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Synopsis
Spectroscopy is the study of the interaction ofttetenagnetic radiation with
matter. Spectroscopy is a sufficiently broad fielsvering many sub-disciplines, each
with numerous implementations of specific spectopsctechniques. Various techniques
and their implementations can be classified in swsays. Types of spectroscopy can
be distinguished by the nature of the interactietwieen the energy and the mater. The
interaction of electromagnetic radiation or lightttwthe matter leads to absorption,
emission and scattering of radiation. The radiatoatter interaction may change the
impedance or couple the quantum states of the m@psctroscopy is also a scientific
measurement technique. It measures light that igtesim absorbed, or scattered by
materials and can be used to study, identify arahfiy materials because the spectrum
of a substance is as unique to that substancefiageaprint to a human being. It has
made significant impact on various fields of baasntl applied sciences, and also led to
several technological advances. The spectral daeoraded in spectroscopic
measurements help us in understanding the enenggl Kructure of atoms and
molecules, as well as their atomic and moleculaperties. The quantitative values of
these properties provide detailed information abshdpe, flexibility and electronic
arrangement in atoms and molecules. Thus, speopgdtas emerged as a very powerful
tool for atomic and molecular structure studies.h#s contributed a lot to our
understanding of the universe-our earth, atmosplsene, interstellar space and distant
stars, which used to be treated as mystery or sapeal phenomenon few centuries

back.



The absorption and emission spectroscopic techsiquere used earlier for
studying atomic spectra. These techniques havediai limitations in terms of studying
high-lying excited states of atoms. The absorptiass-sections happen to be smaller as
one move up in the energy level ladder, so thectlete of these high-lying states
becomes difficult. The excited states, which hawe s¢ame parity as that of a ground
state, become inaccessible due to the selecties.riMoreover, one has to use complex
vacuum-ultraviolet spectrometers, if the spectm iti the vacuum-ultraviolet region.
Earlier, the typical emission/absorption sourcesdu®r studying various elements were
hollow cathode discharge lamps, electrodeless digehlamps, flames and plasmas.
These atom sources contain species, such as eatiies, ions and multi-atomic species
in a variety of states. This puts a stringent rezqaent on spectrometers’ resolution. The
assignment of atomic states also becomes compleaube many excited high-lying
states decay to low-lying states. So, it is verfyialilt to get complete spectroscopic
information by conventional sources and techniques.

The invention and subsequent development of ther laas revolutionized the
spectroscopy and opened many new branches of spegprty. The wavelength
tunability, high intensity, narrow spectral widthdalow divergence of lasers have not
only simplified the resulting spectra but also malese experiments possible, which
could not be done before due to the lack of intgregi insufficient resolution. Comparing
the conventional source to a tunable laser sotinegpower per unit wavelength of the
tunable laser is much greater than thathef white-light source, thus allowing easier

detection. This increase in power density wébkers leads to an increase in



sensitivity of many orders of magnitude as pammed to that of conventional
sources.

The lanthanides and actinides are used in many afescience and technology,
including nuclear power programs, high temperaguperconductivity, communication
and display industry, medical and biochemical agpions, material science, laser
industry, fundamental aspects of atomic and nuckarcture, etc. The uranium and
plutonium being fissile materials attract a lotatfention by nuclear industry for nuclear
power programs. The lanthanides are also knowhea&are-earth” metals, however this
nickname is not very accurate as many of the lamtles are abundant in the earth’s
crust, with some present in even greater quantities lead. All of the actinides are
radioactive and therefore are toxic and difficoltstudy. The lanthanides and actinides
are part of a unique section of the periodic tdideing partially filled f orbital. In the
lanthanide and actinides series the 4f and theh&fl, respectively, are progressively
filled with electrons. Owing to the higtiegeneracy of the f shells (14 spin orbitals) a
rather largenumber of possible electronic states may afi$e situation becomes more
complicated, because an open s, p, or d, shelidér@ty accompanies the open f shall.
large number of low-lying electronic states makeationalization of the electronic
structure of lanthanide analctinide compounds rather difficult. The situativom a
spectroscopy point of view is even more complicatedng to the numerous isotopes
occurring for some lanthanides aadtinides, which cause a huge number of spectral
lines. Moreover, the odd isotopes possess hyperfine stei@ll these make the atomic
emission and absorption spectra of these elemesmtgeay complex, with a large number

of spectral linesln some cases, the ground state of these elenseatsa multiplet, and



there are many close low-lying metastable energglde These elements are refractory,
not so easily produced in the vapor state, whicthés requirement for studying their
atomic spectra. To generate the sufficient atomimiver densities, high temperature
operations are required. But, at these high tenwes, the population is thermally
distributed among various low-lying metastable ggetevels resulting in the low

guantum state number density. These elements ace laghly chemically reactive.

Moreover, many of these elements are available onlysmall quantities, or are

radioactive, which has to be handled in small gtiast Therefore sophisticated

spectroscopic techniques are required to extraet dpectral information of these
elements. Laser-based spectroscopic techniquesgdpreeme of the best techniques for
studying these elements.

As mentioned above, the lanthanides and actinidesgss a very large number of
energy levels between the ground state and thencom. These energy levels are
excited stepwise by using one or more than oneogpisofrom tunable lasers depending
upon ionization potential of the elements. The Imgd photo-excitation cross-sections
for stepwise transitions are appreciably large, ngwito bound-bound transitions.
Therefore, the excited levels can be easily acdebgeavailable continuous wave (cw)
and pulse tunable lasers. The excited atoms anedibsgerved by detecting ions by further
exciting the atoms above continuum, by detectingriéscence from the excited levels, or
by detecting the change in the discharge impedaicthese techniques of laser-induced
photoionization spectroscopy, laser-induced fluoease spectroscopy, and laser
optogalvanic spectroscopy have been used for desleraments by various researchers.

The elemental information can also be obtaineddoyging a pulse laser into the material

iv



of interest to generate the plasma and subsequeolllscting the emission containing
characteristic atomic and ionic lines. This spesttopic technique is known as laser-
induced breakdown spectroscopy.

The laser spectroscopic techniques employed tg shedcomplex atomic spectra
of lanthanides and actinides include laser photpaiion spectroscopy, laser-induced
fluorescence, laser optogalvanic spectroscopy araberdinduced breakdown
spectroscopy. Atomic beams, hollow cathode dis&h&mps, and plasmas are used as
atom sources for laser spectroscopy experiments. Spectra from these sources are
generally too complex for easy analysis. But, tineable, narrow line width and high
power lasers make spectroscopy of any selectedespeasy even in these systems.

Laser spectroscopy of these elements includes merasats of atomic
parameters, such as energy levels, total angulatentum values of these energy levels,
photo-excitation cross-sections/photo-ionizatioossrsections, radiative lifetimes of the
energy levels, and branching fractions of differdatay channels of an excited state,
isotope shifts and hyperfine structures as well rmasasurement of elemental
concentrations of samples. Most of these atomiamaters are required in many areas
of science, such as atomic physics, plasma phya®sr;, chemistry, atmospheric sciences
and is also of importance in the determinationadéisand stellar abundances of elements
and in the search for new laser materials. Thei@t@arameters mentioned above also
play vital roles in realizing various other goaljch as laser isotope separation,
qualitative and quantitative elemental analysise reotope detection etc.

The present Ph. D. thesis deals with the developmieabove-mentioned laser

spectroscopic techniques, methodologies and relatestrumentation for the
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measurement of elemental concentrations and atpanameters to study lanthanides and
actinides. In this thesis, laser spectroscopy exy@ts to measure atomic parameters on
uranium and samarium are reported using laser aptagic spectroscopy, laser-induced
fluorescence spectroscopy and laser photoionizatjmectroscopy. For the first time,
laser-induced fluorescence and laser-induced pbimation techniques are used
simultaneously to develop new methodologies to mmeaghe atomic parameters. The
density matrix (DM) based theoretical calculatiomsve been used to validate the
experimental results. These experiments have lethg¢oidentification of new energy/
autoionization levels of uranium and samarium atant the assignment of total angular
momentum values to these levels. The radiatiwdinifes of high-lying energy levels,
and excited-level-to-excited-level absolute traasitprobabilities and photoionization
cross-sections are also determined for many attmsitions of uranium and samarium.
The calibration-free laser-induced breakdown spsctpic technique has been
developed and used to analyze multi-elemental cdret@ns of a steel sample. The
thesis has been organized into five chapters, edihg the work carried out on the
above-mentioned themes. The chapter-wise desaripfithe work is given below.
Chapter 1 describes introduction of spectroscopg emportance of atomic
spectroscopic investigations in general as wellfaaslanthanides and actinides. The
problems and limitations associated with convemtiombsorption and emission
techniques for understanding atomic spectra ofhkmtles and actinides have been
discussed. The necessity and impact of the lass#eb spectroscopic techniques
including laser-induced photoionization, laser-ioeld fluorescence, laser optogalvanic

spectroscopy and laser-induced breakdown specpgdechniques have been described

Vi



in this chapter. A brief description of the preserk based on the experimental and
theoretical investigations is presented at theadrilis chapter,.

Chapter 2 starts with a brief description of laseiuced photoionization (LIP)
and laser-induced fluorescence (LIF) techniques,di&velopment and the use of these
techniques for the measurements of atomic parame¥@arious experimental systems
used in the present laser spectroscopy experimargs briefly described. The
methodology of the LIF and LIP experiments carriegt in atomic uranium and
samarium is presented. The experimental resultsirgdd for various atomic parameters
such as the energy levels, their radiative lifefjm@anching fractions of different decay
channels of an excited level, transition probabsitare also described in this chapter.

By combining together both the LIF and LIP techmigufor simultaneous
detection and utilization of LIF and LIP signalstranly helped in developing new
methodologies but also helped in getting complgecsal information apart from the
measurements of atomic parameters.

In this chapter the observed resonances in the colar- laser-induced
fluorescence experiments on atomic samarium arepaced with our own results
obtained simultaneously using two-color three-phoianization experiments. As both
the signals (LIF and LIP) are obtained under siméaperimental conditions (laser
power, oven temperature etc.), the comparison besanore authentic then comparison
of results by two techniques under different expental conditions. The observation of
features in the two spectra recorded simultaneousiglates the complementary nature
of these two techniques. The LIP and LIF signalgehalso been studied as a function of

the second-step laser power to investigate theviomhaf both the signals under varying

Vil



laser powers. To the best of our knowledge, we hased for the first time the
simultaneous laser-induced fluorescence and phat@ton signals for studying high-
lying even-parity energy levels.

Chapter 3 describes the simultaneous LIP and LdiRads recorded in atomic
uranium and samarium and analysis of these sigisatg) DM calculations to deduce the
atomic parameters. The DM formalism for three-leaéomic systems has been
discussed in detail in the present chapter. The &tid LIF signals simultaneously
recorded in atomic uranium for two specific casasehbeen analyzed using the DM
formalism. The experimental results have been coedgpaith the DM calculations to
deduce the photoionization cross-section for th80336-50701.59 cthtransition of
atomic uranium. Two-color, three-photon photoiatian and two-color fluorescence
signals recorded simultaneously in atomic samarasra function of the second-step
laser power helped us in developing a new methgyofor the measurements of two
important atomic parameters in a single experimdite DM formalism has been
employed to analyze these signals. Two-color lastrced fluorescence was used to
measure the second-step transition probability. Jémond-step transition probabilities
obtained was used to infer the photoionization section. Thus, the methodology
combining two-color, three-photon photoionizatiorddawo-color fluorescence signals in
a single experiment has been established for tise time to measure the second-step
transition probability as well as the photoioninatcross-section.

Chapter 4 describes the laser optogalvanic specipgs technique. The
optogalvanic spectroscopy using a hollow cathodehdirge lamp (HCDL) is a much

simpler technique in comparison to its other coads but still able to provide useful
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information. The plasma parameters in see-throyge thomemade uranium HCDL,
which was used for laser spectroscopy experimemése been investigated. The
temperature of neutral species, the excitation &aipre and the electron number
density have been measured. The three plasma parameave been measured
simultaneously for the first time in the HCDL.

This chapter also describes our investigation fen dven-parity autoionization
resonances of atomic uranium in the energy reg2866-53350 cil, using three-color
optogalvanic spectroscopy technique in  a U-Ne HCbaracterized above with three
pulsed dye lasers. To the best of our knowledgs,ishthe first report of observation of
even-parity autoionization states in atomic uranlying at more than 2000 chabove
the ionization limit. We have used four differeaxcitation schemes starting from the
lowest metastable state of uranium at 620' ?s"). We have identified 102 new even-
parity autoionization resonances in atomic uranamd assigned probable total angular
momentum (J) values to these resonances.

In chapter 5 starts with a brief historicalview of Laser-induced breakdown
spectroscopy (LIBS), also called laser-indugddsma spectrometry or laser spark
spectrometry. The development of the LIBS systemefemental analysis of samples,
which consists of a high resolution and broad-ralfgeelle spectrograph coupled to an
intensified charge coupled device (ICCD) to detmud quantify elements of interest, is
discussed in this chapter.

The chapter also describtee quantitativeelemental analysis of a steel sample
using calibration-free laser-induced breakdown spscopy (CF-LIBS). A Q-switched

Nd:YAG laser (532 nm wavelength) is used to prodineeplasma by focusing it onto a
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steel sample in air at atmospheric pressure. The-tesolved spectra of a steel sample
consisting of atomic and ionic emission lines af Hteel elements are recorded using an
Echelle grating spectrograph coupled with a gatadnsified charge-coupled device
camera, which are used for the plasma charactenzanhd the quantitative analysis of
the sample. The time delay where the plasma isdal lthermodynamic equilibrium as
well as optically thin, necessary for elementallysig, is deduced. An algorithm for the
CF-LIBS relating the experimentally measured spédtitensity values with the basic
physics of the plasma is developed and used fodétermination of Fe, Cr, Ni, Mg and
Si concentrations in a steel sample. The analytesults obtained from the CF-LIBS
techniqgue agree well with the certified values loé telements in the sample with a
relative uncertainty 5 %.

The summary and future scopes of work are brieifgubsed at the end of the

thesis.
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Chapter 1

Introduction

1.0 Introduction to spectroscopy

Spectroscopy is a branch of science dealing witle finteraction of
electromagnetic radiation with matter. When theterats properly energized, it may
reemit the absorbed energy as electromagnetictradiaaving frequencies characteristic
of the radiating species and with intensity projporl to the number of particles
participating in radiation. The frequencies radiaserve to identify the radiating species,
giving rise to qualitative analytical spectroscopyhe amount of radiation gives a
measure of the quantity of the matter responsible the radiation, giving rise to
guantitative analytical spectroscopy. Over the $asteral decades, spectroscopy has been
applied to qualitative and gquantitative determmatof elements in solid, liquid and
gaseous samples. Most of our knowledge about thetste of atoms and molecules is
based on spectroscopic investigations. When theematenergized with electromagnetic
radiation, the basic phenomena of absorption, eomsscattering of the radiation and
polarization effects with plane-polarized radiatiame employed for spectroscopic
studies. These studies have provided fascinatiisgipitities for a deeper understanding
of the fundamental properties of the building bload matter. Thus, spectroscopy has
made an outstanding contribution to atomic and owé physics, chemistry, biology,
medicine, environmental protection and energy mesedn fact, it has contributed a lot
to our understanding of the universe - earth, apnese, sun, interstellar space and
distant stars which used to be treated as mystergupernatural phenomenon few

centuries back. Spectroscopic investigations cariubdamental or applied in nature,
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which allow us to measure certain quantities (wavglhs, intensities, etc.). These
guantities are then used to evaluate fundamerahiatparameters, like energy levels,
radiative life time of energy levels, transitioropabilities, angular momentum etc. These
atomic parameters are useful in several disciplofescience and technology, such as
atomic physics, astrophysics, plasma physics aser |physics. In the field of applied
spectroscopy, the spectroscopic information is uledqualitative and quantitative
analysis in various applications like combustioragmiostics, remote sensing of
environment, photo-physical and photochemical Bses, etc. Various techniques and
their implementations can be classified in severays. Types of spectroscopy can be
distinguished by the nature of interaction betwekea energy and the mater. The
interaction of electromagnetic radiation with thattar leads to absorption, emission and
scattering of radiation. So, the spectroscopy mssified by either the nature of
interaction, e.g., absorption spectroscopy, enmssgpectroscopy and scattering
spectroscopy, or by the technique employed, eagization spectroscopy, photo-acoustic
spectroscopy, optogalvanic spectroscopy, breakdmentroscopy, etc. Spectroscopy can
also be classified in terms of the electromagnsgpiectrum used for the spectroscopic
investigations, e.g., infrared spectroscopy, vesibpectroscopy or X-ray spectroscopy.
The choice of the spectral range of the radiattodane on the basis of phenomena to be
studied. When laser as a light source is employethé spectroscopy, the resultant
spectroscopy is known as laser spectroscopy. Wds&m Interacts with matter it produces
the phenomenon of absorption, emission, dischangaege, breakdown etc., giving rise
to laser-induced photoionization spectroscopy,rtastuced fluorescence spectroscopy,

laser optogalvanic spectroscopy and laser-inducegkldown spectroscopy and so on.
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1.1 Spectroscopy of atoms

The study of the electromagnetic radiation absoréed emitted by atoms to
explore the atomic structure is known as atomicctspscopy. The atomic absorption
spectra for most elements originate from the ttarsiof atoms from ground state to
excited states on account of laser energy absorplibe atomic emission originates
when atoms in the matter excited to higher enetgies on account of laser energy
absorption deexcite to lower states. In atomic spscopy experiments, the spectrum,
which is a collection of broad and narrow banddigtit absorbed by or emitted from
atoms, is recorded. The recorded spectra reveat aflinformation related to atoms
depending on the type of the measurements. Theiatenergy level information is
obtained by the wavelength measurements of thetrgpdioes. The line intensities are
proportional to the transition probabilities whidbscribe how strongly the two levels of
the atomic transition are coupled. The widths ef $pectral lines give information about
the collision processes, the inter-atomic potestald the velocity distributions of the
atoms. Zeeman and Stark splitting of spectral lingsexternal magnetic and electric
fields give information about magnetic and electnmoments, respectively. The
hyperfine structure of the spectral lines provideformation about the interaction
between the nucleus and the electron cloud, whatpshin the determination of nuclear
spin, nuclear magnetic dipole and electric quadeipmmoment. Time-resolved
measurements are used to measure excited-staiméie to investigate dynamic and
collision processes and various energy and chaegesfer mechanisms, etc. Spectrally
resolved measurements provide information, which ba useful for the branching

fraction measurements and for the determinatioratofnic level energy values. The
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spatially resolved measurements allow us to stheyspatial and density variations in
samples. The variation of the signal amplitude &mation of excitation source power is
used for the measurement of atomic cross-sectidimme-resolved and spectrally-
resolved spectra also allow us to carry out thelitatisze and quantitative elemental
analysis by choosing a proper time window wherespky resolved spectra can be used
for quantitative elemental analysis.

The experimental setup for atomic spectroscopy istm®f an atom source, an
excitation radiation source, an analyzer and actiete system. In earlier times, hollow
cathode and electrodeless discharge lamps, slgtiatks and heat-pipe ovens were used
as an atomic source for atomic spectroscopy. Thetsy resolution, time resolution and
the detection sensitivity in a spectroscopic expernt are crucial for attaining the
substantial spectral information. Due to the adeament in instrumentation in the recent
years, the use of new atom sources, optical souogical devices, sensitive detectors,
fast electronics and image intensifiers have sicguitly extended the resolution and
sensitivity limits. As a result many new spectrgscotechniques, such as Fourier
transform spectroscopy, optical pumping, level-smg techniques, double-resonance
techniques, multi-photon techniques, etc., haveritried to the better understanding of
the atomic spectra. Laser ablation and subsequerdgsi®n collection using gated
cameras have opened up the opportunity for mudtinehtal qualitative and quantitative
analysis not only in laboratories but also at iridak environment or real work site.
There still remain many unexplored areas where wak to be done, especially on the

complex spectra of neutral and ionized atoms dhkmdes and actinides.



1.1.1 Atomic spectroscopy of Lanthanides and Actides

Lanthanides in the periodic table include elementsn Lanthanum (atomic
number 57), to Lutetium (atomic nhumber 71). Actesdnclude elements from Thorium,
(atomic number 90), to Lawrencium (atomic numbe8)10ransuranics are the elements
with atomic number higher than that of uranium,dtbfnic number 92). These elements
are produced artificially by bombarding heavy elatsavith neutrons. Transuranics form
most of the actinides. These elements are unstaiile half-lives ranging from millions
of years to fraction of seconds. The lanthanided actinides are part of a unique
section of the periodic table having partially ddl f orbital. In the lanthanide and
actinides series the 4f and thesbell, respectively, are progressively filled waflectrons
[1]. A largenumber of possible electronic states may arisetaltiee highdegeneracy of
the f shells (14 spin orbitals)he situation becomes more complicated, becausgpam
S, p, or d, shell frequently accompanies the opsimefl. The large number of low-lying
electronic states makesrationalization of the electronic structure of lemide and
actinide compounds rather difficult. The situatipom a spectroscopy point of view is
even more complicated owirtg the numerous isotopes occurring for some lamdesn
andactinides, which cause a huge number of spectrasIMoreover, the odd isotopes
possess hyperfine structure. All these make thmiatemission and absorption spectra of
lanthanides and actinides very complex, with adamymber of spectral lineghe
ground state of atoms of these elements is alsdiptailin some cases, and there are
many close low-lying metastable energy levels. Saihthese elements are refractory
and not so easily produced in the vapor state, lwisithe requirement for studying their

atomic spectra. To generate the appreciable atoumtber densities of these elements (~
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10® atoms/cm or more), high temperature operations are requiBad, at these high
temperatures, the population is thermally distedudmong various low-lying metastable
and multiplet ground states in some cases, regultiithe lower number density in these
states. It makes the signal intensity arising franparticular energy level very weak.
These elements are also highly chemically reactind, hence, handling chemically
reactive species at higher temperatures also bexqgmte difficult. In addition, many of
these elements are available only in small amowntare radioactive. Elucidation of the
spectra of these elements is difficult. It, therefarequires sophisticated spectroscopic
techniques and instrumentation. Laser-based speopa techniques provide some of
the best techniques for their studies.
1.1.2 Atomic spectroscopic techniques for Lanthaneks and Actinides

As mentioned earlier, sparks, flames, hollow ca¢hadd electrodeless discharge
lamps were used as sources for absorption and iemispectroscopy experiments of
these elements. These sources have been usetitasoligces as well as atomic sources.
The emitted radiation from the source has beenyaedlfor the spectral information in
emission spectroscopy experiments. The excitatioatems by another light sources
having sufficient intensity at excitation wavelemdtas been employed in absorption
spectroscopy experiments. Absorption / emissioectsp from these sources were
photographed by a spectrograph, and the speatied livere recorded for identification
and analysis [2]. High-resolution optical spectoysc was performed by employing
Febry-Perot interferometer. Meggers reviewed mobktthe literature of atomic
spectroscopy published till that date in 1963 [Bfgonne National Laboratory has

provided more precise atomic spectra with extensigectral ranges using a 30 feet
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spectrograph [4,5]. The National Bureau of Stanslandw known as National Institute
of Standards and Technology (NIST) has used themalorincidence vacuum
spectrograph to study spectra of highly ionizedmatg[6], which led to excellent
compilations done by National Bureau of Standardsndgraphs [7-10]. The first
spectrum, using Fourier transform spectrometer JFoGthorium and holmium at high
resolution has been recorded in 1970 [11]. Latemerous FTS investigations have been
carried out [12-16]. These classical absorptiommission spectroscopy investigations
were limited either by resolving power of the warejth dispersing instruments, or by
the intensity of the light source. These techmquere not capable of exploring the
high-lying energy regions (above 30000 Ymas the energy levels in these energy
regions were not sufficiently populated. It is regd to observe atomic transitions from
these high-lying energy levels.
1.2 Laser spectroscopy of atoms

Atomic spectroscopy got a big boost only after itheention of tunable dye laser in
1966 [17]. The crucial experimental parameterstoméc spectroscopy are intensity as
well as spectral brightness. Lasers have very Bpgttral brightness. Lasers can also be
focused to very small areas and thus provide v@gnsity. These properties make lasers
very suitable for atomic spectroscopy experimeifitse unique properties offered by
lasers not only allowed the evolution of completegw techniques but also allowed the
established spectroscopic techniques to be appfiece precisely [18]. Lasers being
highly monochromatic helped improving the resoltiof measurements. The high
spectral brightness opened the new branch of g@ecipy, the non-linear spectroscopy,

which is based on saturation phenomena, or mutitgehtransitions [18]. Lasers capable
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of delivering short pulses in nano-, pico- or feragzond time domain, made the time
resolved studies possible. The time-resolved inyasbns can be used to measure
radiative lifetimes of the energy levels. Theseperties also allowed a new branch of
spectroscopy to emerge, laser- induced breakdowatrgizcopy (LIBS), which utilizes
laser-ablation based atomic/ionic sources [19]. $pecific areas of a sample can be
probed due to the high directionality of the lakeam. Thus, lasers made a huge
multifold impact on the field of spectroscopy. Tbily is a crucial criterion for a laser
to be used in spectroscopy experiments. Althougimymasers including solid state
lasers, optical parametric oscillators, semiconolutasers can be made tunable but the
dye lasers in their various modifications in visilaind ultra-violet spectral region are still
the most widely used lasers for spectroscopy empmris. The organic dye molecules
dissolved in liquids make the active medium for theers. The tuning range of dye laser
depends on the individual dye and pump laser uBgdusing different dyes, a wide
wavelength range from 300 -1000 nm can be covéree tunable range can be extended
from vacuum ultra-violet to infrared region by wéegth doubling or mixing
techniques.

