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Abstract

A comprehensive knowledge of the electron levelanratom is one of the prerequisite for
understanding the electron-electron and electrartens interactions inside an atom and
for the classification of the atomic spectrum ofed@ment. The spin-orbit interaction is the
largest relativistic effect and is responsible thoe fine structure splitting in an atom. The
hyperfine structure splitting of the fine structw®mic energy levels arise as a result of
the interaction between spinning and orbiting etetd and electromagnetic multipole
nuclear moments. The major contributions are du¢hé magnetic dipole and electric
quadrupole moments. The electronic ground statéigromtion of praseodymiuntPr, is
[Xe] 4f°6<°, with ground state levéls,. Because of its 5 outer electrons Praseodymium
has a high density of energy levels which give tsean extremely line rich emission
spectrum. Due to this fact praseodymium serves a&dfiwient testing ground for hyperfine
structure studies.

The thesis is mainly devoted to the finding of poergly unknown energy levels by the
investigation of spectral lines and their hyperfatictures. In a hollow cathode discharge
lamp praseodymium atoms and ions in ground andexksitates are excited to high lying
states by laser light. The excitation source gralble ring-dye laser system, operated with
Stilbene 3, Rhodamine 6G, Kiton Red, DCM and LD .780high resolution Fourier
Transform spectrum is used for extracting excitatwavelengths. Then the laser
wavelength is tuned to a strong hyperfine componéttie spectral line to be investigated,
and a search for fluorescence from excited levelgpaerformed. From the observed
hyperfine structure pattern, J-values and hyperfineraction constants A of the
combining levels are determined. This informaticlmgether with excitation and
fluorescence wavelengths, allows us to find thegias of the involved levels.

During the course of this dissertation 313 new gydevels of Pr | and 4 new energy
levels of Pr Il were discovered. Using these negi§covered energy levels 652 spectral
lines were classified via laser excitation, 836c¢cs@e lines were classified as fluorescence
lines and 178 lines were classified by their hyiperstructure and wave number.

The present work not only enhances the numberasiifled lines in the spectrum of Pr |
but also demonstrates the advantage of laser iddiierescence spectroscopy. The new
levels might contribute also to a future theorétaelysis of the level structure of Pr 1.
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Untersuchung der Hyperfeinstruktur von Praseodym-Ukergangen mit
Hilfe von Laserspektroskopie

Kurzfassung

Die umfassende Kenntnis der elektronischen Enekgganos eines Atoms st
Voraussetzung fir das Verstandnis der Wechselwg&nnder Elektronen untereinander
sowie ihrer Wechselwirkungen mit dem Atomkern. Bilassifikation der Linien eines
Atomspektrums kann ebenfalls nur mit Hilfe der Eeniveaus erfolgen.

Die Spin-Bahn-Wechselwirkung ist der groi3te relatische Effekt und verantwortlich fur
die Feinstrukturaufspaltung im Atom. Die Hyperfémkturaufspaltung der

Feinstrukturniveaus entsteht als Resultat der Wabalirkung der Elektronenbewegung
(Bahnbewegung und Eigenrotation) und den elekteischiMultipolmomenten des

Atomkerns. Abgesehen von der Coulomb-Wechselwirkwegden die Hauptbeitrdge
durch das magnetische Dipolmoment und das elek&isguadrupolmoment des Kerns
verursacht.

Der elektronische Grundzustand von PraseodyRri¢,) hat die Elektronenkonfiguration
[Xe] 4f%6<", mit der spektroskopischen Bezeichnufig,. Wegen seiner 5 &uReren
Elektronen hat Praseodym eine hohe Dichte derrelekthen Niveaus, was zu einem
extrem linienreichen Emissionsspektrum fuhrt. DabePraseodym ein ideales Testobjekt
fur Hyperfein-Studien.

