in ethanol, oritatken with argon-ion laser (514.5
nm). Sinhaet al [7.17] have evaluated the fluorescence of Rh6&hanolic, normal water
based aqueous solution, and heavy water basedosohlrd found that the fluorescence
shifted by ~5 nm towards thenger wavelengths in water and heavy water bagadaus
medium as compared to ethanolic solution, undempeopapor laser (6.5 kHz pulse

repetition frequency, 30 ns pulse duration, at 61hdn) excitation.
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7.2 Studies on fluor escence characteristics under high repetition rate excitation

The physical properties of the medium surroundigdye molecules significantly
affect the fluorescence features of an organic Hysvever, to the best of our knowledge,
literature rarely reported any study on the fluoeexe characteristics of Rh6G dye in
stationary as well as in the flowing dye media. iodadvancement of high repetition rate
dye laser technology need studies on dye emisgiaracteristics, both in the stationary
and the flowing media. Therefore, study on fluoesse properties of Rh6G was carried
outin the diverse cases. In the first case, fluoreseapectral width, peak wavelength and
its intensity were investigated in the stationage dolution [7.18]. In the second case,
fluorescence spectral width, peak wavelength &nsity were investigated in the flowing
medium as a function of the Reynolds numbers of flhed flow [7.19]. Finally,
fluorescence characteristics [7.20] were investigain stationary and dynamic media,
sequentially.
7.2.1 Fluorescence char acteristicsin the stationary medium

The experimental setup consists of a dye cell, ¢3%10.6 nm) as a high repetition
rate excitation source and the compact USB-2008tspreter as fluorescence detector.
Schematic diagram of the setup used in the expatimeshown in Fig.7.1. A cylindrical
lens of suitable focal length was used to line $otlie excitation radiation in the dye
medium. The dye cell used in the experiment wasnected with the dye solution
circulation system in closed loop. The details dakgpectrometer, diagnostic techniques
were described in Chapter 2 while dye circulatigateam was explained in Chapter 5

Fig.7.2 showdypical fluorescence spectrum of Rh6G in the stetig dye solution. The
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small peak, to the left of the main spectrum, eselxcitation wavelength (510.6 nm) of the
CVL. The peak emission wavelength was at 587.45hmich has spectral width (FWHM)
of 35.73 nm. The high repetition rate excitatiomstationary solution heat up the medium
and hence affect the fluorescence spectrum [7A8umber of spectrums over a time (~
few minutes) have been recorded through composite ingegesration technique to
visualize the effects of high repetition rate eawtin on peak emission wavelength and

spectral width, during this period.

Dye Fluorescence

Dye Cell

Pump Source

e, Cylindrical Lens

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, onlinenposite image was generated
from the individual spectrums. About 1000 spectexewecorded during the observation
period of approximately 5 minutes. It was obsertret the black particles start depositing
near the pump window solid-liquid interface veryiaily and hence fluorescence was not
recorded for longer time. In fact, the surface atiten reduces the pump laser beam
intensity in the gain medium. This is the reasondioservation of fluorescence spectrum
only for few minutes in the stationary solutiongFi.3 shows variation of fluorescence
spectral width and peak wavelength with numberpeictrum taken during the observation
period. The fluorescence width and peak wavelemhgitth show appreciable fluctuation
during the excitation in stationary solution. Fig.Bhows variation of fluorescence peak
wavelength intensity and total counts under thedimwith number of spectrum taken
during the observation period. The peak wavelengtnsity decreases with time over the
observation period. The peak wavelength intensggrebsed by approximately 21%.
Relative estimate of photon flux emission was alsalyzed through total counts under the
spectrum. Total counts under the line decreasaal ajsapproximately 21% during the

observation period.
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Figure 7.3: Variation of the fluorescence spectral width and peak wavel ength 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 char acteristic in the flowing medium

Investigation of fluorescence in the flowing me(fRh6G dye dissolved in ethylene
glycol and ethanol mixture) and has been carried Bloe estimated Reynolds numbers
variations were in the ranges 90.6-1630.8, whialnespond to the mass flow rates in the
ranges 1.0-18.0 LPM, respectively. The fluorescespectrum has been observed as a
function of the Reynolds number. Fig.7.5 showsdgpfluorescence spectra at Reynolds
number 0, 88, 264, 703 and 1630. These were régplgcteveled as a, b, ¢, d and e.
Fluorescence spectral width and peak wavelengties/arith the Reynolds number of the
flow [7.19]. Again number of spectra had been rdedrat Reynolds number 0.0-1630
ranges and subsequently analysis has been cardedF®.7.6 shows variation of
fluorescence width and peak wavelength with Reymahldimber. The width of the

fluorescence spectra initially shows sharp decreeigie increasing Reynolds number.
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However, after Reynolds number 996.6 the changenill. It has been observed that the

fluorescence width is always less than that instaionary case.

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 wavel ength intensity with Reynolds Number
The fluorescence peak wavelength changes signilycaith increasing Reynolds
number. It shows sharp decrease from stationantisolto the Reynolds number of 150,
after that increase up to 700 from where it staetseasing again. The Reynolds number of
the flow significantly affects the fluorescence thisl and peak wavelength. The peak
wavelength intensity also changes with the Reynoldsber of the fluid flow. Fig.7.7
shows variation of peak wavelength intensity witleyRolds number. In stationary
solution, the peak wavelength intensity was less.tlhe flow velocity increases, the
intensity increased to a maximum value and aftat ttends reverse to the certain flow
rate, however, after Reynolds number100 the intensity was almost constant.
7.2.3 Fluorescence char acteristicsin alternatively stationary and flowing medium
In a mixed set of experiment, fluorescence fluctuest of Rh6G dye, dissolved in
ethanol, in stationary dye solution and their mizetion by the flow of the dye solution

was carried out. The experimental setup used ferstludy is same as shown in Fig.7.1. In

this experiment, investigation on fluorescence p&avelength, spectral width and
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intensity fluctuations on switching the stationae solution into flow and vice versa has
been carried out.

The fluorescence characteristic of Rh6G was recbata investigated, through
composite image generation technique, in statioremg dye flowing medium. The
composite image of the spectral profile of sucaesfiuorescence spectrum with time in
stationary and flow on condition is shown in Fi§.7Many spectrums were recorded in
stationary dye medium and then in flowing mediumwit&ing of stationary medium into
flow was repeated, as shown in Fig.7.8. Range ettspm in stationary and flowing
medium is indicated in Fig.7.8. It is clearly eunldrom the composite image that the
spectra were more randomly distributed and broatienstationary medium as compared

to dye flowing medium [7.20].
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Figure 7.8: Composite image of number of successive fluorescence spectrumwith timein

stationary and flowing medium
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The shift in fluorescence peak wavelength was elsdent in these two different physical
environments. An estimation of the peak wavelengplectral width and total counts under
the widths of an individual spectrum were carried fsom the composite image of the
recorded spectra, shown in Fig.7.8. Fig7.9 (a) sheariation of the fluorescence width
(FWHM) in stationary and flow on condition. Fluocesice width varies from 7.0 to 12.0
nm in stationary solution. A fluctuation in emissiavidth was reduced by replacing the
irradiated dye molecules through flow of the dyduson and was shifted towards

minimum width [7.20]. Fig.7.9 (b) shows variatiof ftuorescence peak wavelengths in
stationary and in the flowing medium. The peak viavgth fluctuates by 1.0 nm in

stationary where as it is red-shifted by 2.0 nrthmflow on condition.
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Figure 7.9: Variation of the fluorescence (a) width, (b) peak wavelengths, with number of

spectrumin 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 uniher width of the fluorescence. It varies
from 10,000 to 70,000 counts in stationary medidine value is large, above 80,000
counts, and less scattered in the flowing medium.
The excitation source (pump laser) operating at & was focusedl(=