The dye lasers used for laser spectroscopy canpkeeated in pulsed mode by
pumping it with another pulsed laser or flash lamhgan also be operated in continuous
wave (cw) mode by pumping it with argon ion / Tpphire laser. Dye lasers can also
used either in multimode or single-mode dependipgnuthe experimental requirement.
Laser intensity required for saturating an atormamsition is of the order of few pW/ém
to tens of mW/crh for different steps, which can be achieved easjlyboth cw and

pulsed dye lasers. The line-width of the dye laseanother crucial parameter, which
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dictates the obtained frequency resolution in gpecbpic experiments. The cw lasers
generally have narrow line-width of the order of Kbr even lower whereas the pulsed
lasers are broad with line width in the range ofzGHhus, the cw lasers are generally
used for high resolution atomic spectroscopy expenis. The line-width of the pulsed
lasers can also be reduced for improving the résolun the experiments but the lower
limit for the line-width of the pulsed lasers is img determined by the Fourier

transformation of the time-dependent laser intgnsgihich yields, for laser pulses with a

durationt, a spectral line-width given iy = %
m

However, the final resolution obtained in a laspedroscopy experiment,
depends on the convolution of the laser line-wialtlll the atomic width of the spectral
line. The origin of the atomic width of the spettlae is due to many broadening
mechanisms inside the atom source, which includeurala broadening, Doppler
broadening, collisional broadening, power broadg it [18].
1.3Laser spectroscopic techniques for studying atoms

Laser spectroscopic techniques can be classifigx timo categories, Doppler-
limited or Doppler-free techniques. If the resadati obtained in spectroscopy
experiments is limited by the Doppler width of t®mic absorption line, the technique
is known as Doppler-limited technique, otherwises iknown as Doppler-free technique.
Laser-based absorption spectroscopy, fluorescenmectrescopy, photoionization
spectroscopy, photoaccoustic spectroscopy, optotieroptogalvanic spectroscopy are
examples of the Doppler-limited spectroscopic témpies, which can be used with pulsed

lasers, and are very useful for studying highlyHext levels, Rydberg levels and



autoionizing energy levels of atoms. These techesquan also be used for measurements
of radiative lifetimes, branching fractions, photogation and photoionization cross-
sections, etc [18]. Doppler-free spectroscopic hegies overcome the limit set by the
Doppler broadening and thus high-resolution spscbpy can be performed. Such
techniques are termed as non-linear spectrosceplinigques. Saturation spectroscopy,
polarization spectroscopy and multi-photon spectspg are examples of Doppler-free
spectroscopy techniques. The cw laser based nearlispectroscopy is well suited for
high-resolution investigations, which can provigdormation about isotope shifts and
hyperfine structures [18, 20-21]. Some of the tephes can be kept in a separate
category like laser-induced breakdown spectroscaygere laser is used to generate
ablation based atomic or ionic source. Howeverdiete efficiency can be enhanced by
laser-induced fluorescence by exciting the atommid transitions using another laser
tuned to that particular transition [19].
1.3.1. Atomic spectroscopy using multi-mode lasers

By tuning the laser wavelength to an atomic tramsibetween two energy levels,
the population of atoms can be transferred fronelo@nergy level to upper energy level.
In this way, large population densities in the upgeergy level can be attained. Because
of this population transfer from the lower energydl, the upper energy level can serve
as initial energy level for further excitation. ®uhe spectroscopy of excited energy
levels can be performed by stepwise excitationtoma . The experiments with tunable
multi-mode lasers are aimed to determine the enrlenggt structure in high-lying energy
regions accessible through step-wise excitationes&€hhigh-lying energy levels are

inaccessible by other classical spectroscopic igaes.
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The pulsed lasers are capable of generating veense short pulses, allowing
time-resolved studies to be done. The time-resodtedies can provide the measurement
of radiative lifetime of excited states. The spaityrresolved studies can provide the
measurement of branching fractions. Combining thege atomic parameters, one can
deduce the transition probabilities. By stepwiseitation, these measurements can be
done for excited energy levels. Thus, the radidifeéime for excited energy levels and
transition probabilities for transitions betweerciged energy levels can be measured.
The time-resolved studies can also be done usiagea ablation source in combination
with a gated detector such as intensified chargpled device (ICCD) camera. These
studies can be useful in determination of elemesaaiposition of materials [19].

1.4 Motivation and description of the present work

The data on atomic spectroscopy of lanthanides actchides are far from
complete. The literature survey revealed that tleements still have unexplored high-
lying energy regions and many atomic parametersiak@own which could be of vital
importance in both basic and applied studies. Tigh lenergy regions are not well
studied due to the inaccessibility of these regibgscommonly used technique of
emission spectroscopy. This is due to the fact ttatatomic sources used for emission
spectroscopy have very low population in these ygig energy levels. Moreover, the
decay from these high-lying energy levels was to-llging energy levels emitting only a
few photons for a given decay transition, and timigking detection difficult. With the
advent of lasers and improvement in spectroscoitcimentation, it became possible to
selectively produce, investigate and detect spedfiergy levels of atomic, ionic and

isotopic species. Lasers coupled with improved {gaged detectors not only made
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measurements of atomic parameters possible butnasie the multi-elemental analysis
possible. It became possible even without generatiibration curves and utilizing
calibration free laser-induced breakdown spectnegtechniques.

In this thesis, various laser spectroscopic tearsg methodologies and related
instrumentation have been developed for the meamnts of atomic parameters and
guantitative elemental analysis. In this work, taspectroscopic studies have been
reported for samarium and uranium employing laseseld photoionization, fluorescence
and optogalvanic spectroscopic techniques. Thei+nibr resonant excitations have
been used to explore the high-lying energy levgleinploying fluorescence, ionization
or optogalvanic spectroscopic techniques. Thede-lgigg energy levels have also been
explored by simultaneously using laser-induced rBsoence and photoionization
techniques. These studies led us to identify nesrgnlevels, both in the explored and
unexplored energy regions. It also led us to measnany other important atomic
parameters. These results have been presentei ithéisis. The fluorescence from the
excited state has been temporally and spectradlglved, to measure radiative lifetimes
and branching fractions, which in combination hdlpa deducing excited-state-to-
ground-state and excited-state-to-excited-stat®lates transition probabilities. For the
first time, laser-induced fluorescence and photag@tion techniques have been used
simultaneously to study high-lying energy regioitshas been established that both
techniques should be used in a complimentary waydentification of atomic energy
levels.

The results obtained using simultaneous laser-edludluorescence and

photoionization techniques have been analyzed wengity matrix formalism. This has
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led us to develop new methodologies for the measainés of important atomic
parameters. A new calibration-free laser-induceshkdown spectroscopy approach has
been developed for multi-elemental composition ysial This technique has been used
to analyze elemental concentrations of a steel Eanijhe all above-mentioned results
have been compared with the earlier works repartetthe literature and also with the
other known methods. The description of other tdragn this thesis is as follows.

Chapter 2 discusses laser-induced photoionizatldR) (including resonance
ionization spectroscopy (RIS) and resonance ioiozamass spectroscopy (RIMS)
techniques in brief. It also briefly describes laseluced fluorescence (LIF) technique.
The experiments and experimental systems emplayeatdmic spectroscopy of uranium
and samarium using these techniques has also leamssked. The methodology of the
LIF and LIP experiments carried out in atomic uuamiand samarium is presented. The
results on measurements of many important atomianpeters including energy levels
and their angular momentum values, radiative ffes, branching fractions, transition
probabilities, photoexcitation/photoionization @esections, etc. have been presented in
this chapter.

This chapter describes simultaneous utilizationLd¥ and RIS techniques to
generate full spectral information. The observatbfeatures in the two spectra recorded
simultaneously validates the complementary natdirthese two techniques. The RIS
and LIF signals have also been studied as a functicdhe second-step laser power to
investigate the behavior of both the signals undeying laser powers. To the best of our
knowledge, simultaneous laser-induced fluorescearm photoionization signals have

been used here for the first time for studying Highg even-parity energy levels.
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Chapter 3 describes the use of simultaneous bt RIS techniques for the
development of new methodologies to deduce phottan/ photoionization cross-
sections. The experimental results have been theallg analyzed by using density
matrix (DM) formalism. The DM formalism for two artiree-level atomic systems has
been discussed in detail in the present chaptee. &tperimental results have been
compared with the DM calculations to deduce thet@baization cross-section for the
33801.06-50701.59 cm transition of atomic uranium. Two-color laser-ined
fluorescence was used to measure the second-ategititvn probability. The second-step
transition probabilities obtained was used to infee photoionization cross-sections.
Thus, the methodology combining two-color, thre@tph photoionization and two-color
fluorescence signals in a single experiment has lestablished for the first time to
measure the second-step transition probability af as the photoionization cross-
section. Two important atomic parameters have Ineessured in a single experiment by
simultaneously recording two-color, three-photon otpionization and two-color
fluorescence signals of atomic samarium as a fonaif the second-step laser power.

Chapter 4 deals with optogalvanic spectroscopynigcte, which relies on its
simplicity. The technique employs a simple deviaed hollow cathode discharge lamp
(HCDL), which can be used as an atomic vapor soascevell as ion detector. It is an
attractive tool to extract useful spectral inforroat This technique is a boon, especially
for studying the refractory elements where genemnatif atomic beam is difficult. In this
chapter, the plasma parameters have been investigatsee-through-type homemade
uranium HCDL. The temperature of neutral species, dxcitation temperature and the

electron number density have been measured.
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This chapter also describes the investigation oéneyarity autoionization
resonances of atomic uranium in the energy reg28668-53350 cil, using three-color
optogalvanic spectroscopy technique in a U-Ne HGQDth three pulsed dye lasers. To
the best of our knowledge, this is the first repoft observation of even-parity
autoionization states in atomic uranium lying arenthan 2000 cihabove the ionization
limit. Total 102 new even-parity autoionization@aances in atomic uranium have been
identified. The probable total angular momentunv@lyes to these resonances have also
been assigned.

Chapter 5 reviews the laser-induced breakdown spsipy technique (LIBS),
capable of remote, real-time multi-elemental arnialy$he development of the LIBS
system for multi-elemental analysis of samples t&®f a high resolution and broad-
range Echelle spectrograph coupled to an intedsiflearge-coupled device (ICCD) to
detect and quantify elements of interest. The Betdithe LIBS experimental setup and
methodology adopted for the elemental analysissisudsed in this chapter.

The present chapter also describ@squantitativeelemental analysis of a steel
sampleusing calibration-free laser-induced breakdown specopy (CF-LIBS). A Q-
switched Nd:YAG laser (532 nm wavelength) is usegroduce the plasma by focusing
it onto a steel sample in air at atmospheric pressthe time-resolved spectra of a steel
sample consisting of atomic and ionic emissiondiakthe steel elements are used for the
plasma characterization and the quantitative aislgé the sample. The time delay
relative to the laser pulse where the plasma isaal thermodynamic equilibrium as well
as optically thin, necessary for the elemental y@is| is deduced. An algorithm for the

CF-LIBS relating the experimentally measured spgatitensity values with the basic
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physics of the plasma is developed and used fodétermination of Fe, Cr, Ni, Mg and
Si concentrations in a steel sample. The analytesults obtained from the CF-LIBS
techniqgue agree well with the certified values loé telements in the sample with a
relative uncertainty 5%.

Brief summary and future scope of work is givethatend of the thesis.
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Chapter 2

Laser-induced photoionization and fluorescence techiques

In the laser-induced photoionization (LIP) speatops/ technique, neutral atoms
of an element are selectively raised to an exdiednic state of the atoms by a laser
resonantly tuned to the excitation energy of tla@gition. The excited atoms are further
photoionized from their resonant state by an aoldti laser tuned to provide enough
energy to raise the excited atoms over the iomnathreshold of that element. This
process of photoionization of atoms is called rasoe ionization spectroscopy (RIS).
RIS, when coupled with a mass spectrometer, is kna® resonance ionization mass
spectrometry (RIMS). Laser-induced fluorescenceF)Llis another spectroscopic
technique that excites atoms by precisely tunedrdaand detects the relaxation of an
excited state by spontaneous emission of fluoresceadiation to lower states. Both,
RIS/RIMS and LIF are excellent tools for investiggt high-lying energy levels. Very
useful information on atomic structure as well asel-atom interaction dynamics have
been derived from these techniques. These techsigue discussed in detail in the
following sections.

2.1 Laser-induced photoionization

As mentioned above, in laser-induced photoionirafldP) technique, the atoms
excited in one or two-steps are further excitedvabine continuum and subsequently
ionized. Since the resonant excitation steps avelved in photoionization, the term
resonance ionization spectroscopy (RIS) is oftesdder the process. This is also known
as multi-step photoionization spectroscopy techamigs multiple steps might be involved

depending upon the ionization potential of the atamder investigation. So, single or
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multi-step resonant excitation followed by ionipatiis carried out by irradiation with
tunable laser light and resulting electrons or iares detected by the detector. RIS is a
very sensitive technique. In principle, every absdrlaser photon gives rise to a detected
ion or electron, with 100% efficiency. As an exdmm to RIS, the ions generated by
resonant excitations are further mass analyzed bwass spectrometer, and this
spectroscopy is known as resonance ionization ngeEtroscopy (RIMS).The
techniques of RIS and RIMS, because of their hghsgivity are widely used. Janes et
al. [1] have reported the capability of RIS techu@do study heavy atoms in 1975. RIMS
as a spectroscopic tool was reported by Carlsal. ¢2] in 1976. Hurst et al [3] have
reported the capability to detect single atom ie thteraction zone in 1979. V. S.
Letokhov [4] discussed key characteristics and iagpbns of laser photoionization
spectroscopy in 1985. Since then, these photoitaizéechniques have been developed
as very sensitive techniques and the developmeves Iheen reviewed extensively in the
literature [5-12]. It has been used by various aedgers for studying atomic spectra of
various atoms [2, 13-15], ultra-sensitive detectafrirace elements [16, 17], studying
nuclear structure [18, 19], nuclear research [A(), iBotope production [22] and various
other applications [23, 24].
2.1.1 Atomic spectroscopy of uranium

The natural uranium, a mixture of largely two emes, 3% accounting for about
99.3% and &* about 0.7%, is found in the earth’s crust. Theéoge >’ is fissile. Its
nucleus can split into two nuclei under certaindibans, yielding fission. The uranium
fuel is assembled in such a way in a nuclear redttat a controlled fission chain

reaction can be achieved. The other uranium isotdfi2is a fertile material as it can
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capture one of neutrons in the core of reactoretme (indirectly) P&°, which is again

a fissile material. Thus uranium is very importatfgment for harnessing nuclear energy.
Uranium is chosen as one of the actinide elemamtsgdectroscopic studies. Uranium is
the heaviest of all the naturally occurring elemsenthe elemental and isotopic
composition of uranium in samples obtained from @in@nium ore, nuclear waste and
each step involved in nuclear fuel cycle needsearwnitored carefully for achieving
nuclear as well as environmental safeguards. Thaesgft and selective multi-step laser
photoionization pathways need to be identifieddanrying out the elemental and isotopic
composition analysis, trace analysis and isotogears¢ion programs, Thus, highly
efficient and selective photoionization schemesehavbe formulated, which require the
complete knowledge of all the spectroscopic pararseif involved atomic energy levels
and atomic transitions.

Uranium has very dense and complex atomic spdttnas a radon core and six
optical electrons. Uranium atomic transitions argedu as wavelength references
throughout the uv to near-ir spectral range. Pratisnterferrometric studies using
optogalvanic spectroscopy, have yielded wavelerggimdards, with accuracy at the
0.0003 crit level.

Using various techniques, a lot of spectroscopita deas been generated and
reported on atomic parameters of uranium in tlegdture [2, 12-15, 25-35], but still the
spectroscopic information available is far from gbete. Thus, the primary interest for
this study was to develop or setup techniques dapab measuring various atomic

parameters.
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2.1.2 Present work using laser-induced photoionizain

The knowledge of atomic parameters such as radiatiMetimes,
photoexcitation/photoionization  cross-sections, nbheng fractions, transition
probabilities are crucial in many areas of basiersme, such as atomic physics, plasma
physics and atmospheric sciences. These paransterssed for determination of solar
and stellar abundances of elements, for searcliegnew laser materials, etc. The
accurate values of these parameter are also veppriemt for choosing efficient
photoionization schemes for atomic vapor laserojgetseparation process and trace
analysis as these parameters determine the lassrc#s needed for the transition steps
involved in the photoionization process.
2.1.2.1 Measurement of radiative lifetime of atomicranium by LIP

The radiative lifetime of atomic energy levels rsimportant atomic parameter as
it governs the dynamics of excitation and all tipplecations involving laser excitation
look for this fundamental property of atomic levEhe radiative properties of atoms and
ions are of great importance in astrophysics, pgaghysics and laser physics. The
natural lifetime determines the fundamental limit @@solution in spectroscopic
investigations. The measurements of radiativeitifes of energy levels and branching
fractions provide a reliable method for determinihg absolute transition probabilities of
atom and, therefore, are important in many fiellsaence and technology. It is also
important in deciding the efficient photoionizatischemes for trace analysis and isotope
separation process. Radiative lifetime is crucal $earching the new laser materials.
Measurements of radiative lifetimes are usually eddsy employing laser-induced

fluorescence (LIF) or laser-induced photoionizatifidP) techniques. Using LIF
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techniques Miron et al. [29] have carried out megensive work on U | energy levels
and radiative lifetimes. Carlson et al. [2], Hackelal. [34] and Avril et al. [35] have
measured radiative lifetimes using LIP. In this t®et the results on measurements of
radiative lifetimes of high-lying odd-parity enerdgvels of atomic uranium using the
pump probe technique have been discussed [31].
2.1.2.1.1 Experimental setup for measurement of raative lifetime

The experimental set-up is shown in Fig.2.1. Itststs of Nd-YAG
(Model YG 980) pumped dye lasers (Model TDL 90yigenously developed reflectron
type time-of-flight mass spectrometer, digital dsscope, homemade U-Ne hollow
cathode discharge lamp and a fast photodiode. UWraritomic beam was generated by
resistive heating of uranium metal in tantalum dslécin a vacuum chamber evacuated
to a pressure less than “@orr. Uranium atoms thus produced were excited and
photoionized by three-color three-photon photo Zation scheme using Nd-YAG
pumped dye laser system. Resulting photoion sigrea detected using Micro-channel
plate (MCP) in a reflectron type time-of-flight nsaspectrometer. The delay can be
varied using a delay generator. The detectors M&Rd MCP2 are used in the axial
(linear) and off-axis (reflected) positions respealy for ion signal detection. The signals
from the MCP are recorded by the oscilloscope dap#ab transfer the data to the
computer for subsequent processing and analysch &ata is averaged over 128 pulses
on a 500 MHz oscilloscope and recorded. Herefiteeand second lasers are used as
the pump lasers to excite the uranium atoms tglalyexcited odd-parity level through a
two-step excitation process involving resonant farsd second-step transitions. The third

laser probes the population of the highly excitedel by photoionizing the excited
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uranium atoms. The photoionization signal is reedrds a function of the time delay
between pump and probe lasers. The radiativerhef an energy level is obtained by
fitting the data to an exponential decay curve.
2.1.2.1.2 Results and discussion

The typical decay curves of the energy level abB%.24 cnt is shown in Fig.
2.2. The radiative lifetimes of nine high-lying e@drity energy levels of atomic uranium
have been measured [31]. The measured values mattiwith those reported in the
literature for short lifetime values [29]. The meeed lifetimes 1469 ns and 2099 ns for
the energy levels 34,128.47 ¢nand 34,048.45 cih respectively, are substantially
higher as compared to those reported by Miron ¢%las 900 and 1080 ns. Mirron el
al. [29] have carried out the measurements in tkegmce of argon as a buffer gas. So,
the atomic collisions are likely to depopulate éxeited atoms, resulting in reduction of
the measured lifetime values. Although they haveagwlated their results to zero Argon
pressure, there could be residual errors in theapatated values when compared with a
collisionless atomic beam in a high vacuum envirenth as in our experiment. In
addition, they have not mentioned anything aboetitiberaction volume. For the energy
levels particularly with relatively long life-timgghe atoms may move out of the
interaction volume before being probed. In our expents, this effect was negligible for
those energy levels whose radiative lifetimes wereh less than the transit time of
atoms through the interaction zone, which was alddutus (atomic beam travelling
through the pump beam diameter of 4 mm with anamewelocity of 4 x1dm/s. The
radiative lifetime values for the energy levels 8490, 34953.82, and 34999.5 timave

been measured for the first time as 318127, 47tP6a7+44 ns respectively.
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2.2 Laser-induced fluorescence

In the laser-induced fluorescence (LIF) spectrogdeghnique, laser is used for
inducing a resonant transition from a lower endeygl to a higher energy level of atoms
and subsequent emission of photons due to spontarmkmexcitation of the excited level
to lower levels detected by photon detectors [3Blis spectroscopy technique can be
used in two different ways by recording either #éxeitation or fluorescence spectrum.
The excitation spectrum is obtained when the las®velength is scanned across the
spectral range of the absorption lines, the tdtabréscence intensity monitored as a
function of the laser wavelength. It representsimage of the absorption spectrum,
therefore directly reflects the absorption spectmwith respect to line positions. The
fluorescence spectrum is obtained when the laseelenagth is tuned to one transition
and the spectrum, which corresponds to the allotkaaksitions towards lower energy
levels, is recorded. If collection of the emittethopons is integrated over whole
interaction volume, time and frequency of emitteldotons, it is called integrated
fluorescence. By properly choosing the spectroscamstrumentation and optics, the
integrated fluorescence can be resolved eithertrgigoor temporally or spatially giving
vital information in each case.

The technique of fluorescence spectroscopy is § gensitive technique in
visible, ultraviolet and near infrared regions. Ldpectroscopy has been employed for a
wide range of applications related to analyticaésces [37, 38], diagnostic processes
[39, 40, 41], and atomic and molecular physics [22;44]. In this work, atomic

parameters of samarium have been measured usingthRique.
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2.2.1 Atomic spectroscopy of samarium

Samarium (Sm) has many electrons in d and f shedlst is well known for its
large number of atomic transitions, with strongiketor strengths in the visible region.
Due to its rich energy level structure, Sm is orietr@ major dopants for optical
amplifications such as laser amplifiers and commation devices, like other
lanthanides, namely neodymium and erbium. It is alsed in magnets and some metal
alloys. Samarium when blended with cobalt for argger alloy resists demagnetization.
Samarium is also used as an additive in glass sorhbinfrared energy. Optical
properties of Sm-doped material are of great istarethe field of photonics.

The alkali atoms have been studied so far extelysfee coherent population
trapping, which is widely used in different apptioas, such as magnetometry,
metrology, etc. The rare earth atoms have an adgartiecause their hyperfine structure
energy levels are deeply shielded and, therefamyngl sub-levels have much higher
energy splitting. Atomic samarium offers a vergaghvironment for studying the atomic
coherence, or coherent atom-field interactions .[45marium has an energy level
structure, which is suitable for studying electrgmetically induced transparency
experiments [46-48]. Samarium has pairs of narrosdparated opposite-parity energy
levels. The mixing between these opposite-paritsellgairs, which is caused by the
neutral current interaction, is largely enhanced, d@hus, it is the strong candidate for
parity violation experiments [47, 48]. Moreover, Smas a large number of stable
isotopes, which also enable the measurements wii@fmarity violation experiments with
different isotopes. Samarium has usefulness i taaalysis [49]. The atomic vapor laser

isotope separation (AVLIS) of samarium is findingeation as samarium is used as an
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improved burnable poison for commercial nuclear @oweactor [50]. In this study,
samarium (Sm) has been chosen because of scafrsipectroscopic information related
to it in the literature. The LIF technique develdpand used here has a general
applicability. It can be applied to any of lanthdes and actinides.
2.2.2 Present work using laser-induced fluorescence

As mentioned in section 2.1.2.1, that radiativetirhe is very important atomic
parameter. The radiative lifetime measurementsan@monly done by monitoring time-
resolved LIF [29, 51-57] from an atomic beam witfiaat detector like photomultiplier
tube (PMT). Laser-based methods for measuremeatbsaflute transition probability use
either laser-induced fluorescence (LIF) or laseluced photoionization (LIP) as
mentioned in earlier sections. Carlson et al. [@yeh described a branching-fraction-
lifetime (B - ©) method for determining absolute transition prolitzs by independently
measuring branching fractiong) (and radiative lifetimest) using time-resolved optical
pumping, probed by time-resolved laser-induced giboization (LIP). This method has
a distinctive advantage of being independent terld®am quality, such as temporal
profile, intensity and linewidth, unlike most ofettother methods. They have used this
method to obtain accurate values of transition @bdhly for atomic transitions in
uranium. Hackel and Rushford [34] have refined theshod and measured the branching
fraction and the accurate absolute transition drdibain atomic uranium. In the above
works thep-t method is applied for optical transitions betwegnited and ground states.
The branching fractions are also measured by eitf@ritoring the LIF spectrum in an
atomic beam or the emission spectrum of a hollothae discharge lamp with a

Fourier-transform spectrometer (FTS) [32].

25



Measurement of absolute transition probability &omic transitions between
excited-level-to-excited-level is difficult and cpiex. The p-t method using time-
resolved LIP technique was used by Bisson et &] {ér measurement of absolute
transition probabilities of excited-level-to-exdtéevel optical transitions in atomic
cerium and gadolinium. They have discussed advastagd limitations of their method.
Petit et al. [32] and Auvril et al. [35] have usetPlLto measure the lifetimes and LIF to
measure the branching fractions for determiningahsolute transition probabilities of
uranium atomic transitions originating from the 88&ni* excited energy level.

Total angular momentum value (J) is fundamentathpartant in choosing
possible excitation schemes and, hence, assignofietst value to each energy level of
the excitation pathways is of great significanckefe are several experimental methods
to determine J of a given atomic energy level,,&geman effect, hyperfine splitting in
absorption lines, spectrally resolved fluoresceinom the level, excitation to same level
via multiple excitation pathways and polarizatiambination methods. Zeeman Effect
and hyperfine splitting in absorption lines [59]ncbe applied to ground or low-lying
atomic energy levels, which can be populated bylsirexcitation source. Multiple
excitation pathways [60, 61] or spectrally resolfl@drescence technique [29, 62] can be
successfully employed for assigning a unique J evalu high-lying energy levels.
Identification of J for autoionization energy leselses polarization combination method
[63].

The motivation for the substantial effort on thpectroscopic data of rare earth
atoms and ions arises primarily from stellar eletakeabundance studieKomarovskii

and Smirnov [64] have used electron beam for etxaitaand measured the branching
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fractions of different decay channels in atomic aaom. Using these measurements and
lifetimes reported earlier [51, 52], they have dateed absolute transition probabilities
for excited-state-to-ground-state Sm | atomic titearss in the wavelength range 350-650
nm. To the best of our knowledge, there is no departed in the literature on excited-
state-to-excited-state transition probability ioratc samarium.

In this Section, development of LIF spectrometertfee measurement of atomic
parameters of samarium is reported [65]. The LIE baen temporally resolved to
measure the lifetimes of excited energy levels.isltspectrally resolved using a
monochromator to determine the different decay ohbn and thus branching fractions.
The lifetime and branching fraction data has bemmhined to deduce ground-level-to-
excited-level and excited-level-to-excited-levetalute transition probabilities of several
atomic transitions. The LIF technique has also besed to uniquely assign the total
angular momentum values (J).
2.2.2.1 Experimental setup and development of spectneter

The lasers employed remain same, Q-switched N@& Yaser (Quantel YG980)
pumped dye lasers (Quantel TDL90), as mentioneghntier Sections. For detection of
temporally and spectrally resolved laser-induceriéscence, intensified charge couple
device camera (ICCD) camera of high temporal résmiu< 1 ns) and moderate gains (>
10%) has been used. ICCD camera when coupled withreatwomator has the capability
of simultaneous temporal and spectral measuremé&htes . experimental set-up used for
this study is shown in Fig.2.3. This consists o$\@tched Nd:YAG pumped dye lasers,
atomic beam chamber, fluorescence collection asgemtonochromator, PMT and

gated ICCD camera coupled with a personal compiitez. samarium atomic beam was
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generated in a vacuum chamber maintained at a bmokg) pressure of ~ TOtorr by
resistive heating of samarium metal kept in a tamacrucible at ~ 1000 °C. The
samarium vapors come out effusively from a 0.5 note hn the crucible lid. The Sm
atoms of this low-density atomic beam in the intéoa zone were resonantly excited by
dye lasers at right angle to the atomic beam. Tiisepduration, repetition rate and
linewidth of the dye laser were was 7 ns, 20 Hz @b cn' (1.5 GHz) respectively.
The fluorescence light emitted from excited upgeels was collected perpendicularly to
both laser and atomic beams and focussed onto tiv@nee slit of the 0.5 m
monochromator (Acton SpectraPro, 2500i) by a sletins assembly.