Die Hauptaufgabe dieser Arbeit bestand im Auffindeauer, bislang unbekannter
Energieniveaus durch Untersuchung von Spektratlinied ihrer Hyperfeinstruktur. In
einer Hohlkathodenentladung werden Praseodym-Atam@ -lonen von Grund- und
angeregten Zustanden aus mit Hilfe von Laserliohhachliegende angeregte Zustande
gebracht. Die Anregung erfolgt mit dem Licht eindsirchstimmbaren Farbstoff-
Ringlasers, der mit verschiedenen Farbstoffen&iil3, Rhodamin 6G, Kiton Red, DCM
and LD 700) betrieben wurde. Ein hochauflosendesi€neSpektrum wird zum Auffinden
geeigneter Anregungswellenlangen benutzt. Dann wilde Wellenldnge des
Farbstofflasers auf eine starke Hyperfeinstruktorrioonente der zu untersuchenden
Spektrallinie eingestellt, und es wird nach lasetdizierten Fluoreszenzlinien gesucht. Aus
dem registrierten Hyperfein-Linienprofil werden di&Werte und A-Faktoren der
beteiligten Energieniveaus ermittelt. Diese Infotior® zusammen mit der Anregungs-
und den Fluoreszenzwellenldngen, erlaubt es, dierdisn der beteiligten (zum Teil
bislang unbekannten) elektronischen Niveaus ziefind

Wahrend dieser Untersuchung wurden 313 bislang kamimée Energieniveaus des Pr-
Atoms (Pr 1) und 4 neue Niveaus des Pr-lons (Prehjdeckt. Mit Hilfe dieser neuen
Niveaus konnten 652 Spektrallinien durch direkte sdranregung, 836 als
Fluoreszenzlinien und rund 180 weitere Linien aurgk ihrer Lage und Hyperfeinstruktur
im Fourier-Spektrum klassifiziert werden.

Die vorliegende Arbeit erweitert nicht nur die Ahtaler klassifizierten Linien im Pr-
spektrum sondern demonstriert auch das Potentiallader-induzierten Fluoreszenz-
Spektroskopie. Die neuen Niveaus werden auch beilndtigen theoretischen
Untersuchungen der Energieniveaustruktur von Pdysedilfreich sein.
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1 Introduction

1.1 Preface

The major Coulomb interaction between positivelyarged nucleus and electrons
determines the radial distribution of electronsuaid the nucleus. Inside the nucleus, the
distribution of charges and currents give rise tteep multiple electromagnetic moments.
Two major multipole electromagnetic moments are me#g dipole moment (associated
with the nuclear spin) and electric quadrupole minjassociated with a deviation from a
spherical charge distribution in the nucleus). e former case, the nuclear magnetic
dipole moment interacts with the magnetic fielddueced by the spinning and orbiting
electrons. In the latter, the interaction occursemhat the position of a nucleus, the
electronic charge distribution produces an elediald gradient with which the nuclear
quadrupole moment can interact. These interactyives rise to splitting of fine structure
levels into hyperfine levels which results in hyfper structure of a spectral line. Magnetic
dipole interaction leads to splitting of fine stiwie levels where as the electric quadrupole
interaction produce a shift in the hyperfine stawetlevels.

Hyperfine structure investigations of an element oy give information regarding the
electron structure but also provide useful infolioraabout the nucleus of an atom without
probing the nucleus directly. Thus, the atomic Inffpe structure has been extensively
investigated for various elements and much valugiitemation has been obtained.

The chemical element praseodymium belongs to tbepgof lanthanide series (rare earth
group) where the spectroscopic properties are m@ted by the fact that binding energies
of 4f, 5d, 6sand 6p electrons are of the same magnitude. These siti@agive rise to
overlapping complex configurations with region agth energy level density and thus, to
complex rich line spectra. This motivated the inigegions of spectrum of Pr.

Extensive experimental work has been done in pasthe investigation of hyperfine
structure of praseodymium. Nevertheless, the exymarial data are not complete and it is
expected that many unassigned transitions and mgi$svels exist. Therefore the purpose
of this study is to perform systematic measuremenhtspectrum of Pr | using the laser
induced fluorescence technique in hollow cathodschdirge lamp and to deepen the
understanding of atomic structure of Pr |.

1.2 Historical Background of Spectroscopy

Although Sir Isaac Newton first used a prism toagate the spectrum of the sun in 1666,
spectroscopy did not emerge as a systematic emlpisicience until the middle of
nineteenth century, when Kirchhoff clearly definda principles of spectrum analysis.
Newton in 1666 showed that the white light from then could be dispersed into a
continuous series of colours. Newton introduced wued "spectrum” to describe this
phenomenon. Newton'’s analysis of light was the tr@gyg of the science of spectroscopy.

Fraunhofer extended Newton's discovery by obsertiray the sun's spectrum, when
sufficiently dispersed, was crossed by a large remab fine dark lines, now known as
Fraunhofer lines. W.H. Wollaston had earlier obsdra few of these lines but failed to
attach any significance to them. These were trs¢ fipectral lines ever observed, and
Fraunhofer employed the most prominent of themhasfirst standards for comparing
spectral lines obtained using prisms of differdasges. Fraunhofer also studied spectra of



the stars and planets, using a telescope objettiveollect the light. This laid the
foundation for the science of astrophysics.