10 mm, h -~ 0.2mm, d -~ 0.1 mm) in the dye medium, which necessitate no less than
1.2 m/s flow velocity for inclusive replacementtbg liquid from the pump beam region
before arrival of the next pulse. However, in thregent setup, the mass flow rate was
adjusted to ensure liquid flow velocity nearly a 4n/s in the dye cell. Heat absorption
profile in the dye plays the dominant role in getiag the temperature gradients. This
temperature distribution produces a spatial vammatf the refractive index, which may act
as a thermal lens, leading to a phase distortiate®emissions. Both the density and the
refractive index of the dye solution are functiafstemperature. In stationary solution,

refractive index fluctuations of the dye solutioe axaggerated by pulse to pulse statistical
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flux fluctuations of the high pulse frequency eatitn source (CVL). These sequentially
enlarge the fluctuations of the spectral width gk demission. Large fluctuations in
refractive index of the medium set the peak emisstavelength towards lower side. The
absorption depth of pump beam in the dye solusdess than 200 microns, while the cell

thickness is 500 microns. The beam deflectionslange near the illuminated window-

2
liquid interface. In stationary solution, secondig&ive of the refractive inde%zéz1 is also

non-vanishing along Wit%, away from the pump beam window-liquid interfaceface.

These gradients effectively contribute to the beafraction/deflection passing through it,
and hence large scattering and losses of spedtehsity, which in turn decrease the
fluorescent counts at the detector. The randomtigdeituctuations are connected with
random temperature fluctuations, as spectral vanas directly affected by temperature.
Therefore, spectral intensity variation and emissieavelength spread are induced by
instantaneous temperature fluctuations in the cstaty dye solution. In flowing dye
medium, forced heat transfer phenomenon is takilagepand hence temperature and
refractive index fluctuations are reduced furthehjch leads to decrease in fluorescence
width and its fluctuations, increase in peak emissvavelength and emission counts.
Apart from the refractive index gradient formati@ffect of temperature has many
effects on its molecular levels too. The tempeestunave an effect on the emission
characteristics of dyes in many ways [7.1, 7.22](.Zhe fluorescence spectrum of
organic dye in solution often shows a time-depetg@eak shift, when it is excited by a
short light pulse even at low temperature. It isrgg relaxation process due to
rearrangement of the molecule-solvent system #fierphoto-absorption. Kinoshita et al

[7.23] studied the spectral and temporal behavidluorescence from Rh6G in ethanol at
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various low temperatures between 120 and 220 K. driferacteristics of shift in peak
wavelength and broadening of the spectral width wssumed due to relaxation and
fluctuation in the electronic excited state of thy@ molecule. The dyes used for laser gain
medium at room temperature experiences enhancechahéeating, particularly excited
by high repetition rate laser. The induced therfiretl perturbs the solvation energy,
excited state reactions, caging surroundings amteasing the rate of non-radiative
processes, which in turn increases the fluctuabomadened the profile and diminishes the
fluorescence quantum yield. Replacing the irradiatge molecules before the arrival of
next excitation pulse decrease the variation irctsgewidths, increase the stability of the
peak emission and quantum yield by curtailing tearhy thermal field to the dye-solvent
caging environment. Temperature distribution anslysside the dye cell validates the
influence of heat generation in stationary mediund deat reduction in the flowing

medium.

7.3 Summary

The fluorescence spectral width, peak wavelengthh iatensity of Rh6G dye
changes with time during high repetition rate extgin in stationary dye solution. Spectral
width increases slightly, accompanied by a slidiift 3n the emission peak wavelength,
while spectral intensity decline with high repetitirate excitation over the period of time.
Additions of flow field through Reynolds number tiy nullify the surroundings thermal
field. The temperature dependent non-uniform reéifracindex of the medium, due to
absorption of the pump beam, have an effect offltloeescence at low Reynolds number,

while the flow field induced turbulences due to thgh velocity gradients created within
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the boundary layers at higher Reynolds number &ffdee spectrum of the fluorescent
organic dyes.

Experimental investigation of fluorescence fluctoiatshows large fluctuations in
spectral width and intensity in stationary dye solu Replacement of the irradiated dye
molecules from the region of excitation by flow tbe dye solution amplify the spectral
intensity and minimize the spectral fluctuation.efiéfore, these studies of fluorescence
feature of dyes under high repetition rate exatatis of fundamental importance to
understand the processes responsible, and heleiddvelopment of a stable and good

optical quality amplifying medium.
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Chapter 8
Studies on ther mo-optic characteristics of high repetition rate dye

|aser

8.1 Introduction

It is well known that a fraction of the absorbedguradiation by the dye gain
medium is converted into heat [8.1], within a coefl area, through nonradiative
deactivation of molecules and Stokes shift. Thusnaor limitation on achieving
stable, spectrally narrow and spatially coherediataon from high repetition rate dye
laser lies in the formation of refractive index djemts due to non-uniform heating [8.2]
by the pump radiation in the region of optical gdihese thermal problems accumulate
during high repetition rate pumping, and have sewensequences on the yield of the
dye laser. Therefore, studies on thermo-optic ptase of dye laser are essential,
particularly under high repetition rate pumpingthis chapter, theoretical investigation
of dye solution temperature distribution in the dyel and spectral deviation in the
presence othermal field is presented. Dye laser charactedsin the presence of
thermal field under high repetition rate excitatiare experimentally investigated.
Studies on optical characteristic of a high repetitate dye laser have been carried out
by dye solution bulk temperature alteration as vasllits stabilization. Mathematical
treatment for spectral intensity fluctuations blfomogeneous 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 medfallowing the
exponential absorption. Hence the maximum absargifedominantly lies close to the
pump beam entrance window of the dye cell. Thisltesn the change of density and

hence changes in the refractive index of the gadiom. Also, a statistical fluctuation
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of the pump beam flux induces spatially randomtflatons in temperature of the gain

medium. The temperatufe at any point in the dye medium is
T=T+T, (8.1)
whereT is mean temperature afd is fluctuating component, about the mean value.

Therefore, the refractive index of medium alsotihates accordingly i.e.
n=n+n' (8.2)
where n is the mean refractive index, amd is the fluctuations im aroundn. The

variation in n'is much smaller tham . Therefore, instantaneous refractive index in the

presence of thermal field can be approximated as,

n=n+I0AT (8.3)
dT
where % iIs the temperature gradient of the refractive xndad AT is the

temperature fluctuation.

The dye laser characteristics are affected bydfractive index of the materials
and physical change in the length of the mechamnaints, housing the optics. If n is
the refractive index of the cavity ands the geometrical length of the cavity, then
optical length L is given by,

L=ng4l, +ny4ly +nyl, (8.4)
wherea, d andg stands for air, dye and glass medium, respegtivel

The change in wavelength due to change in refragtidex and geometrical length is

approximated as

AL == (I An+n Al) (8.5)

-0 (22 (242) &z
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The wavelength variation due to change in the céifra index alone is

LY (A_nj , (8.7)
A n
1 dA _ 1 dn | (8.9)
A dT n dT
As
an=2aL=2(.an, +1,an, +1,4n,)
l l (8.9)
, LtdA _1fy dn, O, g (8.10)
A dT L dT dT ¢ dT
dng, dng dng . . : .
where —=, —= and —= are the index gradient of air, dye and glass omadi
ar ar’ ar

respectively. The variation of refractive indextloé dye medium, with temperature

is identical to that of solvent.