The monochromator consists of three interchange&bl@nm blaze gratings
having 300, 600 and 1200 lines/mm. The resolutibnthe spectrograph with 300
lines/mm grating is roughly 0.1 nm. Most of the Wwavas done using this grating.
Spectral ranges with a higher line density were alsanned using the 1200 lines/mm
grating, which has a resolution of about 30 priwavelength/pixel calibration of the
spectrograph was performed by using Hg/Ar lampsTamp was inserted in the atomic
beam chamber along the beam path, before the expati The Hg/Ar calibration lamp
used produces sharp lines in the spectral rangel 268 nm. Easily identifiable mercury
and argon spectral emission lines are listed oratimg@ housing, which are known in the
literature. Camera parameters are adjusted in anenahat several peaks of lamp are
displayed. By carefully positioning the cursor atmf the peaks, so that it is at the point
of maximum intensity, which gives the pixel numbérich is being displayed in status
bar. This step is repeated for all the peaks dygplaThese pixel and wavelength values

are inserted in the in-built software program tofgren linear regressions. It provides
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linear dispersion scale in terms of wavelength. N calibration is checked with
respect to temperature stabilized He —Ne lasat.displays the exact wavelength, then
calibration process is completed, otherwise altpss requires to brepeated till it gives
the exact wavelength of any stabilized wavelengbhree. Cross-checking of this
wavelength calibration was also done by first ascbad excited step wavelengths of dye
laser 1 and 2 and decay channel wavelengths whelpraviously observed transitions
from that level. Dye laser wavelengths are alsesihecked by 1.5 m high resolution
monochromator.  All the gratings were calibratecpasately. A NIST-certified
Deuterium Tungsten Halogen lamp with well knowntawmous spectral distribution was
also used to get the relative spectral transfectfon of the detection system. The
uncertainty of calibration of lamp with the uncemtg of the response of spectrometer
using this lamp is about 6%For the grating having 300 lines/mm, the covered
wavelength range was 130 nm for single coveragentdtiple acquisitions have been
carried out to cover the LIF spectrum in the wangth range 300-900 nm. A sufficient
amount of overlap was set between successive aibgpssto reconstruct the entire
spectrum. In order to take into account the intgrfictuations during the different steps
of acquisition, relative corrections were made loa parts of spectrum by matching the
spectral lines of the overlapped spectra. Theds pathe spectrum were mergaad the
relative normalization was applied to the entirectpum. The monochromator employed
has two output slits, providing the possibility detect fluorescence alternately either
with a PMT or through a gated ICCD camera. LIF tiglom resonantly excited
samarium atoms can be spectrally and temporalbived using a monochromator and a

gated ICCD camera (4 Quik E, Standard computercsptnc), respectively. Resonant
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wavelength acquisition was performed using PMT-basetection system and
wavelength was optimized for maximum LIF signal.eTWwavelengths chosen for the
first- and second-step excitations were alreadyd useour earlier work [60], where
wavelength calibration was done using a U-Ne hollathode lamp and fabry perot
etalon fringes. It was further cross-checked tlinet &ppropriate first energy level is
excited by thelaser by comparing the observed decay channels thghpreviously
observed transitions from that level.

For observation and optimization of two-color LKingle-color LIF signal was
first optimized and the second laser was tunedarfaximum two-color LIF signal. It was
confirmed that the second laser excited atomsandiel populated by the first laser by
blocking the first laser beam and checking thatsigeal disappeared. After optimization,
LIF emission was directed towards the ICCD camac iawas pre-triggered by 40 ns
for compensating its internal trigger propagati@tag time. A fast photodiode was used
to observe the laser pulse in the interaction zeitie respect to trigger pulse. Different
neutral density filters, whenever required, wereited in the exciting laser path to avoid
the saturation effects and to ensure a linear respof the detection system. It displays
all resonant and non-resonant decay channels witlie spectral range of
monochromator.

For measurement of excited-level-to-ground-leveingition probabilities, we
have measured radiative lifetimes and branchingfitras of low-lying odd-parity energy
levels using single-color laser excitation. Laseasvscanned in the wavelength region
556 — 572 nm to resonantly excite Sm atoms to xlogtexl odd-parity energy levels in the

energy region 17769.71-19990.25triwe have confirmed that the right energy level is
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populated by observing the known decay channels fiwat level. For measurement of
excited-state-to-excited-state transition probabdi we have used two-color two-step
resonant excitation. For excited-level-to-exciteddl transition probabilities
measurements, the first-step excitation laser wamed to 591.6 nm to excite the
samarium atoms from 293 €nto 17190 crit and the second-step excitation laser was
tuned from 558 — 568 nm to further excite Sm atdrosn the first excited level to
different second-excited high-lying even parity gyydevels.
2.2.2.2 Results and discussion

One of the resonant or non-resonant decay chamesschosen to measure the
lifetime of the excited state. The fluorescencentswvere recorded as a function of delay
between the trigger pulse of ICCD and the openih¢C&D shutter for the exposure.
Exposure time and delay of gate pulse with resteetrigger can be varied from 1 ns — 80
sec and 0 ns — 80 sec, respectively with minimuep sif 0.1 ns. For the lifetime
measurements, delay between the trigger pulse©@bl@nd the opening of ICCD shutter
for the exposure was varied till signal falls tstj@above the noise level. Background of
ICCD camera was suitably subtracted from the adluatescence counts. The plot of the
corrected fluorescence counts versus this delay fittesl exponentially to get the
radiative lifetime of the excited level. The ICClaig is set such that the maximum
intensity during predetermined gate exposure tifter @xcitation laser pulse does not
saturate the ICCD camera. We have used the expdsues of 10 ns. With these
conditions we could get counts corresponding t@wegrage of 25 laser pulses per data
point. Experiment was repeated fifteen times focheaxcited level of interest under

different experimental conditions of laser pulsergy, atomic beam number density, etc.
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to overcome any systematic error. The averagessietimeasurements was adopted as the
final radiative lifetime of the excited upper levélhe statistical uncertainty in the
lifetime values is estimated from the spread in fitied lifetime values. Radiative
lifetime values were also checked with other dechgnnels but the values remained
same within the experimental errors.

Branching fractions of optical transitions from kaxcited level were determined
from LIF light intensities of different decay chass to lower energy levels. Branching
fraction was obtained for each decay channel fiomihtensities througByi = Ik / Zi l«i,
where |; is intensity of the spectral line and sum is takswer all lower levels (i) to
which upper level (k) decays. The spectra showhegfiuorescence decay channels were
recorded after the delay of 25 - 30 ns with respedaser trigger pulse in order to cut
down the contribution of laser scattering to reswnfiuorescence. Experiment was
repeated fifteen times under different experimentalditions as in the case of lifetime
measurements. The average of these measurementsadhso determine the branching
fractions.

Transition probability & was obtained from the measured values of lifetiamel
branching fraction using the expressiop A B« /T, wheret is the radiative lifetime of
the excited level anfi is the branching fraction for the-k i transition
2.2.2.2.1Radiative lifetimes of odd-parity and even-parity @ergy levels

Single-color laser excitation followed by time-resm LIF was used to measure
radiative lifetimes of seven odd-parity energy levm the energy region 17769.71 -
19990.25 cnt. Fig. 2.4 shows spatially resolved LIF signal ditedent delays time with

respect to laser pulse. Figure 2.5 shows a typioa-resolved single-color LIF decay
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signal from the 18225.13 chenergy level with an exponential fit. The radiativ
lifetimes of seven odd-parity energy levels in atmsamarium have been measured,
which agree well with the earlier reported valubg]] We have further extended the
measurements of radiative lifetimes of stepwisatedc even-parity energy levels
reported in Ref. [60] using time-resolved two-cdldF. The measured radiative lifetimes
of the six stepwise-excited even-parity energy lewaee new as no data for these levels
are reported in the literature.
2.2.2.2.2Excited-level-to-ground-level transition probabilities

The absolute transition probabilities of 21 excikedel-to-ground-level
transitions of Sm | were determined from the meadlifetimes of the first-excited level
as mentioned above and the measured branchingofracof the fluorescence decay
channels terminating on one of the levels of té4fF ground septet. Figure 2.6 shows
a typical single-color LIF spectrum form the exditevel at 18475.28 ¢t We could
observe all three-decay channels from each of sexeited energy levels allowed by
selection rules. The values measured here ara fltmumatch well with those reported in
the literature [64].
2.2.2.2.3 Excited-level-to-excited-level transitioprobabilities

High-lying even-parity energy levels of samariumomas were selectively
populated by two-step laser excitation. Lower oddtp energy levels to which a
stepwise-excited even-parity level decays via fhgoence decay channels were
identified using the energy level information awghie in the literature [67]. The decay
channels from stepwise-excited even-parity enesyels 34814.4, 34924.0, 34935.5,

34972.1, 35072.6, 35092.1 ¢nhave been observed. Table 2.1 list the observedyde
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channels from stepwise-excited even-parity energyels 34935.5 cth measured
branching fractions and absolute transition prdiigds. Fluorescence decay channels,
which are due to two-step resonant excitation (viwg A, andX,), are used for obtaining
the values of branching fractions. With these sd#t®xperiments absolute transition
probabilities for 51 excited-state-to-excited-stat@nsitions in atomic Sm have been
determined for the first time, as they are not regmbin the literature so far.
2.2.2.2.4 Assignment of J-values

Examination of J values of the lower energy levelsvhich the stepwise-excited
even-parity energy level decays via fluorescenceaylehannels has led us to assign
unique J values to the six stepwise-excited eveitypanergy levels. Table 2.2 lists the
stepwise-excited even-parity energy levels andrtherique angular momentum values
thus obtained. This technique of J identificatismalatively simpler and does not require
excitation to the same energy level by differertdition routes.
2.2.2.3 Systematic uncertainties in the measurenisn

The difficulty in measuring the absolute transitipobabilities employing most
of the conventional techniques is due to either wheertainties in measurement of
absolute number densities of the interacting atonmtbe intensity of laser photons used
for excitation. Lifetime-branching fraction methaded in this paper is intrinsic in nature
and the value of measured transition probabilityesdonot depend on accurate
measurement of number density of atoms and phdieinsn the error in measurement of
lifetimes of the excited levels and the branchingctions. The accuracy of the
measurement of atomic transition probability usithgs method depends on how

accurately the lifetime and branching fraction nueesents are made.
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The statistical uncertainty in our measurementsfetfime is ~ £ 10 %, based on
the spread in the fitted lifetime values to theeidependent LIF signals. Apart from this
statistical uncertainty, there could be varioug@l causing systematic uncertainties in
the lifetime measurements, such as radiation trepmiollisional depopulation, atomic
motion, cascade repopulation and depopulation, Zeeand hyperfine quantum beats
[54]. The radiation trapping is insignificant inroexperiments carried out in a Sm atomic
beam with number density in the laser-interactionez~ 16" atoms/cm. We have not
observed any change in the measured values afrldetven at higher permissible oven
temperature or number density. The collisional gegetion of excited levels is also
insignificant in thepresent work as it has been carried out in a vacehamber
evacuated to a pressure of°lfbrr. We have not found the evidence of collision
quenching even at a pressure of*1@rr. As far as the atomic motion effect is
concerned, the lifetime can be shortened owindhéofact that the radiative atoms can
move out into a region of lower collection efficen This effect is negligible in the case
of short-lived levels with lifetime less than 208 as the transit time of atoms is few
microseconds. Since our measured lifetime valueslems than 200 ns, the systematic
error due to this effect is negligible. The seblestiexcitation of levels using lasers
eliminates the possibility of cascade repopulafrem higher-lying levels. There could
be some modulations in the observed fluorescerteasity due to Zeeman and hyperfine
guantum beats. The residual magnetic field in tiheraction zone due to current flowing
in the heater for generation of Sm atomic beam veag small (~ 60 mG). The natural
abundance of odd Sm isotopes is about ~ 28%, $0288%b of the total fluorescent signal

can be modulated due to hyperfine quantum beatshadWe not observed any modulation

35



in the fluorescence decay curves due to theseteff@ur values of the lifetimes are free
from the common systematic errors. Thus, the sysiemuncertainties have been
neglected because any possible small contributige td systematic errors would not
change the uncertainty beyond the statistical vafue)%.

The accuracy of the branching fraction measuremeatpiires very wide
wavelength coverage to the maximum range possinlsimultaneous measurements of
all spectral decay channels and knowledge of tleeggnlevel spectrum, especially for
complex atoms. Missing branches to unknown lewaiebserved decay channels due to
low line-strengths or incomplete wavelength coveragn have significant effects on the
branching fraction values obtained.

The statistical uncertainty in offrmeasurements estimated from the spredgt of
values measured under different experimental cmmditis < 10%. The spread is
minimum ~5% for the strong transitions and maximum 10%week transitions. The
maximum value of 10% is taken for estimation of emainties. The uncertainty of
calibration of the lamp with the uncertainty of ttesponse of spectrometer using this
lamp is about 6 %. These two uncertainties are aoedbin quadrature with the
uncertainty in lifetime measurements to give thecautainty of ~15 % in the
measurement of transition probabilities. This eaten of uncertainty is without
considering the infrared (IR) transitions.

The non-observation of allowed transitions in tie region is a systematic
uncertainty in the branching fraction measuremkmifing its accuracy. Biemont et al.
[68] have observed in the spectrum of Sm Il the tR transitions are mostly weak

transitions and do not give a significant contrbnt But, if there are many transitions of
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weak intensity - a distinct possibility that theyutd add up to as much as 20% or more
of total decay as mentioned by Wickliffe et al. |60 the nearby spectrum of Dy I.
Although the contribution of IR transitions to untnty is dependent on element and
transition, this could lead to a systematic uneéetyaanging from negligibly small value
to 20 % or more in the branching fraction measurgmef Sm transitions considered, in
addition to the statistical uncertainties. Simyaverall uncertainties in transition
probability measurements will increase due to ¢bation from IR transitions.

2.3 Simultaneous laser-induced fluorescence and pletmnization signals

We have mentioned in our earlier work [60] thaser-induced photoionization
(LIP) and laser-induced fluorescence (LIF) techemjgan be used in a complementary
manner for better understanding of atomic spedtrawas stated on the basis of
comparison of resonances observed in our two-dblorescence spectra with the two-
color, three-photon photoionization spectra obsiwe different authors [61, 70]. Since
the experiments employing these techniques of LB RIS were performed under
different experimental conditions, direct companisof the results was difficult.
However, simultaneous use of these techniques edm ih better understanding of
spectra. But simultaneous detection of LIP and &ighals has been rarely used for
studying these elements [39].

In order to compare the results obtained in LIFhwitose obtained in RIS under
similar experimental conditions (laser power, atoumber density etc.), the two-color
laser-induced fluorescence and two-color, threeggohphotoionization signals have been
simultaneously monitored in atomic samarium. Thirkvis presented in this section

[71]. The observation of features in the two speoticorded simultaneously validates the
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complementary nature of these two techniques. R® lest of our knowledge,
simultaneous laser-induced fluorescence and phuiaton signals have been used for
the first time to study high-lying even-parity eggievels. The LIP and LIF signals have
also been studied as a function of the secondlasep power to investigate the behavior
of both the signals under varying laser powers.
2.3.1Experimental details

The detail of the experimental set up is alreadytineed in section 2.2.2.1 of
this Chapter. Modifications have been made to detbe photoion signal. The
experimental setup for simultaneous detection & BRhd LIF signals is shown in Fig.
2.7. The photoion signal was detected using a leafahte configuration and applying —
1 kV to the plates across a load of @.kThe photoion detection system was in cross-
configuration with laser and atomic beams, like thwrescence collection assembly.
Because of the fluorescence assembly being inagytrline with the photoion system,
one of the plates was made of fine wire mesh wgght ltransmission efficiency of about
80% so that the maximum of fluorescence light pdsseough it and reached the
fluorescence collection assembly, consisting ad@pte of plano-convex lenses.
2.3.2 Methodology

In the chosen photoionization pathway (Fig. 2.&narium atoms from one of
the ground state septet at 1489.55"c@=3) were excited to odd-parity energy level at
19009.52 crit (J=2) by the first laser. The first-step laser slangth was fixed by
observing the non-resonant fluorescence signal fittenenergy level at 19009.52 ¢m
decaying to energy level at 811.92 tnDnce the first-step laser induced fluorescence is

optimized, the second laser was scanned to fugkeite the atoms to the intermediate
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even-parity levels between 36510-36875'crAnother photon of the second laser was
good enough to raise the atoms above continuumizétion potential~45519 ci)
leading to photoionization. The photoionizationnsigalong with the fluorescence signal
from the second-excited even-parity energy leveb wanultaneously recorded as a
function of the second-step laser power. The mormoshtor was set in such a way that it
cuts off the laser scattering from the first andosel-step lasers. The sum of non-
resonant fluorescence falling in the band passi@fmonochromator has been detected
through PMT. A portion of the two-color laser-ira#al fluorescence spectrum is shown
as the top spectrum in Fig. 2.9. In the presenkywibie monochromator is used as a filter
which cuts down the contributions from the firstdarsecond-step lasers. The
monochromator central wavelength was kept at 520anthslits are set in such a way
that it provides a band pass of 40 nm (20 nm wébpect to central wavelength).
Reducing the band pass may also limit collectiodaxfaying fluorescence channels. So,
the contributions from the lasers cannot be fullllified as the monochromator does not
sharply cuts off beyond the band pass and someilootbn from the lasers still reaches
the output slit of monochromator. So, the fluctoias in laser always provide noisy base
line as shown in the top spectrum of Fig. 2.9.His tsituation, the detection of weak
signals becomes difficult. To improve the signahtase (S/N) ratio, a notch filter, which
cuts off sharply between 550-600 nm and pass ther etavelength has been introduced
in the input slit of the monochromator. The nottterf cuts down the laser contributions
completely and allows the monochromator to be uisdugher band pass and throughput
mode. The monochromator now is used not only ascarsl filter but it remains as an

integral part of experimental setup as in our eathork for acquiring the first-step laser
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wavelength by optimizing the fluorescence from fingt excited state [60]. The notch
filter is placed only after the first-step wavel&mgs acquired by optimizing single-color
fluorescence. The background noise for LIF signeds about 5% of maximum signal
without filter. The noise was reduced to 1%, whennaich filter is used. The
improvement in the S/N ratio is evident from theddie spectrum of Fig. 2.9. For
filtering out the single color features, the spewtris repeated with first-step laser
blocked as shown in the bottom spectrum of Fig.. Z6r absolute wavelength
calibration, an optogalvanic signal from U-Ne hallcathode discharge lamp, induced
by scanning dye laser, was recorded. Interferennges, produced by a part of the dye
laser beam in an air-spaced etalon (free specirajer = 0.5 cf) and detected by a
photodiode, were simultaneously recorded, to pmwddspersion scale. At one of the
strong two-color fluorescence features, we attethpte observe the two-color, three-
photon photoionization signal simultaneously. Towee the sequential absorption of
photons from two dye lasers, temporal pulse of seaiep dye laser was delayed to an
extent that both the dye-laser pulses were sephnmattme domain, i.e., temporally non-
overlapping. So, the second-step laser is delayddrespect to the first-step laser by 7
ns (FWHM of laser pulse duration). Both the laseairhs were then spatially aligned with
respect to each other and with the atomic beamnfaoimum excitation efficiency, both
the dye lasers were ensured to be spatially ovarigp

Two-color fluorescence and two-color, three-phofiotoionization signals of
Sm along with uranium optogalvanic signal and Fdbeyot etalon fringes have been
processed through four different boxcar averagersspectrum recording. Figure 2.10

shows various signals and Fabry-Perot etalon fengeorded using a photodiode. The
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spectra from top to bottom represent Fabry-Pembetfringes (free spectral range 0.5
cm™), uranium optogalvanic signal, two-color lasertindd fluorescence and two-color,
three photon photoionization signals respectivélye experiments were repeated and
spectra between 36510-36875 tmere recorded several times.
2.3.3 Results and discussion

The two-color fluorescence and two-color, threetphgohotoionization signals
have been analyzed. The results have been compétethose reported in the literature.
Although most of the features were observed in blo¢hspectra , we observed that some
of the resonant features in two-color fluorescesigectra were non-observable in two-
color, three-photon photoionization spectra an@ wviersa. Similar situation was reported
in our earlier paper, where a plausible explanatvas given regarding the origin of both
the signals [60]. The two-color laser-induced fleswrence signal is proportional to the
product ofcil, andoyl,. Here,o1 ande2 are the first and second-step transition cross-
sections and;land } are the first and second-step laser intensitiggecively. The two-
color, three-photon photoionization signal is pnajemal to the product of;l;, c2l, and
o3lz, Whereos is the photoionization cross-section for the tstelp transition as another
photon of the second-step laser is used to iohetom from the second-excited energy
level. In that work, we have compared our two-cdloorescence results with the two-
color, three-photon photoionization results of othesearchers [61, 70]. Since in our
earlier work [60], the comparison of LIF and RISsls were based on different
experimental conditions (laser power, atom numbensdy etc.), in this work, we
recorded both the signals together under the simiperimental conditions. The missing

features in two-color fluorescence in comparison two-color, three-photon

41



photoionization signal can be due to the weak sab@p cross-section, however a
strong autoionization connection can make it oke@es in two-color, three-photon
photoionization signal. The other reasons like ioper optical alignment between
fluorescence collection optics, monochromator, PMdor S/N ratio and fluorescence
falling outside the band pass of filter can alsadléo non-detection of fluorescence
signal. As we have mentioned earlier, by introdgcian additional filter in the
fluorescence collection path, which cuts down catgly the scattering contribution
from the lasers, helped us to improve the signaleise-ratio. By carefully aligning the
optical components to improve fluorescence colbecefficiency, we could observe all
the features in the two-color laser-induced fluoeege spectra, which were observed in
the two-color, three-photon photoionization speciae missing features in two-color,
three-photon photoionization spectra in comparigotwo-color fluorescence can arise
due to weak second-step cross-section and absehc&ramg autoionization for
termination in the final step through another photd the second laser. To confirm the
given explanation, we have recorded the two-colgoréscence and two-color, three-
photon photoionization signals as a function ofoselestep laserif) power. The
second-step laser power was attenuated by introguwutral density filters in the path
of second-step dye laser keeping the first las@repsame throughout the experiments.
A portion of the two-color fluorescence and twoerplthree-photon photoionization
signals at 10%, 30%, 100% powers of second-stegy lasshown in Figs. 2.11 and 2.12
respectively. The first-step laser energy was aBoytJ/cri. The second laser was tuned
within the available dye tuning range from 558 n572 nm. The maximum pulse

energy at 565 nm was about 400 pJ/owhich represents the 100% power in Figs. 2.11
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and 2.12. The background noise of less than 1#afimum signal was attained in all
the spectra (Figs. 2.10-2.12). Total maximum ofefifeatures are visible in the
representative scan of Figs 2.11 and 2.12. At 10%ep level of the second laser, only
four and two features out of five are visible inetmespective fluorescence and
photoionization spectra. As the power was increaatdhe five features appeared in
both the spectra. But if one would have recorded ttvo-color, three photon
photoionization spectra at 10% laser power, onky teatures could have been obtained,
whereas the resultant fluorescence spectra cowlel pi@vided four features in the same
region. All the spectra shown in the Figs. 2.11 @atR are recorded using the same
sensitivity except the top spectra (signals at J@%ver) of Figs 2.11 and 2.12. These
spectra are recorded at higher sensitivity by tofaaf 2. So, the signals should be treated
as half in the relative scale. However, good Sihbris necessary for the detection of
weak signals in both the spectra. Hence, the tvorcohree-photon photoionization
spectroscopy technique, which is the most sensidgbnique, can result in incomplete
spectral information unless the power requiremensdturate the final ionization step
terminating to continuum is fulfilled. However, the two-color fluorescence, the laser
pulse energy requirement to saturate the secopdustesition necessary to be fulfilled,
is much less (from few pJ/éto few hundred pJ/cfhthan the pulse energy requirement
to saturate the third or final ionization step #iéion terminating in continuum or weak
autoionization state (from few hundred pJdmfew thousand pJ/céin It is also evident
from the top spectra of Figures 2.11 and 2.12 sy, where the fluorescence spectra
provided more number of features. We could obsedveghe high-lying even-parity

energy levels possible by angular momentum selectide AJ=0, +1), which are
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reported in the literature [61, 71-78] except tme @t 36536.8 cth[73, 75, 78]. The
plausible reason for the non-observance of thiellamay be the weak transition
probability for the 19009.52-36536.8 Entransition. Moreover, this transition also falls
at the end the dye tuning curve in the presentystlide Table 2.3 compares our results
with those reported in the literature. Only thosatfires are considered for energy level
assignment, which have the signal-to-noise-ratittebehan five. The minimization of
experimental errors is crucial in order to ensheedccuracy of experiment data, has been
done in the current work. The possible errors caride from absolute calibration of
spectrum and nonlinearity in the dye laser scanmastioned above, the wavelength of
the dye laser is absolutely calibrated with optegaic spectra of uranium neon hollow-
cathode lamp whose spectral lines are known aadyrdt is also relatively calibrated by
the transmission spectrum of a Fabry—Perot etadonotrect the nonlinearity in each
scan. The uranium provides rich spectra so manyiwralines are used as the reference
lines along with Febry Perot etalon fringes for rgyevalue assignment of even-parity
energy levels of atomic samarium. Furthermore, ye\&ectrum has been repeated
several times to reduce the statistical errors. dinergy values (wavenumbers) listed in
the Table 2.3 is an average of measurements omateyectra recorded. The results are
reproducible to within +0.20 cth We have also obtained resonances at 36741.44 and
36848.43 cnt, which are not reported in the literature. Theuplhle reason for the
observance of these levels may be the moderat&argstransition probability for the
19009.52-36741.44 and 19009.52-36848.43" dransition. So, two new even-parity
energy levels based on these resonances are kploete with probable angular

momentum (J) values 1-3, as the intermediate oditlypenergy level (19009.52 ¢t
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has the J value of 2. For all other energy lewgiambiguous J- values are taken from the
literature. All the energy levels reported in TaBl& have been observed by both the
techniques except the energy level at 36848.43 evhich was observed only with LIF.
Using the above mentioned experimental setup, tiadidifetime of atomic
samarium for the energy level 19009.52 thas been measured using both LIP and LIF
techniques [78]. The two-color fluorescence and-tetor, three photon photoionization
signals were recorded on a digital oscilloscopa &mction of delay between pump and
probe lasers. The resultant decay curves providdifitime values of 19009.52 cth
level using the both techniques. The results werend to be same within the
experimental errors by both the techniques and ma#ell with those reported in the
literature [52,65]. The measured lifetime value foe energy level of samarium at
19009.52 crit was found to be 47+4 ns. It is established froim tiat the lifetime can be
measured by employing any of these techniquestHeotifetime measurement of first-
excited state energy levels using photoionizatemhnique, the energy of first laser and
twice the energy of second laser should be mone titi@ ionization potential of material.
But, these conditions need not to be fulfilled gsiluorescence technique. On the other
hand, for the measurements of lifetime for the sdeexcited state energy levels, if the
sum of first, second and third laser energy isartban ionization potential of material,
fluorescence technique cannot be used but the @in@ation technigque can be used. So,
using laser-induced fluorescence and photoioniaagghniques simultaneously, lifetime
of all energy levels can be measured, irrespeatifvéasers energies and ionization

potential of material.
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In this work, the two-color laser-induced fluoresce and two-color, three-
photon photoionization spectra of atomic samarianthe energy region 36510-36875
cm™ have been recorded simultaneously. Total 21 resmsahave been obtained in this
energy region. By comparing our results with thosgorted in the literature, two new
energy levels at 36741.44 and 36848.43'chave been obtained. Although, the
resonance ionization spectroscopy is most senspeetroscopy technique, but in some
cases the spectra obtained using two-color, thiheéep photoionization technique can
provide the incomplete energy level information essl the stringent pulse energy
requirement to saturate the ionization step, wigcterminating in continuum or weak
autoionization state, is fulfilled. As the energquirement to saturate the second-step
transition is much less than the third-step tramsjtthe two-color fluorescence can
provide more useful energy level information. Inm&o cases, the weak second-step
transition may be difficult to be observed in twalar fluorescence, but if the ionization-
step is terminating in strong autoionization resmea then it can be observed using two-
color, three-photon photoionization technique gasihese facts were experimentally
observed, when both the signals were recordedfateht second-step lasen) energies
and the given explanation was authenticated exgetiatly. If the pulse energy is good
enough to saturate the respective transitionsagran be obtained by any technique.
But, the energy requirements cannot always belladfidue to limited pulse energy
available and some of the weak transitions canafiathe edge of the dye tuning range.
So, the complete energy level information can kaiobd when both the two-color laser-
induced fluorescence and two-color, three-photoatgbnization techniques are used

simultaneously to investigate the high-lying endeypels of atoms.
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The radiative lifetime of the odd-parity energyd€xt9009.52 cm-1 of Sm | has
been measured using simultaneous laser-inducedeficence and photoionization
signals by employing the pump—probe technique. @hgphasis was not to generate
volume of new data but to compare laser-inducedrdéiscence and photoionization
techniques for such measurements. The lifetimeegalobtained using laser-induced
fluorescence and photoionization techniques mateh with each other and with those
reported in the literature. To the best of our klealge, this is for the first that laser-
induced fluorescence and photoionization techniguesused simultaneously to measure
lifetime and the results are compared with eacleros well as with other reported
values. The technique used here can be univergpfiiicable for other energy levels of

interest as well as for other materials.
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Fig. 2.4: Spatially-resolved LIF signal at differen delays time with respect to
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— LIF signal with 10% power

\
4

Signal (au

— LIF signal with 30% A, power

—— LIF signal with 100% A, power ‘

T T
36600 36630

Energy (cm?)

Fig. 2.11: Two-color laser-induced fluorescence spia as a function of second-

step laser power
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—— RIS signal with 10% A, power

J\

— RIS signal with 30% A, power

Signal (au)

— RIS signal with 100% A, power

L

T T T
36600 36630

Energy (cm?)

Fig. 2.12: Two-color, three-photon photoionizatiorspectra as a function of secondtep

laser power
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Table 2.1 Measured branching fractions and transibn probabilities of the
transitions from the stepwise-excited even-paritgnergy level at 34935.5 cihto
various lower odd-parity levels using two-colouraser-induced fluorescence with

A1=591.64 nm and\, = 563.36 nm.

Energy of  J-value of Fluorescence Intensity Branching  Transition

lower level lower wavelength  (arb. units) fraction probability
(cm?) level (nm) (10° sh

14380.50 2 486.3 315 0.084 11
14863.85 1 498.1 101 0.027 0.3
14915.83 3 514.6 177 0.047 0.6
15567.32 2 516.1 1302 0.346 4.4
16116.42 2 531.2 321 0.085 11
16748.30 3 549.7 326 0.087 11
17769.71 1 582.4 265 0.071 0.9
17830.80 3 584.4 315 0.084 11
18209.04 3 597.7 281 0.075 1.0
18328.64 3 602.0 361 0.096 1.2
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Table 2.2 Assigned values of the total angular mom&m J to each of the stepwise-
excited even-parity energy levels in atomic samaria based on examination of J-
values of the lower odd-parity levels to which a spwise-excited even-parity level

decays, removing the ambiguity from the proposed Jalues in Ref [60].

Even-parity energlevel

J -value
(cm™)
34814.4 2
34924.0 2
34935.5 2
34972.1 3
35072.6 1
35092.1 3
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Table 2.3 High-lying even-parity energy levels oftamic samarium

S  Energy value from our Reported values  Reported J-values
No measurements (Ct (cm)
1 36515.19 36515.18 2
36515.46 2
36515.39 2
36515.18 2
36515.46 2
2 36535.44 36535.13 3
36535.30 3
36535.36 3
3 36565.29 36565.82 1
36565.50 1
36565.28 1
36565.02 1
36565.560 1
4 36571.94 36572.90 3
36572.00 3
36572.09 3
36572.06 3
5 36587.29 36587.50 3
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6

7

8

9

36592.74

36618.94

36628.14

36644.56

36587.40
36587.27
36587.46
36593.83
36592.80
36592.71
36592.65
36592.86
36619.60
36618.10
36618.88
36618.86
36628.70
36628.40
36228.64
36628.09
36628.46
36644.41
36644.60
36644.59
36644.28

36644.60
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10

11

12

13

14

15

36682.46

36701.54

36741.44

36759.84

36763.19

36776.58

36682.46
36682.50
36682.57
36682.16
36682.50

36701.84
36701.86
36701.46
36701.86

36760.80
36760.10
36759.84
36760.16

36763.20
36763.20
36762.99
36763.268

36776.80
36776.50
36776.39

36776.50
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16

17

18

19

20

21

36777.93

36812.43

36834.18

36848.43

36855.53

36873.33

36778.73
36778.20
36778.26

36812.80
36812.80
36812.63
36812.86

36834.70
36834.90
36834.55
36834.66

36855.41
36855.40
36855.60
36855.17
36855.66

36873.80
36873.50

36873.58

1,2

1-3

2,3

a-[Ref 72], b-[Ref 75], c-[Ref 78], d-[Ref 74], &&f 76], f-[Ref 77], g-[Ref 78]
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Chapter 3
Theoretical analysis of simultaneous laser-inducefluorescence and

photoionization signals using density matrix formalkm

The density matrix (DM) formalism [1-5] is well kmm to be the most accurate
method to describe multi-step photoionization andotpionization of atoms by
narrowband lasers as it incorporates the coherandesed between the atomic energy
levels by the narrowband laser fields. It is anbetate method involving detailed
computational procedure. In order to derive thevaht equations of the DM formalism
for the three-step photoionization process, wet fiansider a two-level atom system
interacting with a pulsed narrowband laser and tereralize the formalism for a three-
level atom system interacting with two pulsed natrand lasers. The semi-classical
approach is utilized to study laser-atom interact[@]. In this approach, the laser

radiation incident upon an atom is described byaasical electromagnetic (EM) plane
wave, E = EO cogkz- at), whereas the atom is treated quantum-mechanicatgeShe

wavelength X) of light of our interest is much larger than ttiemeter of atom (d~0.5
nm), the phase of the EM wave reamains practichkysame within the volume of the

. 2mz . .
atom owing to the fact thakz:7<< 1 for z < d. Hence, one can omit spatial

derivatives of the field amplitude. This is calkb@ dipole approximation. In a cordianate
system with its origin in the centre of the atomea@an assume kz0 within the atomic

volume. Thus, the EM wave in the dipole approximati reduces to

E = E, cogkz - at) =1 E,e ' +cc., where c.c. stands for the complex conjugate.
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In quantum mechanics, a state of maximum knowledgmlled a pure state. A
wave function denoted bW is utilized in the description of information afpure state.
The probability of finding the system in a specHiate is obtained fron¥f. The wave
function > is expressed in terms of eigen functignswhich are orthogonal to each

other, i.e.

<(Pn(Pm>:8nm (3.1

¥)=2c |9) 2)
where | is the probability of the system being in a stai\an eigen functiom; .
O =1,ifm=nandd,, =0ifm#n.
For instance, if one consider a two-level atomeystthe wave functiot’p> is written as
|¥>=cg, +C0, (3.3)

wherep; and ¢, are the eigen functions of the two levels ‘1’ a2d

The density matrix operatop™is the product of two state vectors

p=|WHW|
¢,
= 3.4
( ¢J(¢l #,) (3.4)
which form a 2 x 2 matrix,
o= (Pu 912] (3.5)
P21 P2

For an n level atom, the density matrix is thusxammatrix.
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The density matrix elements are related to obségvgbantities. The diagonal
matrix elementp11 andp,zrepresent the probabilities of finding the atomshef system
in the levels |1> and |2>, respectively. The nagdnal matrix elements describe the
coherences induced by the laser fields causingitran between the atomic levels.

3.1 Density matrix equations for interaction of lasr light with a two-level atom
system

The simplest problem involving laser-atom interactis the coupling of a two-
level atomic system with a laser light. Let us ¢destwo energy levels |1> and |2> with
energies Eand E respectively of a two-level atom system (Fig. 3idjeracting with an
external monochromatic laser field [1]. Laser freqcy o is close to the transition
frequencywy; = (Ex-E1)/h with A = @21 - ® as the laser detuning from the transition
frequency. Heréa=h/2r, h being the Planck constant.Af= 0, the transition induced by
the laser field between the two-levels is in exasbnance with the laser frequency.

Time-independent atomic HamiltonianJjtbf a free atom without the laser field

is written as

2
H, :h—D2+V(r) (3.6)
2m

2
where the first term incorporates kinetic ener§yL and V(r) represents the static
m

binding potential. Energy can be imparted to oretakrom a quantum system only if
system can jump from one state |1> to another $2ate A change from one state to
another is induced if an external time-dependegitl fk; acts on this two-level atom

system. The total Hamiltonian in the presence eftilme-dependent field is expressed as
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H=H,+V_,(t) (3.7)
where Ly is some external (time varying) potential, whiclsctébes the interaction of
the atom with the field and which reduces in thgoth approximation to .

V = p.E = p.E, cogut) (3.8)
where V is the scalar product of the dipole opearaic —er and the electric fielcE . The

time-dependent Schrodinger equation for the lagenaystem can be written as
h® oV
—— 0%+ V() +V,_,(r,t) [W(rt)=ih— 3.9
(Zm () ext()j() " (3.9)

The general solution (r,t) of this equation can be expressed as arlisgperposition of

¢n'S
W(r.1)= Y e, 08,0 (3.10)

Since¥(r,t) is time dependent, the specific sets of doeifits ¢ which are used to write
¥ out of p,’s must also change in time, i.g:scare time dependent.

Applying this to the Schrodinger equation, one obta

icn[Ho +Vext]¢n(f)=iih%t“(r) (3.11)

Using the fact that the, (r) is the solution set for time-independent Sdimger

equation, we have

H.¢, =E.9, (3.12)
icn[En +V, (1) = iih dc”i” ) (3.13)

69



Members of the set of functiong,[r)] that represents all possible solutions of tinge-
independent Schrodinger equation are completepgotiel and normalized. One uses the

term orthonormal to express combination of orth@dioypand unit normalization.

(Bn|8.)= [dr8, ()p,()=0 (for m#n)

albpace

(#.14.)= [drg, (g,()=1 (form=n) (3.14)

akkpace

The functionsp,(r) have unit self projections and one uses Kroaedelta symbol.

(Pn|d.) = [drg, (1)8.()=0,

akkpace

0,

mn

1 ifm=n

0,

mn

0 if M n (3.15)

Taking projection of both sides of the equationoooihe of the basic functioms,(r), one

obtains
G =Ent + 0, [ [Vt
=E,Cp+ Y. Vanltlc, (3.16)
whereV,, I 8. (.., (r)d’r is the matrix element of § between states m and

n. This equation is called the time-dependent Sthger equation and knowledge of c’s
can be used to reconstitute the exact time-depé¢nckere function¥(r,t).

The orthogonality relation yeilds

j¢m* (r,t)p.(r,t)d°r =1 form =n (3.17)

allspace

This implies
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RN[ERAE
Yoy Sealfuld) =1
3 cieu(#a/ ) =1

>leal =1 (3.18)

m

Each term in this equation is identified as thetestgrobability. The squared
amplitude}cm|2 Is the probability that the quantum system igsmith state at time t. The

sum of the probabilities of the system in all theges is unity at time t.
Let the electron of an atom interact with an exaétaser field to create the externally

induced potential,

V. (r,t) = —er.Eft) (3.19)
wherer is electron-nuclear distance. The integrah\é written as

Vi = —€E[ @, T@,dr (3.20)
Since r has odd-parity, the integrals,y and \,, vanish when integrating over all
coordinates fromoe to 4. The quantityD,, =D, = —ej ¢ F¢ @ is called the atomic
dipole matrix element. As mentioned earlier, T &ave in the dipole approximation
IS written as

E(t):lE e’ +cc. (3.21)
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The externally induced potential is responsible fioe coupling of the two states,
inducing transition between the energy levels mdtom that are separated by ~ ho
due to laser radiation at frequencyHere,AE = E-E;.
For a two-level system,

W(r.t)=c,(t)e,(r) + c,(t)o.(r)

and the Schrodinger equation reduces to

.. dc. (t
%) = e () +v, 00+ Ve, )

%) e )+ Vo )+ Vi) @22

Since the diagonal matrix elementgdhd Vs, of the interaction is zero owing to the fact

that r has odd-parity, Eq. (3.22) reduces to

%) =)+ v )

ihd%P = E,C,(t)+ V,ct) (3.23)

These equations give the time-dependent probatﬁmplitudescl(t)and cz(t)of the
atomic states |1> and |2>. This means that thee\liaj(t)fgives the probability of

finding the system in level 1 at time t.
The probability that the system is found in onghar other of these two states is unity at

timet,i.e.

e, (t)” +[e, (1) =1

The integrals Y,(t) and \44(t) can be written as
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O
E,e”'“+cc.

,;<
~—+
p—
I
Q
N =

O
1l = o
V21(t) = 5 Eoe lat +CC. (3.24)

The matrix elements of the electron displacementafined as
]
o= [ (rg, ()’
O
=8, (e (rd’r

Before inserting the integrals 1% and \,; in the Schrodinger equation, certain

conventions are adopted and one works with fregaenather than energies,

E —
Wy =—>—+ ; = (3.25)
A= W, —w (3.26)
— EO
Q,, = e(h); (3.27)
E
Q= elrn) =" (3.28)

Q2 or Qp; is field-atom interaction energy in frequency uratsd is known as “Rabi

frequency”. Even thougtr,, =1, but one cannot writeQ,; = Q, since E, may be

complex (e.g. for circularly polarized lightf;; = Qi1 only when E, is real for a

linearly polarized light which is the case of onterest.
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With these conventions, by inserting matrix elersentthe Schrodinger equation, one

obtains

.dc 1 S 4
Id_'[l = _E(lee “+Q, e m))cz

. dc 1 S _
Id_t2 = WG, _E(QZle “+ Qe m))cl (3.29)

In the absence of any radiation field;, =0 and, hence, these differential equations

reduce to
i % =0
dt
.dc, _
| E = 6()2102

andc, (t) = c, (0)e* (3.30)
From these one can form the trial solutions fordhge when the laser field is present.
¢ =cft)
c, =c,(t)e™" (3.31)

One can then find the equations of motion for thefficients ¢ and ¢ as

. dc 1 i .

|d_t1:—§(Q12e2“1+Q21 2

. dc 1 * 4o

Id_t2 = (%1_5‘))(32 _E(Q21+le € zm)cl (3.32)
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The terms containing®®“ oscillate so rapidly as compared to any other tiargation in
the equations so that they can be assumed to @&vetdgo zero over any realistic time
interval. Thus, these terms can be discarded. Thiknown as “Rotating wave

approximation”. Thus, the equations of motion ire thotating wave approximation

reduces to

dt 2
. dc 1
Id_t2 = (wzl - a))02 _§Q21C1 (3.33)

The density matrix elements for a two-level atorstesn are defined as

* 2
P =CC = |Cl|

* 2
P =CC, = |Cz|

Po =C,C; (3.34)
p,and p,, define the level occupation probabilities whilg, and p,, describe the

coherences between the two states induced bydkefiald. The equations of motion for

the density matrix elements for an ideal closed-level atom are obtained from the

above equations of motion for coefficienisand ¢ as

d . Q d . Q
apll =|7(,021 _:012) apzz = |7(,012 _:021)
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d . Q .
P = 7(,011 = P) —iBp,,

dt
d . Q .
Epﬂ =1 7(,022 = pu) Hidp,, (3.35)

The above equations are set of coupled differeatjahtions describing the oscillation of
the population between the two levels of a closeatlevel atom considered. In the case
whereA = 0, the population oscillates between the twelewith the frequency known
as Rabi frequency. With increase in the field giterof the electromagnetic field, the
amplitude of the oscillation increases. With insesh detuning\, the amplitude of the
oscillation decreases. In reality, there is nosetb two-level atom system. There are
various damping processes that will cause thesdadens to die out with time. These
are:
1. Elastic collisions: The elastic collisions amongms do not change state
populations but do cause dephasing (loss of cobejen
2. Inelastic collisions: The inelastic atom-atom iSdins change state populations
and also cause dephasing.
3. Photoionization/Photoexcitation of atoms from tipper level to higher levels
4. Radiative decay due to
(i) Spontaneous emission within the excitatiaddier of a two-level system
(i) Spontaneous emission outside the akom ladder of a two-level system
Since laser-based spectroscopic experiments amenoaly done in a collision-
free atomic beam environment, the radiative decayocgsses and
photoionization/photoexcitation from the upper leaee only considered for further

discussion.
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The equations of motion for the density matrixeat for a two-level atom with
these damping processes, called as an open twbalewe are phenomenologically
written using the following two principles [1-3]:

1. For the diagonal elements, the damping terms adedaaorresponding to
what is expected from rate equations i.e. the oatehange is increased or
decreased by the sum of rates for all possible redanof populations that
flow into or out from that state.

2. The off-diagonal elements are decreased by surtt bk rates for decay out
of either of the two coupled states.

Using these principles, one can write the densigrim equations for an open two-level
system with radiative decays and photoionization.

Fig. 3.2 shows an open two-level atom consistinthefenergy states |1> (ground
state), and |2> (first excited state) coupled bwanochromatic lasers of frequenay
nearly resonant with the |1> - |2> transition efgquencyuy,;. The detuning of the laser is
denoted bW = u»;-w The Rabi frequency for the transition is denotgdh, describing
the laser field coupling strength for the transiti®he parametdr equal to the half of the
Einstein coefficient for spontaneoemissiondenotes the radiative relaxation rates within
the excitation ladder wheregglenotes the radiative relaxation rate out of thatation
ladder. The parametar denotes the half rate of photoionization from tipper level
having a radiative lifetime ;I The DM equations are thus obtained for an openléwel

atom as

d . Q
apll =1 TR (:021 - :012) + A21:022
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d . Q 1

apzz = |7R(p12 = Px) —(2), +T_2)p22

d . Q .

apﬂ = |7R(p11 _:022) —(IA+%+}/| ):021

d .Q .

Epﬂ =1 TR(pzz - Py) —(F1A +% + 1) P (3.36)

Here, A1 is the Einstein coefficient for spontaneous emisgiom state |2> to state |1>.

o
and y, :T is the photoionization rate from the state [2>hwias laser intensity and
w

o, as the cross-section for photoionization from ta¢es|2>. In the above equation, laser

is considered as a monochromatic light sourceedtity the laser has a finite line-width,
which is assumed to arise from phase fluctuatidrikeolaser field. It is thus necessary to
have allowance of the finite laser line-width iretabove equation. The effect of finite
laser line-width is incorporated in the DM equatibmough the termy, by use of the

phase-diffusion model [6-10]. In this model theelaspectrum is assumed to be

Lorentzian near the centre with full width at hadéximum (FWHM) ofA ., and has a

cutoff at= frequencyp (>A ), /2). The termy, is expressed as [10]

182
y, =20, Yy (3.37)

Considering the finite laser line-width, the relev®M equations are obtained as

d

. Q
apll =1 TR (:021 - :012) + A211022
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d Q. 1

— P =1 (P, = P2) — (Y, + )P

dt 22 2 12 21 | T2 22

d

apz R(pll :022) (|A+A21+y|)p21

d . Q

apn:'?R(pzz Pu) = (IA+A221+V|),012 (3.38)

A normalized frequency cutoff paramefli(= p/Awg having a value greater than 0.5 is
thus introduced into the laser spectrum for coroecdf the ideal Lorentzian laser shape,
which leads to nonphysical results. For a monoclatanexcitation laser (laser linewidth
<< atomic natural linewidth)y, is set to zero in the DM equations.

3.2 Density matrix equations for interaction of lasr light with an open three-level

atom system

The parameters relevant to the DM formalism of ekstep photoionization
scheme are shown in Fig.3.3. Consider an open-taveé atom consisting of the energy
states |1> (ground state), |2> (first excited $t@tel [3> (second excited state) coupled by
two monochromatic lasers. Laser 1 of frequeagys nearly resonant with the [1> - [2>
transition of frequencyy; Laser 2 of frequencyy, is nearly resonant with the |2> - [3>
transition of frequencys,. The detuning of laser 1 is denoted by= wy; - Wy Whereas
that of laser 2 is denoted By = ws2- Wy,

The Rabi frequency for the first-step transitionl&noted by2; and describes the
laser field coupling strength for the correspondimgnsition. Similarly, the Rabi
frequency for the second-step transition is dendigd,. It describes the laser field

coupling strength for the corresponding transitibhe parameters; andl'; equal to half
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of the Einstein coefficients for spontane@msissiondenote the radiative relaxation rates
within the excitation ladder ang andy, denote the radiative relaxation rates out of the
excitation ladder. The parametgrdescribes the rate of photoionization from the uppe
excited state |3> to the ion state |4>. The phatpation process in the third-step is
incoherent. This assumption makes it possible ® the DM formalism for an open
three-level atom for atomic excitation and treabtpionization as one of the relaxation
mechanisms in the formalism for describing thedbstep photoionization.

Extending the procedure discussed for an open éwellatom to an open three-
level atom, one can derive the equations of motionghe time evolution of the DM

elements for three-step photoionization of atontscivare obtained as follows:

d . Q

d_tpll = '71(:021 - :012) + A21p22

d . Q . Q 1
d_tpzz = '72(:032 - pzs) +1 71(,012 - ,021) + A32,033 - fpzz
Lo =122(p, - pp) - =9

at P33 5 P23 32 T, 33

d . Q . Q . 1 1

Epsz =1 72(,022 = P33) I 71:031 —[ia, + 0-5(_'_—2‘*‘_'_—3) +12)]Ps;
ip :ipD

gt 22 T g =

d . Q . Q . 1

apﬂ =1 72/)21 —I 71[732 =[i(A +4,) + 0-5(_'__2) +Ya+HV)lPos
& py=S py

at e T g P
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d . Q . Q . 1
—— Py =1 71(/)11 - pzz) +1 72,031 - [|A1 + 05(?) + yLl)]pzl
1

dt
d d
o Prr = ot P (3.39)

The termsy.; and y2, accounting for the finite line width of the lasecausing
incoherence damping of the Rabi oscillations infitet-step and second-step transitions,

respectively are expressed as [10]

_ B’
Yau= ZAansl ,82 +A21 (340)
ﬂZ
=2A —_— 41
yL2 a’?asz ,82 +A22 (3 )

Here A,y (Ad,,) is the full-width-half-maximum (FHWM) linewidthfdahe first-step

(second-step) laser agdis a cut-off frequency introduced into the laspecrum to
obtain realistic values from the Lorentzian lagee Iprofile assumed in deriving Eqs
(3.40) and (3.41).

3.3 Density matrix equations for interaction of lasr light with a real atomic beam

system

The density matrix formalism developed in the poesgi section is applicable only
to an ideal atomic system where all the atoms lthgesame interaction times and the
same resonant detuning. In laser spectroscopiaiexgeats the atomic beam is generated
through a thermal atomic beam source. In such t®m the atoms have velocity
distributions and finite angular divergence resgitin a distribution of Doppler-shifted

laser detunings. Thus, to obtain the ionizatiordycd a real atomic beam system, or for
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modeling of a real atomic beam system, it is nergst integrate the DM equations
over the angle-velocity distribution. This is hasllby considering the position as a
transformation of velocity and time, with an appiafely chosen common zero-time at a
position before the atoms enter the laser beanmsrdsulting density matrix equations of
motion are integrated over the interaction time aner the angle-velocity distribution to
obtain the resulting ion signal. Bushaw et al. fgve carried out extensive DM
calculations for two-step excitation in real cati@tomic beam irradiated by CW lasers.
They have taken into account a distribution of Depghifted laser detunings and
interaction times. For interaction of atoms withlgaad lasers, as is the case in our
experiments, all atoms have the same interactina &qual to the pulse duration. Hence,
one has to account only for the distribution of Bappler-shifted laser detunings, which
are functions of the angle and velocity.

The Doppler broadening is characterized by theomialistribution function of
the atoms moving along the laser propagation dmeciWhen the atom is moving with a
velocity component v in the laser propagation direction, the laser niew Awith

respect to the transition frequency gets modifiethe effective laser detuning frequency
A" expressed &' = A —ﬂvy, where c is the speed of light.
o

3.4 Simultaneous observation of laser-induced photoiomnation and fluorescence
signals in atomic uranium

Resonance ionization spectroscopy and laser-indilweskscence technigues can
be used in a complementary manner for better utadetmg of atomic spectra [11].

Simultaneous use of two techniques is very rareet¥l. [12] have detected both RIS and
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LIF signals simultaneously for monitoring the eiéiscy of the photoionization process
in atomic gadolinium. Broglia et al. [13] have ¢ad out simultaneous detection of
optogalvanic (OG) and fluorescence signals in aiura hollow cathode discharge lamp
(HCDL) to investigate the possibility of the applion of OG detection to study the
saturation of atomic transitions. As mentionediegrive [14] have recently investigated
high-lying even-parity energy levels of atomic saoma using simultaneous RIS and LIF
techniques.

The RIS technique deals with laser photo-excitatibatoms from ground or low-
lying energy levels to an ionic state through msilép resonant excitations depending
upon the ionization potential (IP) of atoms. Theltple photons of same wavelength
from one laser or different wavelengths from diigr lasers in a time sequence can be
used in the process. The probability of photoexoitaand photoionization depends on
various atomic parameters, such as energy levedgilar momenta, lifetimes, branching
ratios and transition probabilities or cross-sewidviany laser parameters, such as laser
wavelength, intensity, pulse width and line widthoaaffect photoionization efficiency.
The atoms left in the intermediate excited statier darradiation by excitation and
ionization lasers decay back to lower energy levetsitting the fluorescence radiation.
The LIF signal strength is directly proportional tilee atomic population left in the
excited state. Thus, the observation of LIF sigratsng with RIS signals indicates
incomplete ionization of atoms present before lageadiation. Using LIF, the
photoionization efficiency of every step involvedaxcitation and ionization process can
be monitored. Hence, the simultaneous detectiorLIBf and RIS signals plays an

important role for monitoring the photoionizationropess. The study of the
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photoionization of the excited states of atoms reffen opportunity to investigate the
photoionization process, which requires the knog#edf the photoionization cross-
section. The experimental methods for the measureofephotoionization cross-section
from highly excited states of atoms are based enoctbservation of saturation in RIS
signals and depletion in LIF signals resulting frphotoionization [15, 16].