The wavelength variation of the dye laser, dueaation of geometrical length of the

cavity is

AL . Al

I
1dA 1dl
—_— = am
AdT 1dar

(8.11)

(8.12)

where a,, is the thermal expansion coefficient of the malsrinvolved. Therefore,

change in dye laser wavelength can be approxinesged

lﬂ _1 dng dng dng)
AdT_L(ladT-I_ld tlg ar) T %m

d
= A =1 E(la Dot 1, Ty, d’;g) + am] AT

(8.13)

(8.14)
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The most sensitive part of the dye laser affectgdelmperature is the gain medium

refractive index [8.1]. Under this approximatione tdye laser wavelength is

< 4 o dna
Am 2o+ 22t AT (8.15)

where 4, is the wavelength in the homogeneous mediumédt.eT =0). In this way,

dye laser output wavelength is affected signifigabl the fluctuations in refractive

index and temperature gradient of refractive indiethe medium.

8.2.2 Numerical analysis

The numerical analysis of typical parameters ofde laser is presented below
for spectral variation with temperature. Table Sulnmarizes the typical parameter of
the materials used for the analysis.

Table 8.1: Typical parameter of the materials [8.3]

Materials parameters
Ethanol
1 ng 1.360
2 dn, -4.38 *10" I°C
aT
3 Gy 2.438 J/g-C
4 p 0.789 g/cm
BK-7 glass
5 ng 15
6 dn, =18*10°/C
aT
Air
7 Ng 1.000
8 dn, =1*10°/C
dT
9 am (SS) 05*10°/ °C

The change in temperature of the medium can cduesedriation in refractive index

and consequently changes the dye laser wavelempth.changes in wavelength per
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unit wavelength per degree Celsius change in timepeéeature, for the typically

estimated cavity optical path length of 16.0 @n,

1dd_ 1 | 9 )L oug3gv107/C =~ 0547%107 / C (8.16)
AdT ¢ dT 16

Thus, the change of the dye laser wavelengthh, @76.00 nm, per degree rise in
temperature becomes,

U 0.0315nm/ °

dT (8.17)

And the corresponding frequency change, i.e.

{%} ~ -28GHz/ °C (8.18)

The variation of the geometrical length of the tadue to temperature rise can cause
the wavelength shift i.e.

1dA_1d

S ——=-—=q0,=05%10"°/ °C (8.19)
AdT | dT

dA

d—_l_—a/i 0.0029m/ °C (8.20)

And the corresponding frequency change, i.e.

d—¥ =-262GHz /°C (8.21)

The variation of refractive index of air of the dgvcan cause variation of the

wavelength of dye laser, i.e.

1ﬂ_1| dn, _11).00%/c = 069x10°/ °C (8.22)
AdT L2dT 16
%-5760*069*10‘ nm/C = 0.000397 nm/ ° (8.23)

Corresponding frequency change becomes

175



v 036 GHz /°C (8.24)
dT

Thus, frequency change of the gain medium by timgézature is much larger than the
other components of the cavity.

8.3 Dyelaser characteristics during gain medium bulk temperature variation
8.3.1 Introduction

The output of dye laser is influenced by the thérnmaechanical and
environmental properties [8.1, 8.4]. Duarte anceP{B.5] noticed that the variation in
laboratory temperature by 228 due to fluctuations in the external weather ctiowi
shifted the dye laser frequency. Consequently, 248t6] investigated the behavior of
output characteristics of dye laser, particularlytpot power, beam divergence,
bandwidth, and frequency stability, by placing thee laser cavity in an electrically
heated oven and varied the cavity temperature én2+35°C range. Bernhardt and
Rasmussen [8.7] demonstrated the operating chasdicte of CVL pumped dye laser
and summarized the laser properties in terms ofemadd (like stainless, invar,
methanol-ethanol, water, fused silica, air) thernpabperties along with their
corresponding frequency changes. The temperaturthefdye gain medium is a
sensitive parameter that influences the opticapgries of the dye laser [8.8-8.9].
Number of solvents such as organic solvents, nowastr, and heavy water were used
to improve the thermo-optical characteristics diigh repetition rate dye laser [8.1,
8.10-8.12]. In these studies [8.10-8.11], thermbeoproperties such as quantum yield
of fluorescence and photo degradation of the dykeontes under high repetition rate
excitation by CVL were evaluated. El-Kashef [8.134 had theoretically and
experimentally investigated the dye solution refvac index and its thermo-optic
constants extensively, through high precision fetemetric technique. Widely

differing results on macroscopic and microscopicapeeter of the dye solvents were
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reported for thermal analysis of dye laser solgioredia [8.13]. Amitt al [8.2] have
studied the thermal properties of dye laser medipomped by CVL (4 kHz pulse
repetition frequency). They investigated the terapee gradients generated in the dye
cell by CVL, through the transient angular deflentand blooming of a probing He-Ne
laser beam after passing throughout the dye meditimey found that the steady
temperature gradients extended from 1 to 2 mmaerufistream direction relative to the
pump laser impact position to the entire cell léngt the downstream direction. The
probing He-Ne laser beam experiences about 10-20 amgular deflection, depending
on the pump laser energy and the dye solution flelacity.

To the best of our knowledge, literature are defitin studies on thermo-optic
properties of narrow spectral width high repetitrate dye laser for the gain medium
temperature above the room/cavity temperature. €fbe¥, a comprehensive
investigation was carried out on the output charetics such as spectral width,
wavelength, average output power, beam divergemce pailse width of a narrow
spectral width high repetition rate dye laser, ogrithe dye gain medium bulk
temperature alteration from nearly 23°85ranges. The gain medium bulk temperature
was altered by supplying additional heat through dige solution. A PC based data
acquisition system for the temperature measurenvastdeveloped to recotte bulk
temperature of the solution at the dye cell. DysetaCharacteristics was investigated
by high resolution spectroscopy based Fabry-P&i®} €talon and a composite image
generation technique. The thermal inhomogeneitthengain medium was visualized
through composite images.

8.3.2 Experimental details
The dye laser used in the experiment consists @ugout coupler mirror (20%

reflectivity), a dye cell, intra-cavity etalon (FSE GHz, finesse 13) and a grating
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(2400 lines/mm) in conjunction with a tuning mirrdrhe grating at nearly grazing
incidence with intra-cavity etalon was used to jmlewnarrow spectral width emission.
This is a very convenient design to provide narrgpectral width with minimum
number of optical components. The Rh6G dye in ethaolvent was used as the gain
medium. A CVL § = 510.6 nm, average power 4 W, 60 ns pulse durabd kHz
pulse repetition frequency) was used as the opéxeitation source. The schematic
layout of the dye laser setup is shown in Fig.&)1 While photograph of arrangement
of components of the dye laser is shown in Fig.gl The pump beam was
transversely line focused onto the flowing type dg# [8.15] through a combination of
spherical (focal length, 40 cm) and cylindricaldgffiocal length, 6 cm). An image of
fringe generated by Fabry-Perot etalon was acquimesligh an imaging lens and a
CCD camera based setup. The output power was neeasising USB based power
meter (Ophir). The dye laser beam divergences wstiemated from width of the far-
field intensity distributions.