In the present chapter, the results of simultaneshservation of RIS and LIF
signals in atomic uranium have been presented Bath the signals were monitored for
two specific cases. In the first case, the dyerlages made resonant to the first-step
transition (0-16900.38 cth) and in the second case, the laser was slightiyneed by
0.15 cm' from the first-step transition so that it becamve-photon resonant at 33801.06
cm™. The atoms in the 33801.06 ¢renergy level were further excited by the absorptio
of a third photon from the same laser to the auigtion state at 50701.59 €m
Manohar et al. [18] have reported this autoionarasitate at 50701.6 cmwhich is the
same state as mentioned above within the measutemeuracy of +0.1 cth However,
they have not mentioned the width of this autoiatian state.

The DM equations mentioned in Sections 3.1 to 3.&is chapter have been
utilized to analyze the RIS and LIF signals obseérire the two specific experimental
cases. From the DM calculations, the ratios of plooization as well as fluorescence
signals in the two specific cases, considering isdwelues of the photoionization cross-
section have been obtained. By comparing thesedtieal ratios with the experimentally
measured ratios, the photoionization cross-secf@mnthe 33801.06-50701.59 ¢m

transition has been obtained.
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3.4.1Experimental details

The experimental setup for simultaneous detectibiRI& and LIF signals is
shown in Fig. 3.4. It consists of a high tempemtatomic vapor source in a vacuum
chamber, a dye laser (Quantel TDL 90) pumped bysavighed Nd:YAG (Quantel YG
980) laser, a U-Ne HCDL, a photo-multiplier tub&AP, a 0.5 m monochromator, a 1.5
m high-resolution monochromator, a pyrometer, ehhigltage power supply and an
oscilloscope. The vacuum chamber is maintained @measure of ~ % 10° mbar. A
pencil-type electron gun of 8 kW power (32 kV, 25@) is mounted in the vacuum
chamber at an angle of %&elative to the horizontal axis. The electron bdarturned
through another 45by an external magnetic field so as to ensure abintidence of
electron beam on the surface of the material tevagorated. In the study reported here,
uranium block has been used as a target matetigzhefelectron beam impact point with
a spot diameter of ~ 7mm on the target, high teatpez (~ 2600 K) as a result of the
electron beam heating process is generated givgggto copious evaporation of the
target material from the surface. Uranium vapor abewed to expand freely up to a
distance of ~ 30 cm. The atoms coming from the ewrere collimated to a relatively
small full angular divergence of 1through two slits (1 crw 10 cm) located at heights ~
10cm and ~ 25 cm from the source to create a caiéch atomic beam in which
spectroscopic investigations were carried out. gilee duration, repetition rate and line
width of the dye laser were 7 ns, 20 Hz and 0.05 (b GHz), respectively. The laser
pulse energy in the interaction zone was 2.5 mhe Taser beam diameter in the
interaction zone was 5 mm. The laser beam passedgin the atomic beam of uranium

in cross-configuration. The laser wavelength wasnitoced using the 1.5 m high-
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resolution monochromator. Resonance and near-resenaxcitation was ensured with
the help of OG signal which was monitored by pag#ire laser beam through the HCDL
during the experiments. The fluorescence light emifrom the first-excited level was
collected in a direction perpendicular to both tamed atomic beams and focussed onto
the entrance slit of the 0.5 m monochromator (A&pectraPro, 2500i) by a suitable lens
assembly. The photoion signal was detected usinmprallel-plate configuration and
applying — 2 kV to the plates across a load 0% khe photoion detection system was in
cross-configuration with laser and atomic beamke lthe fluorescence collection
assembly. Because of the fluorescence assemblyg breastraight line with the photoion
system, one of the plates was made of fine wirehmath light transmission efficiency
of about 80% so that the maximum of fluorescengbtIpassed through it and reached
the fluorescence collection assembly, which cossi$ta couple of plano-convex lenses.
The first lens collimated the fluorescence lightl dhe second lens focused it on to the
entrance slit of the 0.5 m monochromator, whichsgsis of three interchangeable 500
nm blazed gratings having 300, 600 and 1200 lines/nThe resolution of the
spectrograph with 300 lines/mm grating is roughly Om, which has been used in this
study. The monochromator here is used as a filtee. output slit of the monochromator
was coupled with a PMT (gain of 90
3.4.2Theoretical analysis using density matrix (DM) formalism

The basic processes involved in our single-colored-photon photoionization
experiments are described by DM formalism, considesingle-color, three-step and
three-photon photoionization scheme as shown inFtg As mentioned earlier, the DM

formalismgives the most accurate description of multi-steptpionization process by
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narrowband lasers as it incorporates the coherandased between the atomic levels by
narrowband laser excitations as is the case foredperimental result being analyzed
here. We consider that the photoionization prooessirs in a level scheme consisting of
ground state 1, first excited state 2, second edatate 3 and autoionization state 4. A
rigorous description of the three-step photoiontratscheme requires a DM of 4x4
dimension. However, the description is reduced t®M of 3x3 dimension if the
autoionization state is incoherently coupled to tpeer excited state, which is justified
because generally the spontaneous decay rate f®@utoionization state is much larger
than the photoexcitation rate between the secomitee state and the autoionization
state. We have assumed that the width of the autr@bon state is broad enough to take
care of laser detuning in both the excitation sak®wonsidered in Fig. 3.5. If it is not
the case, then the signal in case A of Fig. 3.5lavbe very difficult to be observed as
photoionization through continuum increases therlanergy requirement by orders of
magnitude in comparison to autoionization stateth&ssignals could easily be observed
in both the cases, one can say that the autoidmizatdth is broad enough to take care
of laser detuning of 0.45 chrconsidered here in the two excitation schemethifncase
the three-step photoionization process is descrilyed three-level open system where
the laser radiation producing photoionization idtroes only damping in the three- level

system with a half-rate of, (= g,l,/2hw,), wherd . is the laser pulse intensity with
frequencyw,,, g,is the photoionization cross-section from the sdeexcited state and

h= h/2imt with h as the Planck constant. The DM equationgnotion for the time

evolution of the DM elements,, for a three-level open atom interacting with aspedl
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narrowband laser, relevant to the single-colordfpkoton photoionization experiment of

interest, as discussed in sections 3.2-3.3 are:
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HereE, is the amplitude of the electric field considetedsary in time as exp (et ),
Q; (Q,) is the Rabi frequency of the first-step (secotepstransition caused by laset, d

b) IS the Ipole moment of the |rst-step Seco ttransition, IS the
(d») is the dipol f the fi (secorepytiransition, A” (A7 )is th

effective laser detuning frequency of the firstesigecond-step) transition when the atom

is moving with a velocity componentyvin the laser propagation direction,

A, (= w, —a,.) is the rest frame laser detuning frequency of fiftst-step transition,
AZ(: w;, —cqas) is the rest frame laser detuning frequency ofséh@ond-step transition,

wk is the frequency of the j-k transition, A is the Einstein coefficient for the
spontaneous emission from the level m to the layd is the radiative lifetime of the
level k and c is the speed of light. The Doppleodolening is characterized by the
velocity distribution function of the atoms moviatpng the laser propagation direction.
The diagonal matrix elemenpg, with n = m represent the atomic population of lghee|

n and the off-diagonal matrix elememig, with nZ m represent the coherences between
the levels induced by the laser fields. The twotphaesonance is fulfilled whely + A,

= 0. The termsy; andy.,, accounting for the finite line width of the laseausing
incoherence damping of Rabi oscillations in thetfstep and second-step transitions,

expressed in Egs 3.40 and 3.41 respectively as

ﬁZ

Yu = ZA%slgz—JrAzl
182

=2A —

Vi Was ,82 +A22
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Here Aw,, is the full-width-half-maximum line width of theaser angB is a cut-off
frequency introduced into the laser spectrum toaiobtrealistic values from the
Lorentzian laser line profile assumed in derivingpe equations. The value of the
normalized cut-off frequenc§. (= B/Aw,,) equal to 2 is considered here as used by
Gupta et al. [5,19].

The ionization yield P at the end of the lasespwlith duration fsis obtained as

P(Tas) =1 01 (Tiee) = P22 (Tie) = Ps(Tias) - (3.42)

The Rabi frequency),, of the m-n transition (n = m+1) is related to tBestein

coefficient Ay, and the applied laser intensitystoupling the levels m and n [&19,20]
0 3 1/2

Q,(rad/s) = 8895x10°(3, %9, Anl,, - /9n) (3.43)

whereAcm is the transition wavelength in crhy,, . is the value ofidsin W/ent and g,

(gn) is the statistical weight of the level m (n). Tdgole moment g of the m-n
transition (n = m+1) is related to,pas [20]

[d,.(Debye)]* g,
319x10°2% g,

An(s™) = (3.44)

The dipole momentdof the 1-2 transition is related to the dipole neming of the 2-3

3/2 1/2 1/2
OIS
d, (4, Js/9; 09T,

Using Egs. (3.44) and (3.45) , one obtains

transition as [3]

% = o.TTBT' (3.46)
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The Doppler width (FWHM)Avp, of the atomic transition line at a vapor sourée o
temperature T (K) is given as [5]

Av, = 716x107v,(T/M)"?, (3.47)
Here, M is the atomic mass number of the vaporcuoraterial and/, is the transition

frequency. The DM equations are solved numericadiyng the initial condition where
p11 is set equal to unity and all other DM elements sat equal to zero at the time t = 0.
To obtain the effective values of the DM elememisréal atomic beams generated from
a vapor source [5,19], these equations are integrawver the velocity and angular
distribution of the atoms, resulting in a distrilout of Doppler-shifted laser detuning. We
have used a Maxwellian velocity distribution foethranium atoms generated by electron
beam evaporation of uranium metal with a measuvegarating surface temperature of
2600 K. Normally, at low evaporation rate, the umamatoms evaporated in the electron
beam heating process possess a Maxwellian veldigtgibution. Asano et al. [21] have
observed that, at evaporating surface temperatavesr than 2700 K, the velocity of
uranium atoms is equal to the thermal mean veloeitythe evaporating surface
temperature, showing that the atomic velocity thstion at such temperatures is
Maxwellian.

For the analysis of our single-color three-phopdrotoionization experimental
results using the DM formalism, we consider theiteion scheme shown in Fig. 3.5.
The experimentally measured T = 2600 K,=T250 ns [22], T= 1120 ns [23] and other
experimental conditions mentioned earlier are takémaccount in the calculations. The

value of A1 (= 1/T,) is 4x10° s* as there is only one significant decay path offittse-
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excited state at 16900.38 ¢rand that is back to the ground state. The valu®,gR s, =
4.978 is estimated from Eq. (3.46), which gives tis A, = 0.8x10° s. Following the
procedure discussed and employed by Bushaw e#jl. the integration of the DM
equations have been carried out to obtain the nicaleesults.
3.4.3 Results obtained after analysis of experimest

The 0-16900.38 crhtransition at 591.5 nm in atomic uranium is wélidied as it
is one of the strongest atomic transitions in wramin the visible region [18, 24, 25].
This transition also serves as a first-step traowsiin the RIS of ground-state atoms of
uranium using single-color three-photon photoionara pathway to the autoionization
state at 50701.59 ¢h Considering this transition, we have conductesl érRperiments
for simultaneous observation of LIF and RIS signalstomic uranium in two specific
cases. In the first case, the laser was resonamd to this first-step transition, which
excited the uranium atoms in the ground state ¢01$900.38 cf energy level. Two
photons of the same laser further photoionizedetk@ted uranium atoms via a near-
resonant intermediate state at 33801.06'.cifhe excitation scheme for this case is
shown in Fig. 3.5A. Both the three-photon photazation signal and the resonant
fluorescence signal have been observed using atlossope. Typical RIS and LIF
signals recorded in this case are shown in FigA.3l6 the second case, the laser was
slightly detuned from the first-step transition ®5 cn" so that it became two-photon

resonant at 33801.06 ¢mThe excitation scheme in this case is shown in FigB3.5

Typical RIS and LIF signals recorded in this case shown in Fig. 3.6B. As evident
from the figure, the RIS signal increased relatovéhe first case owing to the two-photon

resonance transition and its connection to auteaiitin resonance at 50701.59 tfh8,
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24]. However, the LIF signal decreased relativéheofirst case, owing to detuning of the
laser from the first-step resonance. In order teatehe resonant fluorescence signal, the
monochromator was kept at 591.5 nm with a band padsnm. The laser scattering
signal was monitored in the absence of the atonsianb in the beginning of the
experiment when no electron beam heating of uramustal was done. Typical laser
scattering signal is shown in Fig. 3.6C. The sciaesignal was also checked at the end
of the experiment to monitor any changes in therl@®wer or in the detection system.
The scattering signal was subtracted from the thtafescence signals of Figs. 3.6A and
3.6B to get the actual fluorescence signal. All éx@eriments were done by taking an
average of 64 laser pulses. The experimental rasfoRlS and LIF signals were
determined by dividing the signal value measurethanfirst case to that in the second
case. These experimental ratios were obtainedgmateng the experiments six times for
both the cases. The arithmetic mean of the sixegabf the ratios is represented as the
average value of the ratio. We have taken theseaggevalues as the measured ratios.
We have found the uncertainty in the signal ratuathin + 20% from the spread in the
data obtained in the six experiments. This can thebated to the change in the
experimental conditions such as fluctuations inseub-pulse laser power, atomic
number density and the optimization of signals doth cases. The measured ratios of
LIF and RIS signals are thus deduced as 3.0 +1fd®ab + 0.1, respectively.

Using the DM formalism, we have calculated thetplamization efficiency of
RIS signal and the fluorescence efficiency of Lignal in the two specific cases of laser
detuning for several values of the photoionizatiomss-section and the results are shown

in Figs. 3.7 and 3.8. The values of laser deturfriogn the first- and second-step

93



transitions respectively at® = Ocmi* andA; = 0.30 cni (9000 MHz) in the first case
andA; = - 0.15 crit (- 4500 MHz)andA; = 0.15 cnt (4500 MHz) in the second case.
The values of laser detuning in the figures aregin units of MHz. As seen from Fig.
3.7, the photoionization efficiency increases witbrease in the photoionization cross-
section in both the cases. It is much higher ingbeond case in comparison to the first
case at any particular value of the photoionizatiass-section considered, which is also
evident in the experiments. As seen from Fig. 818, fluorescence efficiency decreases
with increase in the photoionization cross-sectioboth the cases. It is much higher in
the first case in comparison to the second casengt particular value of the
photoionization cross-section considered, whichise evident in the experiments. From
these calculations, we have obtained the ratiddfofand RIS signals in the two specific
cases for several values of the photoionizatiorssg®ction and have shown those in
Table 3.1. As noted from the table, the theoretid&l ratio increases significantly with
increase in the photoionization cross-section wdeeithe theoretical RIS ratio initially
decreases slowly and becomes constant afterwattisimgrease in the photoionization
cross-section. This is owing to the fact that thE &ignal involves a resonant transition
in one case and a near-resonant transition in ther @ase whereas the RIS signal
involves near-resonant transitions in both the £a&y comparing the theoretically
calculated LIF and RIS ratios with the experimdgtaleasured values, it is observed that
the theoretical LIF ratio (2.9) corresponding te gfhotoionization cross-section of 5%10
18 cnf matches well with the measured ratio (3.0 + 0.@&hiw the experimental error
whereas the theoretical RIS ratio (0.6) reasonatatiches with the measured ratio (0.5

0.1) within the experimental error for many valuwgshe photoionization cross-section
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including 5x10" cnf. Considering the uncertainties in the measuredasicatios, the
value of the measured LIF ratio can vary from 2.8.6. The corresponding values of the
photoionization cross-section vary from 4x£0cn? to 6x10™ cn?. Hence, the
uncertainty of the photoionization cross-sectiomfsrred to be + 1xI cn?. The value
of the photoionization cross-section for the triasi 33801.06-50701.59 chis thus
determined as (5 + 1) xI®cnt from the comparison of the theoretical and expernital
ratio of LIF signals.

3.5 Simultaneous observation of laser-induced photoiormation and fluorescence
signals in atomic samarium

In the two-color, three-photon photoionization @es, the first laser excites the
atoms to a first-excited low-lying energy level.eThecond laser excites it to a second-
excited high lying energy level followed by a photuzation through continuum or
autoionization state by the second photon of tmeeskser. The photoionization of the
atoms in the second-excited state due to the anptieon of second-step laser can be
ensured by delaying the second-step laser wittetdp the first-step laser by at least the
laser pulse duration.

In this section, the results of simultaneous twimicdrIS and LIF signals in
atomic samarium for two photoionization pathwaygspnted in the literature [26], are
discussed in this section. Laser-induced two-cdloee-photon photoionization and two-
color fluorescence signals have been monitored Isameously as a function of the
second-step laser pulse energy while keeping teeggrof the first-step laser as constant.
The two-color laser-induced fluorescence signaprisportional to the product of /A

(A)lh and Aa(rp) 1. Here, A1, M, 1, Asy Ay, |2 are first and second step transition
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probability, wavelength and laser intensity respety. The two-color, three-photon
photoionization signal is proportional to the prodaf Axi(A)l1, Asz (A2)l2 andos(h)ly,
whereos(),) is the photoionization cross-section on secopg-tser wavelength for the
third-step transition as another photon of thesdestep laser is used to ionize the atom
from intermediate level. Because of the dependeatetwo-color, three-photon
photoionization signal on photoionization crosstigeg its saturation curve is expected
to be different from the two-color fluorescenceusation curve. We have analyzed these
signals by applying the density matrix (DM) fornsaf to a three-step photoionization.
The value of the second-step transition probabifitylirectly obtained from two-color
fluorescence. The value of the second-step transirobability thus obtained is used to
infer the value of photoionization cross-sectfon the third-step transition from the
two-color, three-photon photoionization signal.tiis way, the transition probability for
the second-step and photoionization cross-sectiothe third-step are measured for the
two photoionization pathways from simultaneous rmmg of laser-induced
fluorescence and photoionization signals. To trst beour knowledge, we have used for
the first time the simultaneous laser-induced #soence and photoionization signals for
the measurement of the second-step transition pililgaand the photoionization cross-
section for the third-step transition.
3.5.1 Experimental details

The experimental setup for simultaneous detectibiRI& and LIF signals is
shown in Fig. 3.9. Most of the instruments usedeantion 3.4.1 remain the same except
the vapor generation. The samarium atomic vapor geaerated in a vacuum chamber

maintained at a background pressure of 2 tbdr by resistive heating of samarium metal
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kept in a tantalum crucible at ~ 1000 °C. The samawvapors came out effusively from
a 0.5 mm hole in the crucible lid of 4 mm depthe®toms coming out from the crucible
hole provided a collimated atomic beam to a fuljwar divergence of ~4pand a
reduced Doppler-width of ~350 MHz in the laser-atorteraction zone. The Doppler
width can be reduced by a factor, which is equahéocollimation ratio of the beam. The
pulse duration, repetition rate and line width loé dye laser were 7 ns, 20 Hz and 0.05
cm® (1.5 GHz), respectively. The laser beam with a diem of 1.5 cm crossed the
atomic beam of samarium at right angles. The setas&l which further photoexcited
and photoionized the atoms was delayed by 7 nsne#pect to the first laser in order to
discriminate against photoionization of atoms bgthar photon of the first laser. The
fluorescence light emitted was collected in a diogcperpendicular to both laser and
atomic beams and focused onto the entrance shihef0.5 m monochromator (Acton
SpectraPro, 2500i) by a suitable lens assembly.phla¢oion signal was detected using a
parallel-plate configuration and applying — 1 kMthe plates across a load ofG.k
3.5.2Theoretical analysis using density matrix (DM) formalism

The basic processes involved in our two-color, gkphoton photoionization
experiment are described by the DM formalism, ad&rsng two-color, three-step and
three-photon photoionization scheme as shown in3P. For the analysis of our two-
color three-photon photoionization experimentabtssusing the DM formalism, which
has been discussed above, we have considered tiatemn pathways as shown in Fig.
3.10. The experimentally measured T = 1800T, = 46 ns [27], A, = is 6.8x16 s* [27]
and other experimental conditions mentioned eardie¥ taken into account in the

calculations. Following our work on the measureta@f lifetimes of energy levels [27],
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we have measured the lifetimes of the second-ekcstate in the photoionization
pathways by recording the fluorescence at differéelays after the laser pulse by
employing intensified charge couple device camd@CD) in conjunction with a
monochromator. The excited state lifetime valueg @re obtained as (87+8) ns and
(117+11) ns for the even-parity energy levels adnat samarium at 36572.0 and
36682.5 crit respectively. Following the procedure discussegrievious section, the
integration of the DM equations has been carrigcaod the numerical results have been
obtained.
3.5.3 Results obtained after analysis of experiment

In both the photoionization pathways (Fig. 3.10gmarium atoms from the
ground state septet at 1489.5 trtJ=3) were excited to odd-parity energy level at
19009.5 crit (J=2) by the first laser. The second laser deldyed ns with respect to the
first laser further excited the atoms to the intediate even-parity level at 36572.0 tm
(J=3) [28] in photoionization pathway (a) and a682.5 cnt (J=3) [28] in
photoionization pathway (b). A second photon of $keond laser had sufficient energy
to raise the atoms into the continuum (ionizatioteptial~45519 ci) at 54134.5ci
and 54355.5 cih respectively in the first and the second path wiaading to
photoionization. The intensity of the first lasesmswkept constant just above the saturation
at ~7x18 W/cnf and that of the second laser was varied by imgettie neutral density
filters in its path and the power was measured Ippwer meter (OPHIR 3A-P-V1) on
each insertion. The spot size of the second laserlapping with first laser was
measured to calculate the second-step laser ithgef$ie photoionization signal along

with the fluorescence signal from the second-egciteven-parity level was
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simultaneously monitored as a function of intensity the second-step laser. The
monochromator was set in such a way that it cuttlodf laser reflections arising from
atomic beam chamber walls for the first and secste@-lasers. The sum of second- step
non-resonant fluorescence falling in the band pafsshe monochromator has been
detected through PMT. For the present work moramulator was set at 522 nm with a
pass band of 20 nm (£10 nm with respect to cemealelength), which completely cuts
off the first and second-step laser reflectionsnfrthe atomic vapor chamber walls as
well as first-step laser-induced fluorescence. 3@ thon-resonant second-step
fluorescence from state 3 of Fig. 3.10 is only pddsy monochromator, which provides
a high signal-to-noise-ratio. From the integratafrihe DM equations, we have obtained
the normalized population of different states 13 2nd 4. at the end of the laser pulse for
two photoionization pathways shown in Fig. 3.10ga{l (b). The theoretical normalized
population of state 3 is represented as the twordblorescence efficiency as this LIF
signal is proportional to the atomic populatiort iefthe state 3. Similarly, the theoretical
photoionization efficiency refers to the normalizpdpulation in the ionized state 4
determined from the numerical solutions of the DMuaions. The experimental
fluorescence and photoionization efficiencies d&ioed from the corresponding signals
by equating the highest signal equal to the highesnalized population in the state 3 in
case of fluorescence and equal to the highest nizedgpopulation in state 4 in the case
of photoionization. For equalizing the highest ealof the experimentally measured
signal, the highest normalized population from theoretical calculation is chosen in
such a way that the nature of the experimentalecuegembles closely with that of the

theoretical curve. We have compared thus obtairtezbrétical and experimental
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efficiencies. Fig. 3.11 shows the variation of teaer LIF efficiency with intensity of
second-step laser for three values af,Ausing 3 equal to 1x18° cnt for the
photoionization pathway of Fig. 3.10 (a). The eabf the photoionization cross-section
from the second-excited level is taken equal td@'&cny as the value is not known in
the literature. The uncertainty introduced duedaiter in data from run to run was about
5%. From the comparison of the numerical resulth wihe experimental results, the
value of A;,=3x1F s’ is noted to match well these two results. In otdefind out the
effect of the value of unknown photoionization &@gction on the transition probability,
the numerical results corresponding to Fig. 3.1llrewagain obtained using the
photoionization cross-section value of 1 ¥i@nm? as shown in Fig. 3.12. As evident
from figures 3.11 and 3.12, the transition prolbgbilalue remains almost same even by
changing the value of photoionization cross-sectignan order of magnitude. The
transition probability of the 19009.5 - 36572.0 tmmansition is, thus, obtained as 3%10
s'. This inferred value of & equal to 3x10s™ for the 19009.5 — 36572.0 Entransition
was used to obtain the photoionization cross-sedtiothe transition starting from even-
parity energy level at 36572.0 ©m which can terminate in continuum or at

autoionization resonance at 54134.5criThe photoionization cross-section for this

transition was found to be 1.2 x 1cn? as shown in Fig. 3.13.

In order to deduce the value ofXor the transition 19009.5 — 36682.5 &nthe
numerical results of the fluorescence efficiencytfos transition of the photoionization
pathway of Fig. 3.10 (b) are obtained and compavritll the experimental results using
the same procedure as mentioned above. From tltergatech of the experimental results

with those obtained by the DM formalism, the tréinsi probability of the 19009.5 —
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36682.5 crit transition is inferred as 2x1@*. This value of A, for the 19009.5 —
36682.5 crit transition was used to obtain the cross-sectionttfe transition starting
from even-parity energy level at 36682.5 tmvhich can terminate at continuum or at

autoionization resonance at 54355.5cnThe photoionization cross-section for this

transition was found to be 1.2 x 1cn?.

The value of the photoionization cross-sectionoisntl to be same and weak in
both the photoionization pathways through the seéaottited even parity energy levels
at 36572.0 cm and 36682.5 cih so it seems more likely that the final step is
terminating in continuum. Moreover, the autoionizatstates at 54134.5 and 54355.5
cm* are not reported in the literature [29-31]. Howeveis sure that even if these states
happen to be autoionization states, they can oalthb broad autoionization states with
weak photoionization cross-section.

To reduce the pulse to pulse laser energy fluanatian average of 128 laser pulses
were taken to generate the data points. Severasunements were taken to obtain the
transition probability and cross-section valuese @lerage of these values is taken as the
final value. We found variation of about 20% in gbevalues. This can be due to
inaccuracy in the measurement of laser power, sizet spectral overlap between the
laser and atomic absorption line width. The resafts summarized in Table 3.2 and to
the best of our knowledge, these values are repéotehe first time.

3.6 Conclusions

The DM formalism has been developed for real atsygtems and experimental
data obtained from the simultaneous RIS and LIRaghas been analyzed using DM

formalism. Simultaneous observation of RIS and silfhals in atomic uranium has been
101



recorded under two specific experimental cases.phia¢oionization cross-section for the
33801.06-50701.59 chtransition of atomic uranium has been measureg@ as1) x10

1% cn? by comparing the experimental results with densitgtrix calculations. The

photoionization cross-section value has been da&tednfrom the match of the

theoretical ratio with the experimentally measur&tib of LIF signals.

The second-step transition probabilities for the twansitions starting from odd
parity level at 19009.5 ctin atomic samarium have been measured using tho-tt-
technique. The transition probability of the 19@86572.0 cnt transition is deduced as
(3+0.6)x10 s* and that of the 19009.5-36682.5 timansition is deduced as (2+0.4)10
s'. The second-step transition probabilities obtainegre used to infer the
photoionization cross-sections from these secomntek even-parity energy levels,
which can terminate in continuum or at autoionmatstates, using two-color, three-
photon photoionization technique. The value of ph@toionization cross-section from
the second-excited state is found to be (1.2+02#%cnt in both the photoionization
pathways. The method employed here for the measunieaf the second-step transition
probabilities and photoionization cross-sections disnultaneously monitoring and
analyzing LIF/RIS signals is used for the first éinand enabled us to measure two
important atomic parameters in a single experimilreover, we have used only one
laser in the case of atomic uranium and two lasethe case of atomic samarium, but
usually the measurement of photoionization crostiee requires three lasers. The
simultaneous observation of LIF and RIS signals daailitate investigation of

photoionization dynamics.
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so that it became two-photon resonant at 33801.06n¢

106



sEEEE
AEEEEEEE 1 HE EaE
B 8 =
mE—— Horizontal scale my
A | 1 Div- 10 ps ias
é" 'l Vertical scale
N 1 Div-1V for 1 (LIF)
S T FCOS U S
HHH /‘\/""\_,,""vl, I _
— == — 1
ma / —+ HEEH
i . ~—{ Horizontal scale | vi

| 1 Div- 10 ps H
+H - %
' B ~| Vertical scale
HH ] 1pivivioriuF) |
i - : .1 Div- 10 mV‘for.2. ;
ENAiENREmERNREE i
Eicaicina) padteseees ERESaEE:
?‘ ‘ ‘ | Horizontal scale =
j= T ~| 1Div-10 pus
- Ch | Vertical scale %
e Lo el
T e

Fig. 3.6: Simultaneously observed LIF and RIS sigria for the two specific cases

(A) The laser was resonant to the first-step trarison (0 - 16900.38 cri),

(B) The laser was near-resonant to the first stepransition with a slight detuning (0.15 cn),
so that it became two-photon resonant at 33801.06n¢,

(C) Laser-induced background scattering signal inlie absence of atomic beam



10 —— A, =0 MHz, A, = 9000 MHz
-=-A= - 4500 MHZ,A2=4500|\/|HZ _ -
” < -
08 | -7
7
s
/7

5 - /
S /
o /
% 0.6
c
S
I
N
=
S
o
5 04
<
o

0.2

1 . 1 . ] ) 1 L |

2 4 6 8 10

Photoionization cross-section (10*°cm?)

Fig. 3.7: Variation of photoionization efficiency wth photoionization

cross-section for the two specific cases of lasestdning

108



0.35

0.30

0.25
\

o
H8)
o

0.15

Fluorescence efficiency

0.10

0.05

0.00

—A = 0 MHz, A= 9000 MHz
- — -4 = -4500 MHz, A, = 4500 MHz

2 4 6 8 10
Photoionization cross-section (10*°cm?)

Fig. 3.8: Variation of fluorescence efficiency withphotoionization cross-section

for the two specific cases of laser detunir

109



Electronic

delay
Nd : YAG 2 Nd : YAG 1
Dye Dye Trigger
laser 2 laser 1 on collector
plate
/
0.5uF
PMT Mono- '
chromator 1
|
|
ICCD 1 5 kQ
|
| I ,
PC Diode |'o - — — — — - — — — — L -1kV
Oscilloscope

Trigger

Fig. 3.9: Experimental setup for simultaneous obseation of two-color laser-

induced fluorescence and two-color three-photon phoionization signals

110




Level 4

Level 3

Level 2

Level 1

___________________

Laser 2

(h2)

IP- 45519 cnmt*

36682.5 crit(J=3)

T 36572.0 crit (J=3)

1
1
1 L S T
1 \ \ \
Laser 2 ! VY -
(A2) ! 3_“
1 \
1 \
1 \
\
R Y 19009.5 crit(J=2)
: !
! \
: \
Laser 1] ;
() : -
:
1
T 1489.5 crt(J=3)
(a)

Laser 2
(x2)

Laser 2
(22)

»

P

Laser 1
(A1)

— — — — — — — = — = =

(b)

Level 4

Level 3

Level 1

Fig. 3.10: Energy level diagrams for two-color, thee-photon photoionization and

two-color laser-induced fluorescence for two photanization pathways (a) and (b)

111



0.3 }
> 02+
c
Q
Q
E
)
o
e /
o ! 5 1
(&S] - —
2 / Agy=2x10"s
S o1} —-- Agy=3x10°s T
- ./ T Ag, =5x10 st

' ® Experimental data
0.0 " 1 " 1 " 1 " 1 " |

0 10000 20000 30000 40000 50000

Intensity of second-step laser (W/cr%b

Fig. 3.11: Variation of two-color laserinduced fluorescence efficiency with intensity of he
second-step laser for three values ofs, using the photoionization cross-section; =1x10™ cm?.

Photoionization pathway of Fig. 2(a) is consideretbr the results in this figure

112



0.3

o
(N

Fluorescence efficiency
o
i

0.0

1

—Ag,= 2x10° s
Sm- Agy s ax10°s™!

® Experimental data

1 | 1 | 1 |

' |

0 10000 20000 30000 40000

Intensity of second-step laser (W/cr%b

50000

Fig. 3.12: Variation of two-color laser-induced flworescence efficiency with intensity of the second-

step laser for three values of Ay, using the photoionization cross-sectionss =1x10cm?

Photoionization pathway of Fig. 2(a) is consideretbr the results in this figure

113



0.15

I /%
S ’
. 7
’
7
/
4
3 o.10f
c
Q0
Q
=
(<)
c
i) r
IS
N
c
i)
e
2 °%r : 17 2
o -, 05=10x10 "' cm
/
----03= 1.2x10" cm?
e e 03= 1.4x10Y ¢m?
e .
® Experimental data
0.00 | ' | ' | ' | ' |

10000 20000 30000 40000 50000

Intensity of second-step laser (W/cr%)

Fig. 3.13: Variation of two-color, threephoton photoionization efficiency with intensity o
the second-step laser for three values ef, using As, =3x10 s*

Photoionization pathway of Fig. 2(a) is consideretbr the results in this figure

114



Table 3.1 Theoretical Ratios of LIF and RIS Signals for Seval Values of the

Photoionization Cross-Sectiorss.

o3( 10™° cnr) Theoretical ratio

LIF RIS
1 1.2 0.7
2 15 0.6
3 1.9 0.6
4 2.3 0.6
5 2.9 0.6
6 3.6 0.6
7 4.6 0.6
8 5.8 0.6
9 7.2 0.6
10 9.0 0.6
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Table 3.2 Measured atomic parameters using simultaous photoionization and

fluorescence signals

Sr No Atomic parameter Measured value

1  Transiton probabilty for  (3+0.6)x10s™
19009.5-36572.0 cihtransition

2  Transition probability for  (2+0.4)x10 s*
19009.5-36682.5 cihtransition

3 Photoionization  cross-section(1.2+0.24)x10" cnt
for 36682.5-Continuum (or at
54134.5 crit)

4  Photoionization  cross-section(1.2+0.24)x10" cn?
for 36572.0-Continuum (or at

54355.5 crit)
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Chapter 4

Laser optogalvanic spectroscopy technique

The change in the electrical conductivity of a selftained gaseous discharge,
when illuminated by radiation resonant with an atomr molecular transition of the
elements within it, is known as the optogalvanie&f The optogalvanic effect was first
observed by Penning in 1928. Since then, the optagie effect is used as an important
spectroscopy tool. The development of optogalvapectroscopy technique and its
applications are reviewed by Barbaire et al. [1heThigh-sensitivity spectra of the
species present in a gas discharge can be obthin@dadiating the discharge using a
tunable dye laser. The use of a hollow-cathodehdige (HCD) lamp has made it
possible to perform spectroscopy on a gas-phasplsahrefractory elements produced
by ionic sputtering of cathode of the lamp. The meharacteristic of hollow-cathode
discharge, which is a particular kind of glow diaaie, is enlargement of the negative
glow region. If the cathode is formed by two flééatrodes, parallel to each other and the
distance between the two electrodes is quite swalh respect to their typical
dimensions, the two negative glows coalesce irgmgle negative glow displaying high
radiation intensity. Usually, instead of two paglélectrodes, a cylindrical cathode is
used. The strong electric field in the dark regiear the cathode strongly accelerates
ions against the cathode surface, producing vdecteie sputtering at current values of
the order of 100 mA. In this way the discharge barused as a source of free atoms of
refractory elements as well as a photoion detedti@nce, optogalvanic spectroscopy
technique can be used as an alternative to phateitbon or fluorescence technique with

much simpler experimental setup.
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Commercial hollow-cathode lamps were extensivelgdudor the first OG
applications. In this chapter, investigations of flasma parameters in a see-through
type, home-made uranium HCD lamp with neon as &bugfas using optical emission
spectroscopic techniques have been discussed I[#ntification of new even-parity
autoionization levels of atomic uranium using tHED lamp has also been discussed in
this chapter [3].

4.1 Spectroscopic measurements of plasma temperaés and electron number
density in a uranium hollow cathode discharge lamp

During the past several decades, the hollow catlthscharge (HCD) has been
studied by both physicists and chemists. It is iqdar type of glow discharge with an
enlargement of the negative glow region as onet®fmain characteristics. With a
cylindrical cathode in a HCD lamp which can be thiauof as a sealed cell with a very
pure buffer gas, large currents up to a few amparesandled in the glow regime of the
discharge. Because of the effective sputteringgeecHCD lamp is capable of producing
an atomic vapor of almost every metal of the caghdd this way, the HCD lamps have
been used as a source of free atoms of any metatiolable by direct current in the
lamp. Weakly ionized plasma produced in a low-presgiCD lamp is stable, emitting
highly-reproducible narrow spectral lines. The HG&mps have several potential
applications in plasma spectroscopy [4]. Some ef plotential applications of HCD
lamps include laser spectroscopy [5], optogalvaspectroscopy [6], control and
calibration of laser wavelengths [7] etc. InitiallCD lamps have widely been used in
absorption and emission spectroscopy. A detailegweof the theory and application of

the HCD in the area of analytical emission spectspg has been carried out by Caroli
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[8]. The HCD lamp has been used in our laboratapy various spectroscopic
applications. Vas Dev et al. [9], Shah et al. [Bfl dMandal et al. [10] have used it as a
source of uranium atoms as well as detector falystg high-lying and autoionization
states in atomic uranium. In our other laser spsctipy experiments, it has been used as
a tool to facilitate the wavelength acquisition @pectrum calibration [11-14].

Understanding of the plasma behaviour in the H@M®@ is important for the
optimization of its applications. It requires theokvledge of plasma parameters such as
the plasma temperature and the electron numbentgamsde the HCD. The temperature
parameters are neutral species temperatyrealomic excitation temperatureeyd
electron temperaturesTand ion temperature; T15]. The electron number density in
the HCD is another important plasma parameter 16 When the plasma, such as the
low-pressure HCD lamp plasma, is not in local theastymamic equilibrium (LTE), all the
temperatures are different from each other. Then@taexcitation temperature, which
describes the distribution of atoms in various gndevels as per the Boltzmann law, is
higher than the neutral species temperature inH@G® lamp plasma since the atomic
excitation results from the electron energy gaimetthe electric field applied to the lamp.
The electron temperature Which describes the Saha ionization equilibriurd also the
Maxwell distribution for the velocities of the phaa electrons is somewhat higher than
the atomic excitation temperature,d The Saha equation relates the electron number
density R with the densities of the neutral species at arggectron temperature. T

Optical emission spectroscopy is a powerful toml measurements of these
plasma parameters. The atomic excitation temperatdirthe HCD lamp plasma is

commonly determined by employing two spectroscaopethods, namely, the two-line
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method and the Boltzmann plot method [16-21]. The emperature in a HCD lamp
plasma is determined from the Doppler broadeniniggbt-atom lines [18]. The electron
number density is commonly determined using thekSieoadening of spectral lines [16,
19, 20] provided the line broadening is primarilyedto the Stark effect. It can also be
determined from the Saha-Boltzmann equation if ¢kectron temperature is known
[16,22,23]. Henrion et al. [18] have reported theasurements ofcfc and T, in a U-Kr
HCD lamp plasma. Nabavi and Koohian [21] have mesklic: in a Gd-Ne HCD lamp
plasma. Mahmood et al. [19] have reported the nreasents of T using the two-line
and the Boltzmann plot methods andusing the Stark broadening of neon spectral lines
in a commercial HCD lamp. They have not mentiormedmaterial of the hollow cathode.

In this Section, measurement of the plasma paemsen a see-through type,
home-made uranium HCD lamps have been discusse@ djptical emission
spectroscopic technique has been used for thessunee@ents. Three plasma parameters,
To, Texc @nd R have been simultaneously measured for the firg¢ in a moderately-low
pressure hollow cathode discharge lamp [2].
4.1.1. Experimental details

We have constructed a HCD lamp as shown in FigEhg. hollow cathode open
at both ends is made up of uranium cylinder of 30 length and 8 mm inner diameter. It
is supported on two tungsten rods of 2 mm thicknegsch are fused with a uranium
glass pinch. A tungsten ring anode of 8 mm outaméiter is mounted with the centre of
the ring and the hollow cathode lying on one lithe, distance between them being 3 mm.

The cathode and anode are fixed in a glass envelope
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The HCD lamp was evacuated to a pressure 8fta@ and then filled with neon
as a buffer gas at a pressure of about 2 torr.dJsiregulated DC power supply between
the electrodes, a discharge was initiated in theCHBmp for cleaning the cathode
surface by sputtering. The lamp was run for an temd re-evacuated again. Neon gas
was filled again at a pressure of about 2 torr thiglprocess was repeated several times.
This procedure served the dual purpose of bakiagHiD lamp and making the cathode
surface ready for efficient sputtering. After salesuch evacuations and refillings the
HCD lamp was used for plasma characterization. dgtenum running conditions of the
discharge corresponded to 600 V, 100 mA and 2 torr.

The experimental set-up for recording the emissahated from the HCD lamp
plasma is shown in Fig. 4.2. The HCD lamp was mediin a XYZ translation stage for
alignment with the monochromator. The emitted liffbin the HCD lamp was focused
by a plano-convex lens onto the input slit of ahhigsolution monochromator (SOPRA
UHRS 1500) functioning in a double-pass configamatiThe input and output slit widths
of the monochromator were 12 micrometer each. Ttpub of the monochromator was
coupled to a cooled photo-multiplier tube (PMT) anphoton counting mode. The
monochromator was calibrated using a stabilized Ndedaser. A NIST-certified
deuterium tungsten halogen lamp with a well-knowntmuous spectral distribution was
used to obtain the relative spectral transfer foncbf the detection system. We have
carried out multiple acquisitions to cover the esius spectrum in the wavelength range
490-650 nm. A sufficient amount of overlap was Isetween successive acquisitions to
reconstruct the entire spectrum. In order to take account intensity fluctuations during

the different steps of acquisition, relative coti@ts were made on the parts of spectrum
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by matching the spectral lines of the overlappeelcBp. These parts of the spectrum
were merged and the relative normalization wasiegpb the entire spectrum. To obtain
sufficient counts, an integration time of 1 secomals used. A linear response of the
detection system was verified by inserting neutlesity filters between the HCD lamp
and the input slit of the monochromator.
4.1.2 Theory
4.1.2.1 Temperature of neutral species

The temperature Jof neutral species is obtained from the Doppleadening of
emission lines in cases where the Doppler broademnthe dominant broadening
mechanism. This is the case in gas discharge ptasrhare the electron number density
is low (~ 1G* cm®). The full width at half-maximum (FWHM) of a Dopmstbroadened

spectral line is [18]:

A, = 7.17x10‘7/10,/% , (4.1)

where g is the central wavelength of the spectral line,idvkhe atomic mass of the
element in atomic mass units angli§ in K. The Doppler widtl/AA;is in the same units

as Ao, Aside from the gas conditions, the line broadeningludes instrumental
broadening, which is almost always essential. W\ee hiacorporated this to infer the
Doppler width of a spectral line.
4.1.2.2 Atomic excitation temperature

As mentioned earlier, the two-line method and tléZBnann plot method are the
two spectroscopic methods for determining the atamcitation temperature of the HCD

lamp plasma. In the two-line method, the Boltzmeelation is applied to the ratio of the
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population of two excited levels, which is detergdnfrom integrated intensities of two
spectral lines belonging to the same atomic speheang a common lower state and a
large energy separation between the excited states.atomic excitation temperature

Texc (€V) in this method is obtained using the relafib®,19]

1 - &iﬁex BB (4.2)
|2 gz Az /11 Texc , .

where the subscripts 1 and 2 refer to the two splelibhes of the same atomic species,
respectively. Herej,IAj, Ai E and g (i = 1, 2) represent the intensity, wavelength,
transition probability, excitation energy, and wsttal weight of the corresponding
spectral line. The energies &e in the same units agd

In the Boltzmann plot method, the atomic excitatiemperature J. (eV) is
obtained from the graphical spectral analysis ohynamission lines belonging to the

same atomic species using the following equati@énl,23] :

In( it j:— ! Ek+|n(@j , (4.3)
9 A T AP

exc

where | is the integrated intensity of a spectral lineuwdag between an upper energy

level k and a lower energy level A, is the transition probabilityd, is the transition
wavelength,E, and g, are the energy in eV and degeneracy of the uppengg level k
respectively,n is the total number density of the neutral spetiaes the Planck constant,
c is the speed of light, is the characteristic length of the plasma &hds the partition
function. The plot of the left-hand side of Eq.3{versusE, for several transitions is
called the Boltzmann plot which yields a straighelwith slope of1/T__. Thus, the
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value of Tk in eV can be determined from the slope of the Bo#nn plot. As the
Boltzmann plot method utilizes several transitiores, it is more accurate than the two-
line method. Hence, we have employed only the Badizn plot method for deducing
Texc.
4.1.2.3 Electron number density

Using thespectral line intensities of a species in two cootee charge states Z
and Z+1 of a particular element, the plasma electmamber density is determined from

the Saha-Boltzmann equation expressed as [16,20,23]

n, =2 604x10%(T,)" xexpl(-E, 1 + Erz ~X)IT] e (4.4)

Z+1

IZ/1ki,Z

wherel , = andy, is the ionization energy. Here, the subscript Z13ed to

k,z2" X,z
denote the ionization stage of the species (Z ar ®Méutral atoms, Z=1 for singly ionized
atoms, etc.). All the energies angafe in eV.
4.1.2.4 Condition for Local Thermodynamic Equilibrium (LTE) Plasma
The validity of the LTE condition can be verifieding the McWhirter criterion

[23],

n, (cm™)= 16x102T (K V2 [AE(eV)]?, (4.5)
which provides the lowest limit of the electron ruen density for homogeneous plasma

to be in LTE. Heré\E is the largest energy gap of the transition lines
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4.1.3. Results and discussions
4.1.3.1 Emission spectrum

We have recorded the optical emission in the vemgth range 490-650 nm
radiated from the U-Ne HCD lamp operated in thengtegime of the discharge with a
direct current of 2 mA and Ne gas pressure of 2 itoithe lamp. A part of a typical
emission spectrum is shown in Figure 4.3. In otdesbtain sufficient reproducibility of
the results, we have recorded three sets of emisgiectra. The line intensities averaged
over the three recorded spectra are used in theemrework for the plasma
characterization. We have chosen seven well-redawne non-resonant U |, one U Il and
one Ne | spectral lines for the analysis. The wnaniines with their intensities and other
spectroscopic parameters are shown in Table 4l1hdlparameters except the transition
probabilities are taken from the NIST atomic daszb23]. As the transition probabilities

are not available in the NIST database, we haveuakst these from the oscillator
strengths f, given in Ref. [18], using the relatiog, f, =1.4992x10™* A% g, A, [25],
where A, is in nm and A,is in s'. The emission lines originating from transitions

terminating on the ground level, called resonaace,not considered here as they suffer
from self-absorption in the plasma. The ionizagmergy of U atoms is 6.194 eV [24].
4.1.3. 2 Temperature of neutral species

The sputtered uranium atoms from the cathode m WCD lamp are in
equilibrium with the neon gas atoms. This is irddrfrom the equilibration time which is
inverse of the collision frequency of uranium atomish neon atoms. This collision
frequency is obtained from the hard-sphere intevacthat provides an approximate

description of atom-atom collisions. It is expresses Nw where N is the number
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density of neon atoms, v is the average thermabcitgl of neon atoms relative to
uranium atoms and is the cross-section for hard-sphere interacfidm typical value of

o is ~ 10" cn?, considering atomic radius of the atoms. For ratom pressure of 2 torr,
N= 6.4x13°cm. Considering the neutral gas temperature equE8i® K as determined
below, the value of v is ~ 8.3x4@m/s. Thus, the collision frequency for collisions
between uranium and neon atoms is ~ 5.8st@vhich yields the equilibration time of
about 200 ns. Hence, with such fast equilibratioanium is in equilibrium with neon in
the HCD lamp.

Since A4, is significant for light atoms as evident from K41.1), we have chosen
the neon line atl,= 640.22 nm, which was well separated in the emmsspectrum, to
determine the temperature of the neutral species.observed spectral profile of that line
is shown in Figure 4.4. The atomic mass M of nenr20.1797. The FWHM of this
Gaussian profile is 0.0042 nm. The Doppler andrimséntal contribution give a
Gaussian shape line profile with full width at hedéximum given by [20]

Mg = (AL +DAA%)Y? (4.6)
Here, AA;, AA,and AA, are Gaussian, Doppler and instrumental FWHM, respy.
The instrumental line width is 0.002 nm. The dated to Gaussian profile give the
Gaussian width of 0.0042 nm. Thus, the Doppler hichlculated using Eq. (4.6) gives
the value of 0.0037 nm. The temperature of neutealn species employing Eq. (4.1) is
thus .obtained as 1310 K at 100 mA current in oGDHamp. From the error analysis of
Eq. (4.1), the relative error in the measurement,at related to the relative error in the

measurement oA, as
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As the relative error i\, is about 3%, twice larger error results in the sueament of

To. Thus the value of dlis (1310+80) K in our uranium HCD lamp at 100 mAreumt.
Henrion et al. [18] have mentioned the neutral Esetemperature as 1170 K at 90 mA
current in a uranium hollow cathode lamp.
4.1.3.3Atomic excitation temperature

The atomic excitation temperature has been detednising the Boltzmann plot
method. All the seven lines of U | shown in Tablé #ave been used to generate the
Boltzmann plot, which is shown in Fig. 4.5. The igiion temperature using the
Boltzmann plot was obtained from the slope of theve as (0.284+0.014) eV or
(3290+160) K. The relative error of ~ 5% in the m@@ment of I;.is obtained from the
linear regression analysis of the plot and is theertainty of the slope of the linear fit in
Figure 4.5.
4.1.3.4 Electron number density

All the seven uranium atomic U | lines, which wesed earlier for generating the
Boltzmann plot and the uranium ionic line U Il 615.17 nm are used to determine the
electron number density using the Saha-Boltzmanmatemn given in Eq. (4.4). The
electron number densities using different U | limath the uranium ionic line at 605.17
nm are given in Table 4.2. The electron number ithems is determined as an average
value of all values given in Table 4.2 to be (3.8x10" cm*, where the uncertainty is
a sum in quadrature of the statistical uncertaiotythe mean and the systematic
uncertainty (10%) stemming from the uncertainty tbé intensity of the U Il line
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common to all determinations in Table 2. In thesdcudations, we have taken the
electron temperature equal to the excitation teatpez. As the value ofclis expected to
be somewhat higher than,J the value of gthus obtained is somewhat underestimated.
4.1.3.5 LTE condition

The energy gap equal to 20126 tior the transition 23926- 3800 ¢his the
largest, which corresponds M equal to 2.5 eV. Considering the electron tentpesa
equal to the excitation temperature, Eq. (4.5)dgehat for HCD lamp plasma to be in
LTE, the electron number density should be greater than 1.4%16m™. Although the
value of r in our HCD lamp is underestimated to be about 3%&6i*, the actual value
of ne which is somewhat higher than the underestimatesl ie still a few orders of
magnitude lower than that required for the plasobet in LTE. Hence, the plasma in the
HCD lamp is not in LTE. However, if we consider thedl the upper levels of U I
transitions included in Table 4.1 are in partiale, Wwe obtain from Eq. (4.5) by setting
the energy difference (0.55 eV) in the equationetjual the difference between the
highest and lowest energies of the excited staiasidered thatgimust be greater than
10" cmi®. The linearity of the Boltzmann plot in Fig. 4ridicates that indeed the partial
LTE is in effect, so amust be greater than £@&ni®in our HCD lamp.
4.1.4 Conclusions

The plasma parameters in a see-through type, hodem@nium HCD lamp
have been investigated. The temperature of Nesfgexies has been measured from the
Doppler broadening of the atomic spectral line adfom The atomic excitation
temperature has been measured using the Boltzmemnmethod utilizing uranium

atomic lines. Since the generated Boltzmann platstraight line, the existence of partial
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LTE involving high lying atomic levels is inferredThe electron number density has
been determined from the Saha-Boltzmann equatisanaisg the electron temperature
being same as the atomic excitation temperaturetfi® equation, uranium atomic and
ionic lines have been utilized. Thus, three plagma@ameters have been measured
simultaneously for the first time in a HCD lamp lwiteon as a buffer gas.
4.2 Study of even-parity autoionization resonanced atomic uranium by three-color
optogalvanic spectroscopy

The HCD lamp described and characterized aboveead tor laser spectroscopy
applications. The advantage of doing spectroscap@D lamp lies in its simplicity.
The lamp itself works as a source of atomic beamvedsas photoion detector and makes
the experimental setup quite simple. In this Segttbe investigation on the even-parity
autoionization resonances of atomic uranium in ehergy region 52850-53350 ¢m
using three-color optogalvanic spectroscopy teakmion U-Ne HCD lamp with three
pulsed dye lasers have been described. To theobesir knowledge, this is the first
report of observation of even-parity autoionizatgiates in atomic uranium lying more
than 2000 crii above the ionization limit,
4.2.1 Introduction

The knowledge of autoionization (Al) states, wharke the quasi-bound states of
atom lying above the ionization limit, is impartato get insight in the basic atomic
physics and also to identify efficient photoioninat pathways for ultra-trace elemental
analysis and isotope-selective photoionization tdmes using resonance ionization
spectroscopy (RIS). Multistep RIS, in generalamsexcellent tool to study the complex

atomic structure especially high-lying autoioniratistates of atoms, which are not
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accessible with the conventional spectroscopic riecles. With the presence of six
optically active electrons in the outer shell thec&onic structure of uranium is quite
complicated. Over last three decades, the urantmm,a has been a subject of intense
multistep excitation and photoionization spectr@scanvestigations which resulted in
identification of large number of even and odd-yaautoionization states in atomic
uranium. By employing time-resolved stepwise exwmtg Solarz et al. [26] have
investigated high-lying atomic states of uraniunthii 1000 crit of its first ionization
limit I, (ie ds” %1%, at 49958.4+0.5 cil) and reported the first observation of Rydberg
progression whose convergence has yielded the wdlliewhich is in fair agreement
with the value reported by other photoionizatiomdgts. Using similar technique, Coste
et al. [27] have extended this work much beyond fing ionization limit. Their
observations of Rydberg progressions neandl in between, land } have led to accurate
determination of second ionization limiz (ie fds ®L%;, at 50247.3+0.5 cif) of
uranium. Manohar et al. [28] have studied eventpautoionization states of uranium
using two-step three-photon excitation scheme édhergy region 51224-51555 ¢m
and reported the observation of large number afomaautoionization levels. Employing
two-color, two-step excitation schemes, Mago ef24l] have reported the observation of
odd-parity autoionization states of uranium in #wergy region 49960-50170 €m
Using three-step resonance ionization mass specpyggRIMS), Miyabe et al. [30] have
observed over 200 even-parity autoionization statfesranium in the energy region
49930-51200 ciand assigned their total angular momentum (J) sahyepolarization
method. Bushaw et al. [31,32] and Schumann ef38]. investigated the even-parity

autoionization states in atomic uranium near iamrathreshold using three-color three-
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step excitation schemes. Recently, we have meaglretbionization cross-section of
atomic uranium for the transition between the sdeexcited state at 33801.06 ¢rand
the autoionization state at 50701.59 tiy simultaneously observing laser-induced
fluorescence and photoionization signals [14]. pites of the voluminous work the
detailed information on the autoionization statésucanium lying muchabove the
ionization limit is scanty.