Tuning Mirror

)

Pump Beam
Output
0 T \‘/ T N
SR
T T Dye Cell
Graling  Fabry-Perot Etalon
Ty Output Coupler
Mirror

(a)
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 monitoredthat dye cell for the
investigation of characteristics of dye laser unigh repetition rate excitation in the

presence of thermal field. The temperature of e sblution, jushat exit of the liquid
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through the dye cell, was observed for more tharh@ur. The gain medium bulk
temperature was raised by putting dye solution ingomechanism off. The heat
generated by the mechanical pump motor, assocwatbadthe dye circulation system,
slowly increase the temperature of the circulatityg solution. It was observed that
temperature of the dye solution was raise@.5°C per minute and dye solution bulk
temperature of 35C was attained in nearly 23 minutes. The dye smiutbulk
temperature was again observed in the presencaimfngedium optical excitation by
CVL till the temperature attained 3%. When the cooling set temperature was
switched from 35 to 20C, the temperature of the dye solution goes dovpidha
Fig.8.2 shows variation of the dye solution bulknperature with time during (a)
cooling off, (b) cooling on. In the presence ofiogl excitation of the gain medium,

there is no change in the slope of the temperaisgeof 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 lcdded by optical excitation is
negligible as compared to the external heat. The ldger output parameter such as
average optical power, divergence, pulse shapetrgpevidth and wavelength were
investigated during the dye solution temperatuse from 23.0 to 35.8C and then
cooling back to 20.6C.
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The average power of the dye laser declines morcatibn with temperature
rise of the dye solution. Fig.8.3 shows variationdge laser average power with
temperature. The decrease in dye laser averagerpoag approximately 3% per
degree rise in the dye solution temperature. Theemed deterioration in the output
average power was about 36% for a A2 rise in the dye gain medium bulk
temperature [8.16]. Fig.8.4 (a) shows typical daset FP fringe at 23°€ temperature.
The separation and fringe width measurement shaowaetow spectral width (1.13
GHz) of the dye laser. A composite image of thades were generated during the
temperature rise in the 23-3& range and cooling from 35.0-20°C. Fig.8.4 (b)
shows composite image of the line scan across ihmeder of the fringe during
temperature alteration. The regiénis labeled for the number of fringes taken during
the temperature rise while region B for during teeling down, in the Fig.8.4 (b). The
region C, in the Fig.8.4 (b), is the spectral patterns male nearly 20°C, after

recovering the medium from large thermal inhomogerse
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Figure 8.3: Variation of dye laser average power with temperature
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Figure 8.4: Typical dyelaser (a) FP fringe at 23.3°C, (b) composite image of the line scan
across the diameter of the fringe during temperature alteration

The composite image generated from successive iRBef, clearly indicateshe
variation in diameter of the fringes while raisitige gain medium bulk temperature.
While cooling from 35.0-20.8C, the homogeneity of the medium was significantly
perturbed, as a result only random noises patigens visible, denoted as regiBnin

the Fig.8.4 (b). The analysis of the spectral widihd wavelength, during the
temperature rise of the gain medium, has beenechaut. Fig.8.5 (a) shows variation
of dye laser spectral width with time, in the temgtere 23-35C range. The dye laser
spectral width fluctuations increase slightly withe enhancement of the medium
volume temperature. Fig.8.5 (b) shows variationyd laser wavelength with number
of fringes taken in the temperature 23%5range. The dye laser wavelength changes
from 575.6967 to 575.7534 nm, in this temperatuarge. Apart from the shift,
fluctuation of the wavelength was also observed).86 shows the variation of

horizontal and vertical dye laser beam divergenitk time, in the temperature ranges
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23-35°C and 35-23C. It changes from 6.0 to 8.3 mrad in the horizbdteection,

while 1.2 to 1.5 mrad in the vertical directionthvpulse 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 °C range
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Fig.8.7 shows the variation of the pulse width &éot@dl counts under the widths with
number of pulses taken during the temperature raBde- 35.0C. The dye laser pulse
width increases from 34.6 to 36.9 ns. The totalnt®wnder the pulse width nearly

changes from 8850 to 7650 counts in this tempegaamnge.
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Figure 8.6: Variation of the dye laser horizontal and vertical divergence with time during the

gain medium temperature change
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A very few studies [8.6, 8.17] reported on effefctesnperature variation on dye
laser characteristics. Duarte [8.6] had studiedvidreation of dye laser, pumped by low
repetition rate nitrogen laser, outputs such agpuiupeak power, beam divergence,
linewidth and frequency stability by varying thevitg temperature in 20.0 - 353.
Peters and Mathews [8.17] have investigated the repetition rate nitrogen laser
pumped dye laser peak power and divergence angleobiing the dye solution
temperature from 28.0 to 13°C. They found that the dye laser peak power ineas
while beam divergence decreased during cooling ga®ic Though the effect of
temperature on pulsed dye laser is acknowledgeyh tepetition rate dye laser still
needs attention on consequence of gain medium #ténimomogeneities on the output
characteristics. During the present course of itgason, studies on the deterioration
in the performance by temperature alteration frarD2o 35.0°C range, while the
cavity temperature was kept constant at normal reemmperature was carried out. In
this way, optical characteristics of a high repantit rate dye laser have been
investigated by varying the temperature of a higtéysitive laser element, dye gain
medium. Indeed, wavelength of dye laser in presesicegemperature-dominated
inhomogeneous medium depends on the refractivexiadd temperature gradient of
the refractive index. Shift in the observed dyeetagavelength with bulk temperature
rise is a consequence of variation of the spa@ifibctive index gradient of the gain
medium. The increase of the dye medium bulk temperachanges the effective
refractive index gradient of the medium, whichunntred shifts the wavelength of the
dye laser. The fluctuations in the wavelengthsdaieeto the transient fluctuations in the
refractive index gradients. The dye laser speutrdih, effectively, replicated the band-
pass of the dispersive components of the cavitis iBhindeed the reason why there is

no appreciable change in the spectral width, asdibgersive elements, grating and
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etalon, are distant from the heating zone. Spewatidths were influenced by the pump
beam penetration depth fluctuations and by the nmdgeneity of the gain medium.
These subsequently cause the variation of georaktticergence of emission passing
through it and hence angle of incidence on grating.

The thermal energy deposited in the dye gain mediynthe optical pump
beam causes maximum change in density and hentehadrons in refractive index
within the thin boundary layers of the medium, néxtthe pump beam entrance
window. As the temperature in the thermo and hygnadhic boundary layers/sub-
layers is much larger than the dye solution butkpgerature, while in this region, the
velocity is much smaller whereas the pump intensitgrgest. This leads to maximum
spatial and temperature gradient of the refraatndex in the thin boundary layers of
the dye solution. The refractive index gradienttims narrow boundary region is
significantly affected by pump power and velocityctuations, rather than the dye
solution bulk temperature. However, temperaturehef solution, around the thermal
and hydrodynamic boundary region, tries to adjind gradients. The divergence
characteristics of dye laser emission differ ingitundinal and transverse to the pump
beam penetration direction in the gain medium B3- This is also evident from our
experimental measurements, which shows that the ldger has different beam
divergence characteristics in horizontal and valtidirections. The temperature
induced inhomogeneities of the medium changes tlvergence angles [8.2].
Investigation of the dye laser spectral and divecgecharacteristics during the bulk
temperature rise (23.0-35°G) and sudden cooling of the bulk medium (from 35000
°C) clearly showed inhomogeneity generated in theging region of the medium.
During the cooling, the degree of inhomogeneity was high and hence unable to

measure the spectral variations. These inhomogeseiere also replicated in the dye
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laser beam divergence measurements during thi® rainggmperatures variations. The
maximum deflection of the laser beam occurs dutimg cooling, which was also
clearly visible by naked eye at the time of expemtation. The decline in average
power along the dye laser axis with temperature igsa consequence of collective
effect of increased deflection angles of the beamvall as channelization of energy
through nonradiative routes. The dye laser pulsdilprdepends on the number of
round trips, within the available gain time. Inhayeaeities of the gain medium affect
the optical path length of the emission propagatimgugh it. The fluctuations in the
optical path length by thermal inhomogeneity haneetiect on transit time, and hence
pulse profile, of the light passing through it. Timereased effective path length by
refraction/deflection in the dye medium slightlyluence the pulse duration during the
increased inhomogeneity by the temperature. Thatsounder the pulse width are a
measure of photon flux. The decrease in opticatamespower with temperature rise is
a sign of decreasing photons flux at the detectbus, decrease in average power,
counts under the pulse width with temperatureafadbe bulk medium is an assessment
of decrease in quantum yield due to the increasaomradiative rates as well as
fractional photons lost from the cavity. The prdsebservation [8.16] of average
power declination and almost no change in bandwsltiwell in conformity with the

earlier measurements [8.6, 8.17].

8.3.4 Summary

In summary, an effect of dye gain medium bulk terapee on the optical
properties of a CVL pumped narrow bandwidth dyeedais investigated. A data
acquisition system is developed to record the teatpee of the dye solution at the dye

cell. The dye gain medium bulk temperature of al®i0°C was raised in nearly 23
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minutes and cooled down from 35.0-28@ within 3 minutes. The dye laser spectral
width is almost unaffected while wavelength chanfyjesn 575.6967 to 575.7434 nm
by the temperature variation in 23.0-38@range. The pulse width slightly increased,
whereas counts under the pulse width decreasegprpx@amately 1200 counts in the
23.0-35.0°C range of temperature. The dye laser horizontirbdivergence increased
almost by 2.5 mrad, while the vertical beam divageby 0.3 mrad, for an increase of
the dye solution bulk temperature by 120. For these ranges of temperature

variations, the dye laser average power declineappyoximately 36%.

8.4 Dyelaser characteristics during gain medium bulk temperature stabilization

It is well known that the temperature of the dya@n medium brings about
considerable changes not only in the dye photo iphiybut also on the lasing
characteristics. In this section, optical charasties of high repetition rate dye laser
over the period of time, by stabilizing dye solatioulk temperature within +C, was
investigated. For the completeness, a review ofwtbek reported in literature on the
spectral stability of dye lasers by means of terwpee stabilization is briefly

presented.

In past, studies [8.18-8.19] on the performanceCdL pumped narrow
linewidth dye laser, by keeping the dye solutiomperature fluctuation within 0.0°C
at the dye solution reservoir, were reported. Tdoemnt studies [8.20] also reports on
the beam divergence, pointing stability, linewidthd wavelength stability of CVL
pumped narrow linewidth dye laser with [8.22, 8,2@}er a few minutes. All these
studies [8.18-8.21] have been performed in diffepErspectives, in terms of dye laser
system mechanical structure and the dye solutimpéeature stability. In another laser

system, studies of spectral stability had been rtedofor a few minutes with the
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temperature of dye laser solution controlled withih1 °C [8.22]. In similar narrow
linewidth laser system [8.7] where all optical mtsuwere attached to thick invar base
and the dye solution temperature was kept stablétton +0.1°C. In all these studies,
the temperature was controlled from +0%CLto +0.1°C in the dye solution reservoir.
Additionally, the dye laser spectral stability waported [8.21] for few minutes both
for coarse control of temperature 23%2 and fine control of temperature 23+6Q of
the dye solution. It was reported that the linetvidaried between 100 and 770 MHz
for a observation period of 30 seconds, with dylatem temperature controlled within
23+ 2°C, while linewidth variation was less than equallé MHz for few minutes,
with dye solution temperature controlled to 23.@.1°C. In another study [8.22], it
was reported that the linewidth variation was fra@® to 300 MHz over a period of 10
minutes, by controlling the dye solution temperati0.1°C. In this fashion, attention
was drawn to the importance of dye solution tempeeacontrolled eithet 0.1°C or

+ 0.01°C, and significance of thermal stability for betsgrectral stability of the dye
laser. In the present course of investigation,amby the dye laser spectral stability but
also average optical power and beam divergencecteaistics were investigated, over
the long period of time more than hours, by cofitrgl the dye solution bulk
temperature: 0.1 °C. Experimental details and diagnostic techniquesewsame as
described in section 8.3.2. In this investigatithre, temperature of the dye solution was
controlled within 23.3 + 0.£C by PID controller. The room and cavity temperasur
were also stabilized to near 2323 Fig.8.8 shows variation of cavity and gain medliu
bulk temperature with time. The temperature of diye laser cavity changes slightly
from 23.4 to 22.8C and hence was fairly stable over the period ofentban an hour.

The gain medium bulk temperature was also steadyth¢ 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 investig#iealigh fringe capturing and
composite image generation techniques. For a leng-spectral stability investigation,
a composite image of a line scan across the dianoétéhe FP fringe pattern was
generated. Fig.8.9 shows typical Fabry-Perot {ayé; (b) composite image of fringes
taken during the observation period. The measupsttsal width of the dye laser
emission was 0.824 GHz. Fig.8.9 (b) shows typicamposite image of 1000
successive FP fringes during the observation pemddmore than an hour.
Measurement of dye laser spectral width and wag#ewas carried out from this
composite image data. Fig.8.10 shows the variabiodye laser spectral width and
wavelength with time. The short-term (in 1 minutielctuations in the spectral width
were within £75 MHz, while its central value drikdrom 0.824 MHz to 1.124 GHz

over the observation period of 75 minutes. Fig.8shdws variation of dye laser

wavelength with time.
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It was analyzed that the short-term fluctuationswavelength were from

575.7713 to 575.7791 nm. The dye laser wavelength were from 575.7791 to

575.7662 nm over the observation period of more #rahour. Further, fluctuation of

spectral width at a particular wavelength was aredy Fig.8.11 (a) shows variation of

dye laser spectral width with wavelength over theqa of observation.

190



3.04 45 -

257 40
< 2.04 = E
T 1 < 354
O 1.5 £ ]
< 1 o}
g 104 2 30 VMV AIAANIA
k=)
7 emmnpranRnd | A 5 -
0.54 @
T 2 251
8 0.0 o ]
& 1 < 204
-0.54 ]
o7 sY4Y——T"—"TTTT T
575.765 575.770 575.775 575.780 575.785 0 10 20 30 40 50 60 70 80
Wavelength (nm) Time (minute)
€Y (b)
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Fig. 8.11 (b) shows variation of dye laser averggsver with time. The
measured dye laser output average optical power3@amW. The fluctuations of

average power about the mean were within 3 %.

In conclusion, optical stability of CVL pumped nawr bandwidth dye laser was
experimentally investigated over the period for enttran an hour. It was observed that
the short-term spectral width varies withiirv5 MHz, while in a long-term, more than
an hour, it was drifted by about 180 MHz. The shemn wavelength fluctuations
were within 0.0065 nm, while in a long-term, mdnart an hour, it was drifted by about

0.0105 nm. Dye laser average power was fairlylstab

8.5 Theoretical studiesfor dyelaser intensity fluctuations

It was observed that dye laser has output fluainatwere present even with
very precise temperature control of the dye satutim this section, attempts were
made to correlate microscopic parameter of the wmediresponsible for intensity
fluctuations.

The propagation of waves through random media ssitgect matter that had

been of considerable theoretical and practicaléstefor a long time, as is evident from

191



the number of books and papers written on the suf$e23-8.32]. However, most of
the works were on the problem of wave propagatimh scattering in the atmosphere,
the ocean, and in biological media, which are,anegal, randomly varying in time and
space so that the amplitude and phase of the wasgslso fluctuate randomly in time
and space.

Jannsoret al [8.33] derived the expression for the spectradnstty of the field,
produced by scattering of radiation, in the far eofhey showed that the spectral
intensity depends on the spatial correlation fumcof the field and degree of spatial
coherence of the incident field. The field geneddig scattering of light from a quasi-
homogeneous source on a quasi-homogeneous randdmnmeas investigated by
Visseret al [8.34]. The far field generated by scattering oplane monochromatic
wave incident on a quasi-homogeneous, random meduas explained with the help
of correlation function of the scattering potentadl the random scatterer [8.34]. A
theory was developed [8.35] for the fluctuationghia phase and amplitude of a laser
beam probing a locally homogeneous and anisotropgdium with the help of
correlation functions, which are related to theesponding stochastic properties of the
scattering medium.