Most of this information on autoionization statdsucanium mentioned above is
acquired by employing the multistep RIMS in a coaxphtomic beam setup consisting of
vacuum chamber, high temperature oven, detectorrefuired for refractory elements
like uranium. Broglia et al. [34,35] have investggh the high-lying states of uranium
using multistep optogalvanic spectroscopy in a mumpler system, namely,
commercial hollow cathode discharge lamp (HCDL)evehHCDL is used as a source of
atomic vapours and resulting photoionization preduby multistep RIS is detected as a
variation in the discharge current. They have shtvat results obtained by this simple
techniqgue are comparable to those obtained by ctiovel and complex detection
methods that use atomic beams. Using two-color;dt@p optogalvanic spectroscopy,
Kujirai et al. [36-38] have studied extensively thatoionization states of rare earth
elements such as Lu, Pr, Sm, etc. Vas Dev ef] &dld9e reported the investigations on
the high-lying odd- parity atomic states and evaritp autoionization states of uranium
in the energy regions 34500-34813tand 51400-51703 chrespectively using two-
color, three-photon photoionization optogalvanitd8) spectroscopy in a U-Ne HCDL.
By employing similar two-color, three-photon phatoization technique, Asawari et al.

[39] have reported the observation of even patittpi@nization levels of uranium in the
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energy region 51425-51760¢mand defined the J-values of about twenty autpéaion
levels.

In this Section, the results of investigation oa @ven-parity Al states of uranium
in the energy region 52850-53350 tnexplored by using three-color optogalvanic
spectroscopy technique in U-Ne HCDL with three pdlglye lasers have been described
[3]. To the best of our knowledge this is the firgport of observation of even-parity
autoionization states of uranium lying above mdnant 2000 cil relative to the
ionization limit of atomic uranium. This region haégen studied using four different
excitation pathways starting from the lowest mefllet state of uranium at 620 tm
1°Ks%). The investigations have resulted in the ideration of 102 new even parity
autoionization states and the probable assignmietdtal angular momentum values.
Twenty five out of these 102 autoionization stdtage been observed through more than
one excitation pathway, reducing considerably amdiguity in their J-values.

4.2.2 Experimental details

The experimental setup used for three-color opt@yat spectroscopy is shown
in Fig. 4.6. It consists of three Nd-YAG pumped dgsers (as already described in
previous chapters), a see- through-type homemable BBICDL (cathode length 30 mm,
inner diameter 8 mm as described in the previougi@g, a digital oscilloscope for
signal monitoring and a boxcar averager for furtegnal processing. HCDL was
operated at ~50 mA current. The spatial overlaghoée dye laser beams (~ 5mm
diameter) was achieved by proper steering optibg. Jpatially overlapped laser beams
were made to pass through the centre of the HCQL aptogalvanic signal had been

detected across a 2.2k ballast resistance. In order to maintain seqaksticitation in
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different excitation steps, temporal delay betwseccessive lasers was kept more than
laser pulse duration. The typical optogalvanic aigmaveform when one laser was tuned
to first-step resonant transition is shown in Fg/ a. The enhancement in the single-
color optogalvanic signal is quite evident in Hg7 b, when the second laser was tuned
to known second-step resonant transition. The énrémhancement in two-color signal is
seen, when the third laser is tuned in resonan@tmionization transition as shown in
Fig. 4.7 c. The signal amplitudes mentioned heeejast illustrative and enhancement
depends on laser powers and the particular schboseg. The first and second- step dye
laser powers were needed to be attenuated sigmtiffca order to obtain high signal to
background ratio. The typical signal shown herdois the autoionization resonance
53125.69 cnf using scheme A as mentioned at Sr No 48 in TAl8e Typical laser
pulse energies used for first, second and thind sensitions were about 50, 250 and 500
pHJ respectively. The optimized three-color optegaic signal was further processed
using a boxcar averager and resulting spectra alotngFabry-Perot etalon fringes (FSR
0.5 cm') were recorded by scanning the third laser wavelefig) in the energy region
of interest. During recording the three-color optlwgnic spectra, the third laser energy
was varied from 100 pJ to 1 mJ depending upon tletdning curve. The scanning
speed was 0.002 nm/sec. The energy values of auatmn peaks were calibrated by
interpolation using known single-color optogalvapieaks of uranium and the Fabry-
Perot etalon fringes.
4.2.3 Results and discussions

Three-color optogalvanic spectrum has been recouany the following four

different excitation schemes as also shown in £&£ig.
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Scheme A

2=566.98 nm 2,=585.85 nm Asscanned

620 cm'(J=5) —» 18253.54(J=6)—— 35319.21 (J=6,7} 4,

Scheme B

A1=562.81nr 2,=584.1 nn Azscanned

620 cmi'(J=5) ———>  18382.94(J=4)———> 35498.38 (J=34,.—»

Scheme C

M=562.81nn %,=583.9 nn Asscanned

620 cnit(J=5) ——> 18382.94(J=4——» 35504.71 (J=5———+ Al

Scheme D

Az scanned
A,=562.81nn A,=584.3 nn 3

620 cm'(J=5) ——>  18382.94(J=4——>>  35492.38 (J=3,45—> Al

After fixing the wavelengths of the first and seddasers for the first and the second-
step resonant transitions of a particular exatascheme, the third laser was scanned
from 560-570 nm corresponding to the energy redia850-53350 ci using all the

excitation schemes put together. Three-color, tpreson autoionization spectrum
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recorded by this technique consists of resonamflesicolor ¢.3), two-color §,+13), and
three-color §1+A,tA3) optogalvanic features. To extract the three-c@otoionization
features from this composite spectrum, the experimes repeated with second laser
(A2) blocked. The resultant optogalvanic spectrum ist&1®f single-color (due tb;) and
two-color (due tah;+Az) optogalvanic features, which were filtered ownfr the three-
color spectra to give the genuine autoionizati@onances of uranium. Fig.4.9 b shows a
portion of typical three-color, three photon automation spectra of uranium using
scheme D in the energy region 53295-53327" cRabry-Perot etalon fringes and two-
color optogalvanic spectrum with second laggy iflocked are shown in Fig. 4.9 a and ¢
respectively. The traces of Fig. 4.9 b and ¢ haenlrecorded at different sensitivities.
The autoionization peaks are marked with the ait€t).

On comparison of three-color spectrum with the twter spectrum, we have
identified 102 autoionization resonances in thergneange 52850-53350 chmafter
removing the overlapping autoionization resonarfoes different excitation schemes.
Since there is no data on autoionization resonantaganium in this energy region
reported in the literature, all these resonancesnamw. A list of these resonances with
their energy values, probable J-values and theeotisp excitation schemes used are
given in Table 4.3. The relative intensity of th&a@onization peak is shown as strong
(S), Medium (M) and weak (W) for qualitative comigan, however signal strength is
not normalized against the scanned third-step dyerlpower. In these experiments, the
intensities of the first and the second-step dgerlawere adjusted to obtain two-color
optogalvanic signal of same magnitude for all tikeitation schemes. Autoionization

states with varying widths were observed in theiauization spectra and accordingly
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they were marked in two categories as narrow (N) aroad (B) in Table 4.3. The
autoionization peaks, which are marked with adtefi} are also marked with S, W, N
and B in Fig. 4b for the illustration purpose.

All the autoionization peaks having signal-to-backmd ratio less than five have
been ignored. By repeating the experiments seuaras under different discharge
conditions, the accuracy in the measurements bibtaer +0.5 crit was obtained, but it

can be slightly worse for a few broad and/or wea&d, where defining the exact peak is
relatively difficult. The broadest signal width airied was more than 5 €émThe values

of new autoionization resonances in Table 4.3 dtaioed by adding the third laser
energy values to the second step transition erevgich are mentioned in the literature
upto second decimal point of wavenumber [30].

Twenty-five out of these 102 autoionization statese populated through more
than one excitation routes, so ambiguity in thewralue assignment was also reduced,
using electric dipole selection rulad=0,+1. The number of autoionization states, which
were observed using more than one excitation scheimaen through the intermediate
level 35319.21ci (scheme A), fourteen through the intermediate |88498.38 cni
(scheme B), thirteen through the intermediate 1e88504.71 cil (scheme C) and
thirteen through the intermediate level 35492.38" ¢astheme D). The autoionization
states which were obtained through scheme A hasapte J values from 5 to 8 as the
intermediate level at 35319.21 ¢nhas J-values 6 and 7. The J- value ambiguity for
those resonances is reduced from 5 to 8 to 5 amdhiGh are also observed through any
of other different routes (scheme B,C or D). Tmebable J-values for autoionization

states identified through scheme B are 2 to 6 epgsed J-values of intermediate level
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are 3-5. The J value ambiguity for the autoion@astates, which were observed through
excitation scheme B as well as A or C, is redugednf2 to 6 to 5 and 6 and 4-6
respectively. The probable J- values for autoidiopastates identified through the
scheme C are 4-6 as the J value of intermediag ie\b. The J value ambiguity for the
autoionization states, which are obtained througfesie C and A is reduced from 4 to 6
to 5 and 6. The probable J- values for autoiororasitates identified through scheme D
have been 2-6 as the proposed J values of inteateetkkvel are 3-5. The J-value
ambiguity for the autoionization states also olgdithrough scheme A or C is reduced
from 2 to 6 to 5 and 6 and 4-6 respectively.
4.3 Conclusions

Thethree-colorlaser optogalvanic spectroscopy has been estattlsha simple
and sensitive technique for studying autoionizastetes of uranium. The even parity
autoionization states of uranium have been stubiedising three-color optogalvanic
spectroscopy technique in the energy region 52885 cni. Four different excitation
schemes have been used to identify 102 new auta@toin resonances of uranium. The
probable J-values of these newly identified stai@ge also been assigned. Twenty five
out of these 102 autoionization resonances have pepulated through more than one
excitation schemes, so ambiguity in their J-valssignment has been reduced. Thus, the
three-color optogalvanic spectroscopy technique ¢mn employed for studying

autoionization resonances of any other elemenitefest.
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Fig. 4.1. Schematic of the uranium hollow cathodeidcharge lamp
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Fig. 4.2: Experimental setup for recording the emision from the HCD lamp
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Fig. 4.3A part of a typical spectrum from the U-Ne HCD lamp
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Fig. 4.4: A typical recorded profile of the Ne | spectral lire at 640.22 nm
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Fig.4. 5: Boltzmann plot made using seven U | tramsons. The solid line is a linear

fit. The slope gives the temperature equal to (0.2&0.014) eV
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DL- Dye laser, BD-Beam dump, HCDT-Hollow cathode dicharge tube, FL-Focusing lens,

Fig 4.6: Experimental setup used for three-color mtogalvanic spectroscopy
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Fig 4.7 a: Typical temporal wave form of resonantiagle-color optogalvanic signal.
b. Two-color optogalvanic signal.

c.Three-color optogalvanic signal
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Fig. 4.8: Schematic of the different excitation sames used

for observation of autoionization states of uraniumatoms
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Fig. 4.9: A portion of typical three-color, three-ghoton autoionization spectra using scheme D
in the energy region 53295-53327 ¢

a. Fabry-perot etalon fringes

b. Autoionization spectra with autoionization reenances marked with asterisk ( *)

c. Two color spectra recorded by blocking secondser (\)
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Table 4.1 Spectroscopic data for uranium atomic (W) and ionic (U II) lines used in

the analysis (see text for references).

Wavelength Lower Lower Upper Upper oifik Agi Upper Signal
of lines level level level level € level Intensity
S
(nm)/ lonic energy degeneracy energy energy
degeneracy (au)
state ) ) (eV)
(cm™) (9 (cm™) (9

496.73 (Ul) 3800 15 23926 17 0.16 2.54%102.97 1110
530.85(U 1) 3800 15 22633 15 0.093.47x16 2.81 830
562.15(U 1) 3800 15 21584 13 0.092.49x16 2.68 1404
597.63(U 1) 3800 15 20529 17 0.22 2.41%102.55 3636
599.94(U 1) 3800 15 20464 15 0.088.09x16 2.54 1590
621.53(U 1) 3800 15 19885 15 0.14 1.61%102.47 4090
637.24(U 1) 3800 15 19489 17 0.30 2.90%102.42 6524
605.17(U 1) 914 10 17434 12 0.0131.97x16 2.16 836
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Table 4.2 Electron number density measurement usgnseveral uranium atomic

(U 1) lines and uranium ionic line (U Il) at 605.17nm.

Wavelength of U | line Electron number density
(nm) (e
496.73 2.97x19
530.85 2.64x19
562.15 3.40x18
597.63 2.98x18
599.94 2.97x18
621.53 3.50x18
637.24 2.83x1Y8
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Table 4.3 New autoionization resonances using thramlor, three-photon

photoionization spectroscopy in a hollow cathode dcharge tube.

Sr No Energy Levels  Observed by Probable J Signal strength/
(cm™) Scheme Values Signal width
1 52870.75 A 5-8 M
2 52888.75 A 5-8 S
3 52894.25 A 5-8 M
4 52915.25 A 5-8 W
5 52924.00 A 5-8 M/N
6 52937.25 A 5-8 M/B
7 52946.75 A 5-8 M
8 52958.25 A 5-8 W
9 52958.75 A 5-8 W
10 52960.25 A 5-8 W
11 52961.75 A 5-8 M
12 52982.75 A 5-8 M/B
13 52988.75 A 5-8 M
14 53009.19 A 5-8 W
15 53011.19 A 5-8 M
16 53012.69 A 5-8 M
17 53015.69 A 5-8 W
18 53019.19 A 5-8 W
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19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

53021.19

53033.19

53037.59

53041.82

53044.44

53047.15

53048.19

53049.65

53054.15

53055.65

53059.19

53060.69

53064.44

53070.17

53074.15

53079.69

53082.69

53084.32

53088.69

53095.67

53098.19

53100.94

AC

AD

AC

B,D

A,B

A,B
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5-8
5-8
5,6
2-6
2-6
2-6

2-6

5-8
5,6
2-6
5-8
2-6
5,6

5,6

S/N

M/B

SIN

SIN

M/B

wW/B
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42

43

44

45

46

a7

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

53107.07

53108.32

53112.19

53114.19

53115.32

53117.19

53123.82

53125.69

53129.82

53133.15

53134.69

53138.15

53139.82

53140.65

53142.92

53143.32

53144.15

53146.15

53148.65

53153.90

53155.19

53160.19

C.D

C.D

AC

B,C

O O O 0O

w

AC
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2-6
4-6

5-8

4-6
4-6
5,6

4-6

2-6
2-6

2-6

4-6
4-6
2-6
5-8

5,6

SIN

M/B

S/IN

S/IN

M/B
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63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

53161.82

53164.69

53167.15

53170.69

53173.07

53177.69

53180.32

53187.57

53190.57

53198.82

53201.42

53207.57

53208.90

53214.15

53224.32

53238.65

53245.07

53251.07

53257.07

53259.07

53267.32

53268.15

B,D

AD

AC

B,D

C.D

B,C
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2-6
5,6

4-6

2-6
5,6
2-6
2-6
4-6
2-6
2-6

2-6

4-6
2-6
2-6
2-6
2-6
2-6
2-6

2-6

SIN

w/B

S/B

S/IN

S/IN

S/B

S/IN

S/B

M/B

S/B



85 53268.9 D 2-6 M

86 53272.15 C 4-6 S/B
87 53276.32 D 2-6 S
88 53282.90 C 4-6 M/B
89 53288.57 D 2-6 S
90 53294.65 C 4-6 S/B
91 53303.90 C 4-6 S/B
92 53307.57 B,D 2-6 w
93 53309.57 D 2-6 S
94 53311.57 D 2-6 S/IN
95 53313.65 C 4-6 M/B
96 53317.32 B 2-6 S
97 53321.57 B,D 2-6 S/B
98 53328.65 C 4-6 M/B
99 53335.15 B,C 4-6 w
100 53339.07 B,C 4-6 M/B
101 53340.65 C 4-6 w
102 53347.65 C 4-6 S/B

S- Strong, M- Medium, W- Weak, N- Narrow, B- By S/N- Strong and Narrow etc.
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Chapter 5

Laser-induced breakdown spectroscopy

5.1. Introduction

The laser-induced fluorescence, photoionization aptbgalvanic spectroscopy
techniques are very sensitive elemental analysisniques. When online, remote and
multi-elemental analysis is the concern, laser-cedubreakdown spectroscopy found to
be superior to any other technique. Laser-indum@@dkdown spectroscopy (LIBS) is
also called as laser-induced plasma spectroscoAS{l-laser spark spectroscopy (LSS)
and laser optical emission spectroscopy (LOES)et-asluced breakdown spectroscopy
(LIBS) has been evolving since last five decadégsliflhas become very popular in the
last decade owing to its numerous advantages, asicapidity, multi-elemental analysis,
minimal sample preparation, minimal sample desibactlow cost, versatility of being
applied to a wide range of materials without ang-processing and flexibility of the
experimental set-up. It has a strong potentialifositu and real time analysis. LIBS
plasma is generated when a high-power pulsed lastrcussed on a solid, liquid or
gaseous sample with irradiance > 1%Wcmi? and the light emitted from the plasma is

used to determine the elemental composition os#maple.

The LIBS experimental setup usually employs a pllsser (typically tens to
hundreds of mJ per pulse) and a focusing lenspgonze a small amount of a sample and
generate plasma over the sample surface. The plagmés collected and a spectrometer
disperses the light emitted by excited atomic ardci species present in the plasma. A

detector records the emission signals followed igitidation and displaying the results.
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The spectral data analysis provides the chemiadiep composition and relative species
of the sample abundance. Thus setting up LIBS apparto perform a LIBS
measurement is simple. One focuses a laser pulaesample, which can be a gas, liquid,
aerosol or solid, to form plasma and the spectritemnare used to determine the
sample’s elemental constituents. LIBS can be usedny sample like, metals, rocks,
glasses, sand, teeth, bones, weapons, powderstdbagzamaterials, liquids, plants,
biological materials, polymers, etc. Moreover, LIB&n be performed at various
scenarios like atmospheric pressure, in a vacutitineadepths of the ocean, or at extra-
terrestrial sites. LIBS can respond in less thaeeeond, using a single laser shot,
remotely, to indicate if a spilled white powderngiocuous or hazardous. Samples need
not be fluoresce, or infrared (IR) active for pemiing LIBS, which is a unique
characteristic of this method. Because a pulseer lngam initiates the LIBS plasma,
there is no physical contact with the sample; latwy and open-path standoff
applications are readily employed. The LIBS phenoomerepresents a well organized
engine to convert the chemical information of thegét material to light information that
can be captured efficiently and analyzed thorougbly modern spectroscopic
instrumentation and data analysis software. TheSLI&ectrum reveals immediate
gualitative information about sample constituentila@titative information of elemental
composition of a sample can be obtained eithemtiiracalibration based LIBS analysis
or calibration free analysis of LIBS experiments. the recent past, it has been
extensively used for multi-element analysis of nsetnd alloys [2,3], art works [4],
cultural heritage targets [5], environmental samdls, and geological [7], biomedical

[8] and nuclear materials [9].
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In this Chapter, theguantitative elemental analysis of a steel sampising
calibration-free laser-induced breakdown spectngcCF-LIBS) has been discussed
[2]. The time-resolved spectra from atomic anddamission lines of the steel elements
are recorded by an Echelle grating spectrograppleduvith a gated intensified charge-
coupled device camera (ICCD), which are used ferglasma characterization and the
guantitative analysis of the sample. The time d&ak respect to the laser pulse where
the plasma is in local thermodynamic equilibriumwaedl as optically thin, necessary for
the elemental analysis, is deduced.

Quantitative analysis of unknown samples is cohwanlly performed using
calibration-based LIBS (CB-LIBS) method in whichetltomposition of an unknown
sample is determined by comparing the analytedigeals with spectral intensities from
the calibration curves [10-16] of emission line em$ity ratios versus elemental
concentrations using many matrix-matched referesaceples with known compositions.
This method requires reference samples with a mhtaving composition similar to the
unknown sample. Ciucci et al. [17] have developadalternative method, calibration-
free LIBS (CF-LIBS) method, for quantitative elensnanalysis of a given sample. In
this method, the elemental composition of a samgleetermined from the LIBS
spectrum using computational methods in analyzhng hasic physics of the plasma
process through the estimation of the plasma teatyner and electron number density,
assuming that the plasma composition representslgxhe composition of the sample,
i.e. stoichiometric ablation and the plasma isagity thin and is in local thermodynamic
equilibrium (LTE). They [17] have carried out thaantitative analysis of seven elements

in a Al sample. The relative uncertainties in elatabconcentration for Al (97.25 wt%)
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and Zn (0.1%) was 0.36% and 26% respectively. tiAdl elements in the alloy were

detected and quantitatively determined in a wideadyic range from 250 ppm to 96%.

Since its inception, the CF-LIBS method has beeguliegh by several research groups
across the world to the analysis of metallic allogtsch as Al-based [17-20], Fe-based
[18,20,21], Cu-based [20,22-26] and Au-based [2@,Z5alloys as well as non-metallic

samples, such as soils, rocks and glasses [20;38]28iluman hair [31], coral skeletons
[32] and environment samples [33]. Several CF-LIiB&hniques have been developed
and reported in the literature in the past.

Tognoni et al. [34] have focused on the applicatiohCF-LIBS method in their
review article. They have nicely summarized qualitaresults reported in the literature,
which are obtained in the analysis of various niaterand in the wide range of
experimental conditions. They have emphasized @ départure from the nominal
compositional values by defining a parameter “aiséd and calculated the distance for

most of the cited articles in their review articlEhe distance is being defined[a4],
N
distanc=abs|Mi-Cil,
i=1

where the index i runs over all the N elements gmes a sample. Mand G represent
the measured and certified elemental concentratiesgectively. They have used the
distance as a monitor of global quality of the AB% results. The global performance of
this analytical method in sketched in a table. &available literature suggests that the CF-
LIBS method is more accurate in analyzing metallioys rather than rocks or dielectric.
The calculated distances vary from 0.9 in metalyaamples to 73 for rock and soil

samples.
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Hann and Omenetto [35] have discussed the topécdidation efficiency, LTE,
measurements of temperature and electron numbesitgleim their review article.
Considerations on the use of Stark broadening aserdinduced fluorescence and
absorption are also discussed along with detectdibration and plasma-particle
interaction.

The advantage of the CF-LIBS method developed lgciet al. [17], which is
used in the above mentioned works, is that it camplied to any samples without the
matrix problem. But, this method requires detectibdeast one line of each element in
the plasma with known atomic data. Gomba et al] [¥ve developed a CF-LIBS
procedure different from that of Ciucci et al. [X@]quantify the contents of the elements
through the estimation of plasma temperature, ®echumber density and relative
number densities of the neutral and singly ionimadc species in the LIBS plasma by
making use of the experimental spectral line intesssin the time window where the
plasma is optically thin and is in LTE. CF-LIBS ynlae a very important tool for many
analytical problems, especially in rapid screenofgunknown samples. It can only
provide a qualitative estimation of the trace conmgrus. This is an intrinsic limit of CF-
LIBS because even a small uncertainty in major comept is translated into a huge
relative error affecting the minor component. Hoas\this limit can be bypassed if the
internal standard is available.

Owing to the economic and technical importantesteel in a wide field of
industrial applications, home appliances and médszdnology, the steel manufacturers
are bound to provide customers the chemical cortiposof steel. Because of the

growing demand for real-time, in-situ analyticakults in steel industry, LIBS has
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received increasing attention of several researcipg for compositional analysis of
steel [10-12,18,20,21,37-42]. Sattmann et al. [h@Je investigated LIBS of steel
samples using multiple Q switch Nd:YAG laser pulsesl carried out the quantitative
analysis using the CF-LIBS. Aragon et al. [11] hauadied the experimental conditions
and procedure for quantitative analysis of steargon at atmospheric pressure using an
infrared Nd:YAG laser (1060 nm) and obtained $ati®ry analytical results using CB-
LIBS with the limit of detection (LOD) in the raagf 6-80 ppm. They have carried out
elemental analysis of C, Si, Cr and Ni. For Ni, ttwcentration range of 0.0025% to
2.3% was studied. The relative uncertainty of tH&LIBS determined values of this
element was in the range of 1.2 to 24%. Similaultesvere obtained for other elements
present in the sample. Bassiotis et al. [12] haaeied out CB-LIBS analysis in steel
samples in air at atmospheric pressure. They haviermed measurements with a Q-
switched Nd:YAG laser (1064 nm wavelength) andropted experimental parameters to
improve the linearity of the calibration curves foiBS analysis. They have obtained
LOD for Mn as 113 ppm. Togoni et al. [18] have stddthe effect of experimental
aberrations and accuracy of spectral data usind.IBB; assuming that the analytical
plasma is ideal. They have studied iron-based andiaum-based metallic alloys. For a
binary iron alloy (Fe-75%, Mn-25%) sample, the tigauncertainty was 1.9% and 5.6%
respectively. The distance calculated by Tognoralef34] for this iron and aluminum
alloy based samples was 2.8 and 1.8 respectiveigir Tsimulation showed that an
acceptable uncertainty of 1% in major componentesponds to very large uncertainty
values in minor component affecting the resultshi$ component. Herrera et al. [20]

have analyzed Al, Zn, Cu-Ni, Ti, Ni, Cu-Zn alloysdasoils using CF-LIBS. Their results
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showed that the best accuracy (5% relative unceyjaiis achieved for the matrix
elements, while for the remaining components in sheple (major, miner or trace
composition), results were considered semi qudivitavith < 200% relative uncertainty.
Bullajic et al. [21] have developed a model foramatic correction of self-absoption
effect in the CF algorithm. The self-absorption reoted CF-LIBS improved the
precision and accuracy. Quantitative results ielstamples showed distance 2.5-5.3 as
mentioned by Tognoni et al. [34]. Davies et al.][B&ve carried out quantitative analysis
of steel samples in air at atmospheric pressurgguSB-LIBS method with a Q-switched
Nd:YAG laser (1064 nm wavelength) at an irradiaotabout 18 Wem? and detected
the traces of Cr, Cu, Mn, Mo, Ni, Si and V downrétative concentrations of about 200
ppm. This remote analytical technique has been amphted succefully for
measurements in the hostile environment of nucleaetor building. Aguilera et al. [38]
have measured line intensities of neutral atom i@ndemission from LIBS plasma
produced with a Q-switched Nd:YAG laser (1064 nnvelangth) at irradiances in the
range 7.1x19— 7.1x18* Wem? when the laser beam was focussed on steel sainples
air at atmospheric pressure and in the range 3x1810 Wcm? when the laser beam
was defocussed on the steel samples with the t&ad plane behind the samples. They
have used the Saha-Boltzman plot to estimate pldemaerature as well as electron
number density from the corresponding intercepti@s| hence provided a variant in the
original CF-LIBS quantitative analysis. Palanco drakerna [39] have developed an
instrument for quantitative analysis of steel sasplising LIBS and evaluated capability
for a fast quality assessment in steel factoridseyThave used a Q-switched Nd:YAG

laser (1064 nm wavelength) at an irradiance of B07%Vcm? on steel samples and
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carried out elemental analysis of Fe, Cr, Ni, Cw, Mi and Mn with relative uncertainty

of 0.15, 1.0, 1.6, 2.5, 5.3, 7.5 and 6.3 % respelsti Ismail et al. [40] have performed a
detailed study of the plasma parameters in LIBSegrgents on aluminium and steel
alloys using a Q-switched Nd:YAG laser (1064 nm alaugth). Lopez-Moreno et al.