Most of the theoretical and experimental works weaedated to the
coherent/incoherent or partially coherent beam agapon through homogeneous,
guasi-homogeneous, random and/or turbulent medlaofAhese models considered
propagation and scattering of light through maavpsr gaseous media. To the best of
our knowledge, no report is available on the spécintensity variation by the
correlation function of the refractive index fluation of the microscopic liquid media,
particularly dye emission through inhomogeneousidiggain medium. In this section,

analytical expression for the spectral intensityatgon of the radiation scattered by the
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correlation function of the refractive index fluations of the inhomogeneous liquid
medium is derived.

The physical properties of the medium is generaharacterized by the

dielectric constant Thus , from the Maxwell's equation

diveE = divE + EEgradgzo

(8.25)
We have
div E = —@ = —Efrad (loge) (8.24)
Using € = n?, simplification of Maxwell’'s equations gives
(2 E+k?n? E+2 grad(l%.grad Iogn) =0 (8.27)

where nis refractive indexk = % the wave number associated with the frequency

«, c is the speed of light in vacuum. The refractiveex is expressed as sum of mean

and a fluctuating part i.e. the instantaneousotive index is given by
n=n+n, (8.28)

wheren, is the deviation ofi from its mean valuen . Therefore,
0% E+K?2 (F1+nl)2 E+2 grad(lé.grad Iog(ﬁ+nl)j =0 (8.29)

—

D2E+k*n E =-2 grad(l%.grad Iog(ﬁ + nl)j— kz(nl2 +2n,n )E (8.30)

As |n,| (1, it can be approximated th(rtf +2n, ﬁ)z 2n,n

grad (Iog(ﬁ +n, )) =grad (Iog Fl)+ grad(log(ﬂ &B (8.31)
n
grad(logﬁ)+ grad(log(1+ %D =0+ grad(% —%[nfnlj j (8.32)

This give on approximation
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grad (Iogﬁ)+ grad(log(1+&j] =1 grad (n,) (8.33)
n n
P E+K N E=-2 grad(lé.grad nlj— 2nn k’E (8)34
n
This gives the reduced scalar field equation,
D2u+k?u = f(?j (8.35)
where u can denote any of the field components, affc]j the scattering potential,

which is given by expression

f(r) -2 grad(l%.grad nlj—zﬁnlk2 E (8.36)
n
It well known that the solution of eq. (8.35) capending to outgoing is given by
1\ Sik(r-r)
ulr)= = f(r)L,dV' (8.37)
amy  |r-r]

where r' is a variable vector ranging over the scatterioume V . It is shown in

Appendix A that under approximation eq. (8.37) bartransformed to

1e" O SikmE g
ur)=—=—1[f|r| e dv (8.38)
4 r g
Therefore, from eq. (8.36) and eq. (8.37), we get
2 Aikr _ o - R
u(r)= 2k’ e _|.(nn1 E +21 grad(EEgradnl)j e ™ v (8.39)
4m r g n
sz ek . G k2 ek R N
= E e™"™ dv'+— d E d emT gy 8.40
u(r) o T an e o= \./[gra{ [gra nlje (8.40)

Using Gauss’ theorem, under vanishing surface rateg
grad(éﬁgrad nl) gikmT = (EEgrad nl) grade k™ = (—i krﬁj gtk (8.41)

Therefore,
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sz gikr 2N e Ikr;]kZ e kr (ﬁ j e
m E etk gy E Corad kn gy (8.42
u(r) T \.[nl(rj e Py \J; [gradn, |e (8.42)
L2 aikr 1,3 o ik
_nkie” o lkme” o (8.43)
27r 2mrn
where
C, = nl(F'jée-ikﬁ“f'dV', (8.44)
\%
and
C, :J' E [grad nl(F'j e kM gy (8.45)
\%

Both terms of Eqg. (8.43) represent spherical wawbese amplitudes and phases
depend on the refractive index fluctuations indige volumeV (through the random
variablesC, and C,). Indeed, second term can simply, be ignored loutaing the

flow of scattered energy.

‘A 1,2 Aikr
u(r) ] nk—e

> Ci (8.46)

The (spectral) intensity of the scattered fielcay pointF , at frequencyw, is just the

diagonal element of the cross —spectral densithefkcattered field and hence is given

by

e

2 - -
- - - —ikm, ry=r,
j ﬂ(nl(r'ljnf(r'zjj[a Efj e ( jdv1 v, (8.47)
If the refractive indexn(?, a)j of the medium is a random function of position,nthe

scattering potentialF(r,wj will also be a random function of position, ance th

corresponding expression for the cross-spectraityeand for the spectral intensity of
the scattered field are obtained at once by avegaayer the ensemble of the scattering

potential (denoted by angular bracket with subserjp
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Let C,(ry, 7,)=C,(; — 7,) denote the two-point spatial correlation functiain
the refractive index fluctuations, viz.,

Cu(1y, 12, @) = (ny (17) n1 (72)) (8.48)
where the angle bracket represent the statisticatage, taken over the ensemble
n,(r,w) of the refractive index.

Ca(r,12) = (i — 72), (8.49)
Thus, by introducing the change of variabtgs- 7, = g, andr; + 1, = 27

nl k2

21T

1(r,0) = | }chn(ﬁ) |E|” e=i7i 7 gy, (8.50)
This formula shows explicitly how the spectral mégy of the scattered radiation
depends on the correlation function of the refractndex fluctuations and on the field
passing through it.

For E = A_(;exp(i k .7)

I(r,w) = {M}z [ Co(B) et~k 3 gy (8.51)

21T

The spectral intensity is in fact Fourier transfaosfncorrelation function of the
refractive index fluctuations. Thus, by knowing th@ormation about correlation
function of the refractive index, intensity fluctiems can be approximated. The exact
form of refractive index correlation function depenon the characteristics of
inhomogeneities. For example the spatial corratafimction of the refractive index of

the liquid medium, at higher Reynolds numbers,lmaapproximated in the form

C(®) = Ca(0) exp -5 (2)] 8:52)

Po
wheref andp, are positive constants, which depends upon the sagth and nature
of the medium inhomogeneity.

Though, this analysis applies to a single frequeztmyponent 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 gammedium of a pulsed dye laser
is known from long time. The non-uniform changesha refractive index gradient of
the dye solution lead to the refractive index flations. Variation of the spectral
intensity of laser emission in liquid media is ditg coupled with spatial correlation
function of the refractive index fluctuations arahde used to explain the experimental
observations of spectral fluctuations in the higpetition rate dye laser.

In summary, a macroscopic theory of propagation aodttering of light
through random media can be used under approximédrahe microscopic dye liquid
media. The spatial correlation function known foloag time is correlated with the
refractive index fluctuations of the dye medium.afnical expression for the spectral
intensity of the scattered radiation and the cati@h function of the refractive index of
the medium is formulated. It shows how the speciri@nsity of the field scattered by
random medium depends on the correlation functidnthe refractive index
fluctuations. Experimentally observed spectral nstyy variation of the fluorescence
emission of the dye and the dye laser emissiongumd media in the presence of
thermal and flow field is found to be a corollarfystale length of spatial refractive
index unsteadiness. Scattering, which is consideré@ detrimental to the propagation
of the light, of the spectral intensity of laserission in liquid media is found to be

directly coupled to the spatial correlation funatiaf the refractive index fluctuations.

Appendix A: Derivation of an approximation relating to expresq8.37).
We derive here the approximation that is applieexpression (8.38), viz.
We choose the origin of coordinates inside thetsgag volume. If the observation

point ris at a great distance from the scattering voluvhas compared to the
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dimensions ofV , then for all I the guantity r—r'| is almost constant and close to

—

r =|r|. In this case, the quantilp —r'| can be expanded in a series of powers i.e.

r-r'

:r—r}uﬁ?+2—lr[r'2—(rﬁﬁ?j }DHD (A1)

wherem=" f is a unit vector directed from the origin of cooates (chosen within

the scattering volume) to the observation pointhéf inequality

ﬁ[r'z—(rﬁﬁ?j }« 1. (A2)
2r

holds for all values of', i.e. if the dimensiond. of the scattering

volume satisfy the condition

Ar)) L?, then
j ~ exp{ik(r - mi ﬂ (A3)

Moreover, in the denominator can be repl%cer'

exp(ik r—r

by r. Thus, we have in far filed

zone

u(lr)::ieikr jf(?‘) e kM gy (Ad)
4 r
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Chapter 9

Summary, conclusion and scope for the future work

9.1 Summary and conclusion

This thesis presents investigations annarrow bandwidth Rhodamine 6G
(Rh6G) based dye laser, pumped by copper vapoer. Igore specifically, it looks at
the effects of high repetition rate excitation dre tstability of the output laser
parameters. The high repetition rate and narrovdWwatth operation of the tunable dye
laser has been extensively investigated for pakapplications such as atomic vapor
laser isotope separation for enrichment experimants other spectroscopic schemes.
This scheme requires that the dye laser spectraingers such as wavelength and
bandwidth should be highly stable over sufficientgg period of time. Therefore, the
stability of a high repetition rate narrow bandwidtye laser remains a major area of
research in order to enhanite applicability in these potential applicatioMith this
aim in view, to improve the stability of the dyesds, the important factors which
influences the output of the high repetition ratee daser, were investigated. The
studies have brought to light the high repetitiaterdye laserelated issues, which
were hitherto largely unexplored.

The first issue is the geometry of the dye celliclvhs being used as a container
for the gain medium (dye). Conventionally, plange @ell flow channel geometry has
been used for transversely pumped high repetitade dye laser. We felt that the
geometry of the dye cell flow channel may signifitp affect the optical stability of
the high repetition rate dye lasers. To experinigntmonstrate this, new dye cells of
different geometries were designed, modeled, fated; and their performances were

evaluated.
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Secondly, there was a necessity to have diagntsils for visualization and
examination of the fluctuations in the output dfigh repetition rate dye laser over a
considerable period of time. Precise pinpointinghef dye laser spectral characteristics
requires a scheme to evaluate the outcome overriadpef time. There were no
diagnostic tools available (either commercially iorthe literature) to examine the
spectral fluctuations over short/long periods afdi A novel diagnostic technique for
large scale data acquisition, ifgesentation, and its precise measurements were
formulated and effectively executed to explorediie fluorescence and lasing features,
over a period of time.

The third factor is the optimum gain medium massvftate which is required
to minimize the thermal effects imposed by highetdmn rate excitations. A thumb
rule which is commonly adopted for the flow of tiiyge solution is that the number of
dye volumes replaced between shots should be stt i@a or more. The liquid mass
flow rate is more rationally characterized througk Reynolds number. The spectral
diagnostic of neither fluorescence nor lasing attarsstics with the Reynolds number
of flow, during high repetition rate excitation,shbeen being considered so far in the
literature. In the present work, the spectral ctiarsstics of both the dye laser as well
as the dye fluorescence, as a function of the Rdgnmumber, have been
experimentally investigated. In addition, the nuicedr analysis of the temperature
profile/ contour, as well as the gain medium floglocity inside the dye cell has been
carried out through computational fluid dynamics.

Fourthly, the thermo-optic characteristics of the djain medium under high
repetition rate excitations have been investigafedye laser operating at a high pulse
repetition rate needs dye gain medium circulatiod eooling mechanism devices to

keep the gain medium temperature gradient andluttuations as low as possible.
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However, there is no qualitative or quantitativormation available in the literature
on the thermo-optic properties of a narrow specwalth dye laser, particularly
operating at a high repetition rate. A comprehaensitudy has been carried out on the
output characteristics such as spectral width, Veanggh, average optical power, beam
divergence, pulse width, total counts under thes@ulidth, of a narrow spectral width
CVL pumped dye laser, by having the dye gain medoutk temperature alteration of
nearly 12°C from normal room/cavity temperature.

The other subject area of the thesis related tay#ie medium characteristics,
narrow bandwidth pulsed dye laser resonator ank fagetition rate excitation source
(CVL) spectral characteristics were also theoréticand experimentally investigated.
Effect of solvent, its concentration and tempematm the absorption characteristics of
Rh6G dye was experimentally investigated. Theseliessuon gain medium have
immensely helped in the understanding of photo igkysf dye laser. The dispersion
theory for narrow bandwidth pulsed dye laser resonaas applied analyticallgs well
as numerically. Optimization of the output couplairror transmission and the
reflection coefficient for maximum optical powerteaction from the resonator was
carried out numerically and experimentally. Therapen of a single mode dye laser
through long cavity was experimentally demonstratsidg a novel technique.

The main results of our studies during the cour$ethe above stated
investigations are summarized as follows.

The characteristics of a dye laser gain medium haeen reviewed
comprehensively. Measurements on the absorban&h66 dye in commonly used
organic solvents such as methanol, ethanol, ethyigycol, and glycerol were carried

out. It was observed that the Rh6G dye has maximbsorbance in ethanol at 529.9
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nm wavelength. The absorbance of Rh6G dye decramgemperature is increasing
from 25 to 35°C.

For tunability and narrow bandwidth operation, dgeers utilize dispersive
resonator. A pulsed dye laser resonator has beeardtically and numerically
investigated. The analysis of the beam magnificapoovided by the prism in the
resonator, which depends on the angles of incigeef&ctive index, and apex angles
of the prism, has been carried out numerically. Mfacation factor drastically
increases for the angle of incidence greater thetha8d the reflection losses also
increase within 8590 angles of incidence to the prism. The typicalpdision
provided by the prism (apex angle®7Gncidence angle 88 was estimated to be
0.3897x1C rad/A, while the typical grating dispersion in gjrey incidence (89 for
2400 lines/mm ruling was estimated to be 9.7162*i@d/A. This numerical analysis
showed that the dispersion provided by the gratingwuch larger than that by the
prism.

The dependence of the passive bandwidth of thena¢ésoas a function of the
beam waist size and the angle of incidence on treging was also analysed
numerically. It was observed that the bandwidthrel@ses sharply for the angle of
incidence on the grating in the 87.0-89.&nge. The passive bandwidth of the
resonator also decreases appreciably when the We@nsize in the gain medium was
increased from 40 to 140m.

The influence of the reflectivity of the output g@ber mirror on the optical
average power of CVL pumped Rh6G dye laser withaaigg incidence grating-mirror
resonator haglso been theoretically and experimentally inveddd. The dye laser
dispersive resonator was also modeled into twoemicavity, equivalent to Rigrod

scheme, for optimization of the optical output poweupling coefficient for the dye
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laser. The maximum output power was observed imahge of 20-30 % coefficient of
reflectivity of output coupler mirror. The experintal results are in good agreement
with the model calculations.

A long cavity with a single prism beam expander andrating in grazing
incidence with a tuning mirror, which operates ialtinaxial modes, was used to obtain
single mode operation by rotating the tuning miabout an axis parallel to the plane
of incidence. As a result, the same cavity, withaihg any additional optics, was used
to obtain single axial mode operation just by collitrg the rotation of the tuning
mirror. The beam diffracted from the grating sugféeam walk-off through the tuning
mirror, which introduces additional losses to tlieeo side modes in the gain profile,
thereby forcing the lasing in a single mode. Thosel technique gave single mode of
360 MHz bandwidth from a dye laser which normailg.(in symmetrically aligned
condition) operates in three axial modes with ad@adth greater than 2 GHz.