[41] have studied the quantification of elementahpositions of steel samples using CB-
LIBS with a higher-power microchip Nd:YAG laser @Dnm wavelength) for enhancing
the applicability of the LIBS technique to processnitoring in the steelmaking industry.

They have considered non-gated operation of theakidetector and obtained LOD

below 100 ppm in most cases.

Vrenegor et al. [42] have analyzed high-alloy steaimples containing nine
elements using the CB-LIBS method with a Q-switchdd:YAG laser (1064 nm
wavelength) irradiating the samples. They havepamed the results under the influence
of two different laser burst modes and two différéuarst energies using CB-LIBS.
They have achieved mean residdaViations values lower than 1 wt% for most @& th
analytes. For the Ni mean residual deviation wds3 Gvt% which gave a relative
uncertainty of 1.2% relative to mean Ni concemratvalue of 11.1 wt%. They could
improve LIBS analysis on high alloy steel samplgsabfactor of two for matrix and
minor elements using interelement correlation.

We have employed a Q-switched Nd:YAG laser (582wavelength) on a steel
sample placed in air at atmospheric pressure. We égtended the procedure developed
by Gomba et al. [36] for quantitative analysis wfotelement Li-Al alloy to multi-
element steel (Fe, Cr, Ni, Mg and Si) sample. Rerguantification of elemental contents

in the steel sample, we have developed an algoritelating the experimentally
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measured spectral intensity values at a time deleyre the LIBS plasma is optically thin
and in LTE with the basic physics parameters ofplasma. Using the algorithm we have
determined the concentrations of Fe, Cr, Ni, Mg 8noh the steel sample. The analytical
results obtained from the CF-LIBS method agree wh the certified values of the
elements in the sample with a relative uncertain®y%o .
5.2. Experimental setup

A schematic diagram of the experimental set-up GieedIBS study is shown in
Fig. 5.1. An Echelle grating spectrometer coupléith a gateable ICCD camera (Andor
Mechelle ME 5000) was used to record the emisgi@ctsum. The spectrometer covers a
wide wavelength range 200-975 nm in a single spettwith a good wavelength
resolution (0.05 nm). Low-pressure Hg-Ar lamps vahigive narrow emission lines from
200-1000nm with accurately known wavelengths hagnbeised for wavelength
calibration. Since our spectrograph-detector systenprovided with its own data
processing software, all calibrations have beeredasing this software. Mechelle and
calibration source has been connected using optial It was insured that the detector
is not saturated. Detector exposure time and gainbe reduced, if detector is saturated.
The procedures given in user guide from the manufac have been followed. Fig.5.2
shows the wavelength calibrated spectra of Hg-ArplaThis figure shows sharp-well
resolved lines (the 577-579 nm doublet, for exanpienercury and argon spread over a
selected wavelength range of 250-800 nm, whichrigiaadicates the resolution and
range of the system.

Once the wavelength calibration is done, the spgciiph was intensity calibrated

using the NIST certified Deuterium-Quartz-Tungstdiialogen lamp. The intensity
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calibrations lamp is supplied with calibration datehich contains a list of irradiance
outputs at different wavelengths at a specifietadise from the lamp. The lamp has been
connected to spectrograph by optical fiber. A bagkgd (with no light sources) has
been recorded. Then the spectrums of lamps have besorded by switching on
Deuterium source and QTH source one by one. Onsastllone, the configuration files
have been saved for future usage. Once, the ityenalibration is done, intensity
calibrated spectra of Hg-Ar lamp was taken oncemagdfis shown in Fig. 5.3. However,

it can be seen from the both specta that the 254nencury line, which should be very
strong as in Fig. 5.3 (in fact the strongest meardure) appears only slightly more
intense than the 436 nm line in Fig 5.2. This hagpeecause, Echelle gratings produce
spectra in several orders, and the efficiency saaigross diffraction orders. The relative
intensities now more or less match the values givethe NIST Tables i.e. 253.7
nm/436.8 nm ~75. Once, the spectra shown in FRibobtained showing strong 254
mercury line and maintaining the NIST provided n#i¢y ratios, the intensity calibration
procedure is complete and the instrument is sugbtis&e ready for future quantitative
spectroscopic analysis.

We have followed Noll [43] for the terms and natas, which are widely agreed
upon in the LIBS community. A flash lamp pumped@tshed Nd:YAG laser (Quantel
YG 980) at the second harmonic waveleng#b32 nm with pulse duration =7 ns and
repetition ratev,,=20 Hz was focused normally onto a polished arehretd steel
sample, placed in air at atmospheric pressure uaimdanoconvex lens with a focal
length =100 mm. The focal spot of laser beam wasys located on the surface of the

sample so that the distanfie between the position of the beam waist and thacai of
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the sample was always zero. We have used 532 nileviaser radiation for the sake of
ease in the alignment. The manufacturer certifiedinental compositions of the steel
sample used are: Fe (72.4%), Cr (18.3%), Ni (8.03%) (0.82%) and Si (0.33%). The
sample, mounted vertically on a X-Y-Z translatiolage, was moved manually to
perform each measurement on a new part of the sasysface. The laser beam with
pulse energy E70 mJ was focussed to a focal spot diameter (beaist width do) of
about 1 mm measured from the observed ablation sipeton the steel sample. This
yields the average laser irradiance at the samptiace equal to ~ 1xfowcem?
sufficient for inducing the plasma on the steefate but insufficient for air breakdown
in front of the sample. This laser irradiance, vihis same as used by Davies et al. [37],
is above the plasma ablation threshold since tie ¢imission from the plasma formed
during laser ablation of steel in air has been mmeas for laser irradiances> 3x1@F
Wcm? by Aguilera et al. [38]. The spatially integratpiasma light emission was
collected and imaged onto the spectrograph slitguain optical-fibre-based collection
system. This emission collection assembly (ECA$% wasitioned at a distance of about
20 cm from the plasma, making an anglé #bthe laser beam. The spectrally dispersed
light from the spectrograph was collected by ariwalectrically cooled ICCD camera
which is sensitive in the whole UV-VIS-NIR regioconverting the spectral signal into
digital signal. The detector was gated in synolration with the laser pulse to record
time-resolved emission spectrum. The detector ratean time was limited to 1000 ns to
avoid saturation of the detector whereas four détags of 800, 900, 1000 and 1200 ns
were chosen for recording the plasma emission speavoiding the high intensity

continuum emission at the early times of the plagonaation. One LIBS spectrum at a
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given delay time is derived from an integratadni20laser pulses to minimize the effects
of pulse-to-pulse variations from run to run andifoproving the signal-to-noise ratio. In
order to obtain enough reproducibility of the résulve have analyzed four sets of such
emission spectra recorded at a given delay time. alerage line intensity values are
calculated as the mean of line intensities formfthe spectra, which has been used in
the present work for the LIBS analysis.
5.3. Plasma characterization

For quantitative elemental analysis from the LIB®dral line intensities, it is
essential to characterize the time-evolving LIB&spia in terms of its temperature and
electron number density and find out the time wimdwhere the LIBS plasma is
optically thin and in LTE. Based on plasma specinpy, the Boltzmann plot method
yields the temperature T and the Saha-Boltzmanmtegqu method yields the electron
number density Jof plasma, which is optically thin as well as inET44]. We briefly
present below the relevant equations for charaitgyithe LIBS plasma using line
intensities of the LIBS spectrum.
5.3.1 Determination of plasma temperature T

The spatially integrated spectral line intensityhad k-i electronic transition of the
species in charge state Z (Z = 0 for neutral atafrs,1 for singly-ionized atoms, etc.) of
elemento in optically thin and LTE plasma is given as [44]

a a a
e IzAiz E,.
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), (1)
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where F :%, L is the characteristic length of the plasmas the Planck constant, c is
Vg

the speed of lightk, is the Boltzmann constantE;, and g;, are the energy and
degeneracy of the upper energy level k respectivg]y, is the transition probability and

Ag - is the transition wavelength of the k-i transitid®f’ is the partition function and;

is the number density of the species in ionizatstage Z. By taking the natural

logarithm, Eq. (1) can be rewritten as

|n£'§—/]kci,}:— & +In( il J ®)
9c A ke T P

If the term on the left-hand side is plotted agatgor two or more transition lineshe

linear plot obtained is called the Boltzmann pldtene the integral intensity of each
spectral line is represented by a point in the Boénn plane. This plot yields straight
line with a slope of (-1/T). Thus, the slope of the Boltzmann plot yields filasma
temperature T.
5.3.2 Determination of electron number density f

The electron number density using atom and iontsglellmes emitted from the
plasma is determined employing the Saha-Boltzmauateon for the line intensities of

the species in two consecutive charge states Zafhdf a particular element as [36]

I

|
n, = —2+ 604x10°(T,, )" xexplE, 1.1 * E, ~ Xy)  KeTlem®,  (3)
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and )X, is the ionization energy of the species in thezatmwon

stage Z. Ty is the plasma temperature in eV. The electron rarmiensity is
experimentally determined using Eqg. (3).
5.3.3 Determination of density ratio of the speciesf a particular element

The Saha Equation relating the concentrations e tiho consecutive charge

states Z and Z+1 of a particular elememns written as [36]

_nenfﬂ = 604x10°'T S Pzgl exp22) e, (4)
n; o T

ev

This equation determines the value of the dematip of the species in two consecutive
charge states of a particular element, using exyerially determined values of T angd n
5.3.4 Determination of density ratio of the speciesf different elements

The density ratio of the species in different cleastates of two elements is determined

from the Saha-Boltzmann equation for the line isitd@s of the species in different

charge states of two elementandf} as [36]
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5.3.5 Criterion for optically thin and LTE plasma
The condition for the validity of the LTE is oftenecked with the McWhirter’s
[45,46] criterion,
n(cm™)= 16x10°T (K "2 [AE(eV)F, (6)
which provides the lowest limit of the electron riaen density for a homogeneous

plasma to be in LTE. HemE is the largest energy gap of the transition liffldgere are
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papers, which demonstrate the existence of regmnglifferent temperatures and
densities in the LIBS plasma [47]. The criterionetiter the LIBS plasma is optically
thin is obtained from the intensity ratio of twadis of a particular element in the same

charge state Z which can be expressed using Egs(1)

L [ Az | Adz || Yk Bz —E;
PG ks vy =) »

wherel; is the line intensity from thk-i transition and; is that from then-m transition.

If we consider two emission lines having the samgen level or as close as possible, the
temperature effect of the Boltzmann factor on teproducibility of the line intensity
ratio is minimized and at the same time the comaitn of the efficiency factor of the
collecting system is avoided. Neglecting the expdiaéfactor in that condition, one can
find out the theoretical value of the intensityioadf the two lines by using the atomic
parameters of the transitions. By matching thisotégcal intensity ratio with the
measured values at different delay times, one fiodts the time window where the
plasma is optically thin.
5.4. Quantitative elemental analysis

For quantitative elemental analysis using the CBS_method, we have followed
the CF-LIBS procedure developed by Gomba et all \8&re the concentrations of the
elements are determined by matching theoreticaityioed values of nand relative
number densities of the neutral and singly ionimetc species of a particular element as
well as different elements in the plasma with thesperimentally determined from Egs.

(3), (4) and (5) using the spectral line intensitia a time window where the LIBS
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plasma is optically thin and in LTE. The used CHB& procedure is mentioned in the

following.
The total number density of elemenis written as

[2 G a a a a
ng. =Ng +n7 +ng +..... ng

TS n_zj
%“;(ng 1,

(8)

where n; is the number density of the species of elemeintcharge state Z (Z = 0 for

neutral atoms, Z=1 for singly-ionized atoms, et€he element. contributes to the total

n, with nJ electrons from the atoms in different charge staggual to the sum of all

ionic state contributions, i.e.

n“=n’+2n +3n +.......... =>.Zn]

Let us define the functionS; and R; as
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n?, nZandng /n’, can be expressed in termsRf as
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The total electron number density, of the plasma is obtained by summing up of

electron contributions from all the elements:

d a

=3, (16)

a=1
where M is the total number of elements in the dampsing T obtained from the
Boltzmann plot and a proposed (initial) setrdf of all the elements,¢nis calculated,
incorporating electron contributions from all tHeraents, starting from its default value
until convergence is reached. The convergencecispaed when the ratio of difference of

the last and previous valuesssl0* %. The converged value is taken as the theoretical

a

a
n :
value of r. Then, the values opz—f and —Z-are calculated. These calculations are
ng Ny,

carried out for a variable set o, of all the elements to find out an appropriatecfet

: : - ny ny
ng Of all the elements that results in the theoréstimates ofi,, =+ and ﬂz very
nZ nZ+1
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close € 1%) to the experimentally measured values. Thesaental concentrations are

then stored. The relative concentration of elemdntthen obtained as

«_ N
c = Zr:tat , a7

in terms of molar fractions or as

a
a — ntOt /'Ia

¢l = gare (18)
Z nttcy)t /ua’
o

in terms of mass abundance, whgges the atomic weight of element Based on the
above procedure, we have developed a CF-LIBS dalgorifor the quantification of
elemental contents in a steel sample. A schemagraim of the algorithm is shown in
Fig. 5.4.
5.5. Results and discussion
5.5.1 Emission spectra

In order to arrive at the proper time window foraqtitative analysis, where the
LIBS plasma is optically thin and in LTE, we hawzorded four sets of LIBS spectra of
the steel sample at each of the four delay times3@d, 900, 1000 and 1200 ns
respectively relative to the laser pulse. The ayetae intensity values, calculated as the
mean of line intensities form the four spectra,éhbeen used for the LIBS analysis. Fig.
5.5 shows typical experimental LIBS spectra ofeelssample at a delay time of 1000 ns.
We have chosen the wavelength range from 250 tons®0n Fig. 5.5 A, covering the
atomic lines of Fe, Cr, Ni, Mn and Si chosen foe fllasma characterization and the

compositional analysis. In Fig. 5.5 B, we have @mothe wavelength range from 232 to

171



242 nm to show the ionic lines of Fe used in thalysis. Since Fe is a major element
with a content of more than seventy percent, @s atomic and ionic transitions make the
spectrum much crowded, overlapping with lines @ tther elements and making the
spectral analysis much tedious. As mentioned in bi§, eight Fe | and three Fe I
emission lines, which are well resolved, non-resbnand have minimal spectral
interference with other spectral lines in a compsteel spectrum, are chosen for the
plasma characterization in the present work. Aydinal. [48] have discussed line
selection criterion in detail. These lines alonghwtheir spectroscopic parameters, taken
from the NIST atomic database [49], are shown ibl@&.1. The non-resonant atomic
emission lines of other elements (Cr, Ni, Mn anfl ®hich are used in the quantitative
analysis, along with their spectroscopic parameisgsalso given in the table.
5.5.2 Time delay for optically thin and LTE plasma

To infer the time delay where the plasma is optyctiin, we have considered
two Fe | emission lines, one at 425.08 nm and theraat 432.58 nm. The first emission
line at 425.08 nm is chosen owing to its upper gynével (4.473 eV) and its degeneracy
(7) being same as that of the second emission Tihe.transition probability of the first
emission line is 1.02x10s* and that of the second emission line is 5.16x4bas
provided in NIST data [49,50]. The theoretical \ahf the intensity ratio for this couple
of lines is calculated from Eq. (7) to be equaDt®0. Since the values of the transition
probabilities chosen are uncertain in range of 1894, the overall uncertainty in the
theoretical line intensity ratio of two lines is ithe range 20%, owing to two transition
probabilities involved in Eqg. (7). Thus, the thaaa& intensity ratio of the two lines

chosen is 0.20+£0.04. From the measured averagasities of these Fe | lines with
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relative error in the measurement of each of the intensities in the range of 10%, the
experimentally measured intensity ratios of thisigle of lines are 0.17 + 0.03, 0.23 +
0.05, 0.25 £ 0.05 and 0.13+0.03 at delay times 00,8900, 1000 and 1200 ns
respectively. Thus, the LIBS plasma produced is thork is optically thin (within the
theoretical and experimental errors) at all the fbelay times considered.

We have applied the McWhirter’s criterion [Eq. (6)] obtain the lowest limit of
ne for which the plasma will be in LTE. In our caAE is ~ 5.0 eV (Table 5.1). Using T ~
10°K (as mentioned in section 5.3) at 1000 ns delag tthe lowest limit of afor the
plasma to be in LTE, as obtained from Eq. (6),2s10'° cm®. The measured value of
ne equal to 9.8x18¥ cm* (as mentioned in section 5.4) is more than the $ovienit,
satisfying the assumption of LTE prevailing in thlesma at 1000 ns delay time. Thus,
the LIBS plasma in the present work is opticallyntas well as in LTE at 1000 ns delay
time. Hence, we have carried out further LIBS asialat a delay time of 1000 ns.

5.5.3 Plasma temperature

We have generated the Boltzmann plot (Fig. 5.@) atelay time of 1000 ns using
seven Fe | lines mentioned in Table 5.1. The 426r@8ine is not used because it has the
same upper energy level as that of 432.58 nm Tihe.slope of the plot gives T = 0.875
eV (10150 K). The relative error in the measuren@nT corresponding to a relative
error in the measurement of line intensities amelative error in the measurement of the

transition probabilities may be estimated form ¢her analysis of Eq. (2) as

or _ksT (i +i“j , (19)

T ELI A

173



The error in our measurement of line intensitiemithe range of 10% and the reported
errors in the transition probabilities are in tlaege 10%. Considering the lowest upper
energy level used in the present work, for whictf8E=eV and T= 0.875 eV (measured),
the resultant relative error in the temperature susament is about 5%. Thus the value
of T obtained from the Boltzmann plot is 0.8795.044 eV (10150t 510 K).
5.5.4 Electron number density

Using the measured intensity ratio of Fe | andIf@és at a given delay time, the
electron number density is determined from Eq. (3). We have considered ifivensity
ratios, Fe | 346.59 nm and Fe Il 233.28 nm, Fe3.8% nm and Fe 1l 233.28 nm, Fe |
361.88 nm and Fe 11 233.28 nm, Fe | 346.59 nm and E33.80 nm and Fe | 346.59 nm
and Fe Il 241.33 nm and determined five values ofina given delay time. The
arithmetic mean of the five values of i$ taken as the average value @fat that
particular delay time. The average value of theted® number density at a delay time of
1000 ns is thus determined to be 9.8%10n>. The spread in the five values qfgives a
relative uncertainty of ~10% in its measuremenusTthe value of fis (9.8+ 1.0)x1G°
cm®,
5.5.5 Density ratios of the species of particularral different elements

We have determined the density ratiQ Winge ;from Eg. (4) using the measured
values of T anddnat a delay of 1000 ns and the corresponding artitinction from the
NIST atomic database [49]. Its value is determiag®.7. Using Eqg. (5), the intensities of
Crl, Ni I, Mn I, Si | and Fe Il lines at a delay @000 ns and their spectroscopic

parameters, taken from the NIST database [49]d#msity ratios & /Nre i, NNi 1/NFe 11, Nin
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i/nke nand 1 /Nge  are determined from EqQ. (5). These experimentalltg are given in
Table 5.2. The experimental values of T apdatermined are also given in the table.
5.5.6 Quantitative elemental analysis

Like many reported articles [34], we have studiea steel sample and applied

the CF-LIBS algorithm developed in this work (Fig4) for its quantitative elemental

analysis. Inthe CF-LIBS algorithm, we have vdrike values oh %,nS ,n% ,n"" and
nd each in the range 1910 cm® and calculated the theoretical values 9ig, /Nee 1,

NNi 1/Nke 11, Nsi /NEe 11, Mvin 1/NEe 1 @Nd ke 1/NRe 1IN the LIBS plasma, which match wedl (%)

with the experimental results whey)® = 8.7 x 16°cm®, n& = 2.3 x 18°cm® n¥=9.4

tot

x 10 cm®, n¥"= 1.1 x 16° cm®, and nd = 8.1 x 16* cm® are considered. Using these

density values we have determined the fractiondammncentrations of Fe, Cr, Ni, Mn
and Si in the steel sample. The values of Fe, @r,Mh and Si in the steel sample
obtained from the CF-LIBS analysis along with theartified values are shown in Table
5.3. The residual deviation (i.e. the deviationGH-LIBS determined values from the
certified values) for Fe, Cr, Ni, Mn, Si in our nseiged values are 0.26, 0.42, 0.22, 0.04
and 0.01 wt % respectively. The distance as defimgdlognoni et al. [34] for our
measurements is 0.95. For the appraisal of LIB&peance, the relative uncertainty of
the elemental content value is determined by digdihe residual deviation with the
certified value. The relative uncertainties fortak elements are also given in the table. It
is noted from the table that the analytical resoli¢ained from the CF-LIBS method

agree well with the certified values of the elensamith a relative uncertainty5 %. The

175



relative uncertainties (or distance) for our meaements are comparable to those reported
in the literature on steel samples [11,18,20,28342] and other metallic alloys [34].
5.6. Conclusions

A CF-LIBS algorithm for a multi elemental stedlating the experimentally
measured spectral intensity with the basic physicshe plasma for the quantitative
analysis of materials has been developed. One séeable has been used and the CF-
LIBS algorithm developed in this work for its quaative elemental analysis has been
applied for analysis. The concentrations of Fe, Kif, Mn and Si in the sample are
determined. The LTE and optically thin plasma ctinds, necessary for the quantitative
elemental analysis, have been determined usingirtteeresolved spectral intensities of
Fe | lines from the LIBS plasma. The density raifothe species in different charge
states of the elements (Fe, Cr, Ni, Mn and Sihedteel sample using the line intensities
of the species in different charge states of the élements have also been determined.
The quantitative analysis of a certified steel semgsing the CF-LIBS technique has
been successfully carried out. The elemental cdreterns obtained from the CF-LIBS
technique are in good agreement (with a relativeertainty< 5 % ) with the certified
values as well as with those reported in the litema It is concluded that accurate
guantitative analysis can be achieved using theLIBS- technique by an appropriate

choice of experimental conditions.
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Table 5.1 Wavelength, lower and upper energy levelsupper level degeneracy,

transition probability for the atomic and ionic emission lines used in the analysis.

Atom/ion  Wavelength  Upper level Lowevéé Upper level Transition
(nm) energy jeVenergy (eV) degeneracy probab{t})
Fe | 346.59 3.686 0.110 3 1.19x10
Fe | 355.49 6.319 2.832 13 1.40x18
Fe | 361.88 4.415 0.990 7 7.22x10
Fe | 396.93 4.608 1.485 7 2.26x10
Fe | 425.08 4.473 1.557 7 1.02x10
Fe | 426.05 5.308 2.399 11 3.99x10
Fe | 432.58 4.473 1.608 7 5.16x10
Fe | 492.05 5.352 2.832 9 3.58x10
Fe ll 233.28 5.361 0.048 6 1.31x18
Fe Il 233.80 5.408 0.107 4 1.13x1H
Fe ll 241.33 5.257 0.121 4 1.02x18
Crl 520.84 3.321 0.941 7 5.06 x10
Ni | 352.45 3.542 0.025 5 1.0 x18
Mn | 404.14 5.181 2.114 10 7.87 x10
Sil 288.16 5.082 0.781 3 2.17 x19
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Table 5.2 Values of T, B Ncr 1/Mee n, NNi 1/Nee 1, Nsi 1NEe 1, Mvin 1/NEe 1 @nd Nee 1/NEe 1 N
the LIBS plasma determined from the LIBS spectral ine intensities as experimental
results at a delay time of 1000 ns.

TEV) n(em® nedneen MiMeen NsiiNeen Muni/MEen NeeNee

0.875 9.8x16F 3.24x10° 3.01x10° 4.67x10° 5.80x10° 6.7
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Table 5.3 Comparison of the elemental contents oh¢ steel sample obtained from

the CF-LIBS analysis with their certified values am the corresponding relative

uncertainty.

Element Certified LIBS determined Relative
concentration (wt %) concentration (wt %) uncertainty (%)
Fe 72.40 72.66 0.4
Cr 18.30 17.88 2.3
Ni 8.03 8.25 2.7
Mn 0.82 0.86 4.9
Si 0.33 0.34
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Summary and future scope of work

During the course of work on this thesis, varioasel spectroscopic techniques
including laser-induced fluorescence, laser-indupbdtoionization, laser optogalvanic
and laser-induce breakdown spectroscopy, have teezioped for the measurements of
atomic parameters and quantitative elemental asalifer the first time, laser-induced
fluorescence and laser-induced photoionization rtegles are used simultaneously to
develop new methodologies. It is established tlodh bechniques should be used in a
complimentary way for identification of atomic eggrevels. The results obtained using
simultaneous laser-induced fluorescence and pha@Ebon techniques have been
analyzed using density matrix formalism. This hed Uis to develop new methodologies
for the measurements of important atomic paramegdrshese experiments have led to
the identification of new energy/autoionization éé/ of uranium and samarium atoms
and the assignment of total angular momentum valaethese levels. The radiative
lifetimes of high-lying energy levels, and excitiedel-to-excited-level absolute
transition probabilities, photoionization/ photogaton cross-sections are also
determined for many atomic transitions of uraniungd damarium. These experiments
provided extensive atomic data on uranium and samar

A new calibration-free laser-induced breakdown spscopy approach has been
developed for multi-elemental composition analys&n algorithm relating the
experimentally measured spectral intensity valugl the basic physics of the plasma is
developed. This technique has been used to analgmeental concentrations of a steel

sample.
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The experiments have been carried out using urardndch samarium. But, the
techniques developed here have universal applitabiherever complex spectra are
involved. These techniques can be utilized to geeenccurate atomic data in the

unexplored regions for other materials of interest.

The simultaneous laser-induced fluorescence andomization experimental
setup can be modified by introducing a time-offitignass-spectrometer in the
experimental setup for detecting the photoion dignatead of using parallel plate
configuration. It will not only improve the sensity of the photoionization signals but
also allow performing the isotope selective phat@ation experiments. Effect of
magnetic field and laser polarization on isotoped®e excitation can also be studied

using this type of experimental setup.

The accurate quantitative analysis is possible gusive calibration free laser-
induced breakdown spectroscopy technique. Thisntgake can be very useful, where
online elemental composition analysis is requifBus type of technique is quite useful
and explored for online monitoring of the materiadsuclear interest. Uranium vitrified
glass materials in nuclear waste management anmdaessing plants can be analyzed

using this technique.

To improve the signal-to-noise-ratios, laser-indlibeeakdown spectroscopy can
be coupled with laser-induced fluorescence. Heeefilst laser pulse can be used to
create a vapor plume and the second laser pulskecamed to a resonant absorption line

of the species of interest re-excites the plumieelps in improving the limit of detection.
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