As mentioned eatrlier, the temporal diagnosticsefdpectral characteristic is of
fundamental importance for its potential applicatio Therefore, software for
acquisition of a large number of sequential dateeroa period of time, and its
gualitative analysis, is essential. Novel softwkmedata acquisition, presentation and
diagnostics of the dye laser output has been dpedlin-house and very effectively
utilized for precise measurements. A large numbiesequential line scans across the
diameter of FP rings, havbeen presented as a stacked (composite) image. By
generating a composite image, the variation (dflfi¢tuation in short term and long
term) in the output characteristics of the dyeraseer the observation period of more
than an hour, has been successfully representadilDef this technique for spectral
structure investigation, as well as those of theeptmajor instruments and techniques

involved for the dye laser diagnostics, have baesgnted.
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Details of subsystems needed for the high repetide dye laser such as dye
circulation and cooling system, dye cells and ligflow characteristics are presented.
Novel dye cells of geometries such as a) nea’ 36@ved (convex-concave) flow
channel with continuously decreases/increasinghsids) pinched tube dye cell, and c)
a especially profiled convex-plano flow contourtive optical pumping region for the
high repetition rate pumping were designed and theiformance was experimentally
investigated, and compared with a conventionalgiauctdye cell. Spectral stability
such as wavelength and bandwidth fluctuations thiése dye cells was experimentally
examined through the composite image. It was olsethat the curved (i.e. convex-
concave) flow channel dye cell offered least s@ddtuctuations as compared to the
routinely used planar duct dye cell.

In the output of the dye laser with curved charthyd cell, three axial modes
were clearly distinguishable, while the axial modese indistinguishable in the planar
duct dye cell. The experimental results showed thated profiling of the flow
channel provides comparatively improved performarmeer a planar dye celllsing a
pinched dye cell, it was demonstrated that in tlaise, the variation of the bandwidth
was within 220 MHz over the observation period 6f minutes. Our experimental
findings with planar, curved, and pinched dye celistivated us to try out other
geometries to further improve the performance petter passive stabilization) of a
narrow spectral width high repetition rate dye tagenew scheme, which essentially
involves the profiling of the cubical glass andirgss steel cylindrical rod such that
plano-convex contour be present near the opticaipgiyg region. In this way, the
design was an amalgamation of straight and cunaplpery to enhance the dye

solution flow stabilities near the dye laser axitie design details and results of

206



numerical analysis of flow and temperature distitou inside the dye cell have been
presented.

The dye laser output characteristics such as gpealth, wavelength, average
power, and pulse shape were evaluated using theeggpiano flow channel dye cell.
Over a short-term, the dye laser spectral width wakin 75 MHz, while, the
wavelength was within £ 0.0065 nm. In a long-termrer more than an hour, the
spectral width drifted by about 180 MHz, wheredse wavelength drifted by about
0.0105 nm. The average power was steady for atiomg more than an hour. In this
way, the dye laser has demonstrated fairly good-term stability over the observation
period, without the use of either low expansionariat or close loop control on the
output. From our experimental findings, it was bbshed that convex-plano dye cell
channel geometry offered the best optical stabdityong the dye cells investigated for
high repetition rate excitations. This is probabgcause of the fact that the curvature
of the flow channel surface, which is either conwexconcave, substantially changes
the structure of the boundary layers. Convex cureatauses the friction coefficient to
decrease, while concave curvature has the oppeiezt. In this way, convex
curvature has a stabilizing effect on the boundaygrs, while concave curvature is
destabilizing.

The spectral stability of dye laser is influencedtbe mass flow rate, which
was not explored earlier. This was extensively destrated experimentally and
detailed results are presented. It was observet ttte fluctuations in both the
bandwidth and the wavelength decrease with inangaReynolds number of the flow.
The fluctuations in both the bandwidth and the vieawvgth drastically vary as the
Reynolds number of the gain medium flow is chanfgedinar to turbulent regimes.

Different set of experiments were carried out taleléssh the influence of gain medium
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flow characteristics on the spectral stability ok tdye laser. Computational fluid
dynamics of the gain medium convincingly validatieel experimental outcomes.

The fluorescence from dyes is forced by resonatordévelop functional
coherent laser radiation. Tipéoto-physics of dye laser is principally goverti@esugh
the dye fluorescence. The fluorescence charadtsristft Rh6G dye were briefly
reviewed and significant investigations coupledhwitigh repetition rate excitation
have been carried out. Fluorescence propertids asi¢luorescence peak wavelength,
its intensity, and spectral width were investigatedparately, in a stationary dye
solution as well as in a flowing medium. The peakvelength intensity was found to
decrease by approximately 21% over the observaioiod in stationary solution. The
total counts of the spectrum were found to fluaugproximately within £10% during
the observation period in the stationary solutidnvestigation of Rh6G dye
fluorescence in flowing dye media at different Ralgs numbers has been carried out.
Experimental results have shown that fluorescepeetsa were broadened and had
large fluctuations in the stationary dye mediuncasipared to flowing dye medium.
The fluorescence peak wavelength is also obsewvegptt slightly shifted in different
physical environments. High pulse frequency exctest amend the material
background of fluorescent molecules through thefrelds. Additions of the flow field
through the Reynolds number try to nullify the sumdings thermal field gradients.
The temperature dependent non-uniform refractidexnof the medium has an effect
on fluorescence at low Reynolds number. The fleMdfinduced turbulences due to the
high velocity gradients created within the boundayers affect the spectrum of the
fluorescent organic dyes at much higher Reynoldsbmr. Therefore, these studies of
fluorescence feature of dyes under high repetitada excitation help in developing a

stable and a good optical quality amplifying medium

208



The thermo-optic properties of a narrow spectraltwiCVL pumped dye laser
were experimentally investigated by changing the gigin medium bulk temperature in
the 23.0-35.0C range. It was observed that the average powttreadye laser declines
monotonically with the dye solution temperatureeri¥he decrease in the dye laser
average power was approximately 3% per degredrriiee dye solution temperature.
In this span i.e. 12C rise in the dye bulk temperature, 36% reductiboubput average
power was observed. The dye laser spectral widtiuations slightly increase with the
enhancement of the dye medium temperature. Thdadge wavelength changed by
0.02% in this temperature range. The dye laser lshaengence changed in horizontal
direction by 38%, while, by 25% in the verticalatition. The fluctuations in the pulse
shape were also noticeable during dye medium berdkperature variation. The dye
laser pulse width increased 6%, while the totaint®@area under the pulse width nearly
decreased by 13 % in these temperature ranges.

In a nutshell, studies on a complete dye laseesystarting from gain medium,
resonator, excitation source, diagnostics toolg, csil, flow characteristics and other
issues from microscopic to macroscopic levels aasmt with the high repetition rate
have been extensively investigated in this théXssive stability of the high repetition
rate narrow bandwidth dye laser in terms of dyd aad gain medium flow was
investigated. These studies have brought out tdobmally advanced and highly
stable high repetition rate and narrow bandwidthable dye laser suitable for its

potential applications
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9.2 Scopefor further research work

The detailed investigations performed in the preserk opens up some new
avenues for future, as no work, however detailedever complete. The dye cell
geometry and the optimum mass flow rates miniminee fluctuations associated with
high repetition rate excitations. The experimerdgmed were at low average power
(» 5 W) excitations. Studies on spectral fluctuatiamshigh average power (tens of
watts) through good optical quality gain mediure.(best dye cell and mass flow rates)
havenot been studied so far. Therefore, further ingasitbns orthe influence of high
excitation intensity with the best dye cell geometr optimum mass flow rate could be
helpful to further investigate high average powge thser with minimum fluctuations.
Moreover, experimental visualization of the thernsadd hydrodynamic boundary
layers through interferometric techniques, as veall flow velocity mapping using
particle image velocitometry technique inside tlge dell, are the major areas in which
further research could be taken up. Essentiallg thermal and hydrodynamic
boundary layer thicknesses govern the gain mediwmogeneity and hence the
characterization and minimization of these thiclsessis a very important research
area. Also the effect of spectral characteristipuwhp laser on the dye laser would also
be very interesting. These are some of the techially challenging research areas

that could be taken up as a continuation of thegarework.
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