In the early 1800's many workers, J.F.W. HersceH.F. Talbot, C. Wheatstone, A.J.
Angstrom, and D. Alter among them, studied spetioan terrestrial sources such as
flames, arcs and sparks. These sources were fougrdit bright spectral lines, which were
characteristic of the chemical elements in the #arRoucault, the French physicist,
observed in 1848 that a flame containing sodiumlevabsorb the yellow light emitted by
a strong arc placed behind it. This was the fimhdnstration of a laboratory absorption
spectrum.

By recognizing that each atom and molecule hasas characteristic spectrum, Kirchhoff

and Bunsen established spectroscopy as a sciewitifi¢or probing atomic and molecular

structure, and founded the field of spectrochemacallysis for analyzing the composition

of materials. In 1868 Angstrém published the fasturate tables of wavelengths of lines,
which was later supplemented by those of Rowland8&7, obtained with the aid of a

concave reflection grating. Langley’s inventiontioé bolometer in 1881 extended spectral
measurements to the infrared region while Schumart893 devised spectrographs for
use in the vacuum ultraviolet region.

At first, spectroscopy was mainly an analyticalli&®almer showed in 1885 that there is a
simple numerical relationship between the wavelsmgtf the emission lines of the
hydrogen atom. This work was extended by Rydbeitg, Runge, and Schuster to include
the lines of many other elements, but a properrétmal basis for the subject only
appeared with the development of quantum mechamitge nineteen-twenties. Since then
spectroscopy and quantum mechanics became cloa#dylinked, enabling modern
spectroscopic theory to develop.

In the 1920s, attention turned to the spectra aftodnic molecules, the theoretical
foundations for their study being laid by Hund, Mn, and Van Vleck, among others.
Later on considerable attention has been giverpéatsoscopy of polyatomic molecules
and ions as a means of elucidating their structamelsdynamics.

Radar techniques developed in wartime opened upéhefield of microwave and radio

frequency spectroscopy. Microwave spectroscopyldds$o an accurate determination of
geometries of a large number of simple polyatommetules. Other important related
developments are electron spin resonance and muolagnetic resonance spectroscopy,
the latter providing valuable information concegirthe neighborhood forces and
interactions to which a given atom in a moleculenystal is subjected.

1.3 The Element Praseodymium

In 1841 Mosander extracted the rare earth didynfiam lanthanum; in 1879, Lecog de
Boisbaudran isolated a new earth, samaria, fronynti@ obtained from the mineral
samarskite. Six years later, in 1885, von Welsksggharated didymium into two others,
praseodymium and neodymium, which gave salts ¢érdint colors.

Praseodymium is soft, silvery, malleable, and deicit is somewhat more resistant to
corrosion in air than europium, lanthanum, cerimmnpeodymium, but it does develop a
green oxide coating that falls off when exposedaito As with other rare-earth metals, it
should be kept under a light mineral oil or seateglastic.

Misch metal, used in making cigarette lighters,taors about 5% praseodymium metal.
The rare-earth oxides, includirRy,O; are among the most refractory substances known.
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Along with other rare earths, it is widely usedaasore material for carbon arcs used by
the motion picture industry for studio lighting aptbjection. Salts of praseodymium are
used to colour glasses and enamels; when mixed wé#tain other materials,
praseodymium produces an intense and unusually gieliow colour in glass. Didymium
glass, of which praseodymium is a component, slarant for welders goggles.

The naturally occurring praseodymium is composedoné stable isotopé*Pr with
nuclear spinl = 5/2 and Z=59. Its nuclear electromagnetic momentsaaréollows: the
magnetic dipole moment, = 4.2754 (5)un [1], the electric quadrupole momef} =
0.0024 b [2]. Two of the radioisotopes of Pr arfatieely stable beind*?Pr with half life
of about 19 hours antf*Pr with half life of 13.57 hours. One of the proemin**Pr
electron configuration with three valance electrorside the #ishell is [Xe]4f 6<. The
lowest term of this configuration 6, where®lq;» corresponds to the electronic ground state

of *pr,

1.4 History of Spectral and Hyperfine Investigationd ofl

In 1929, H. E. White [3] published an article deadto the study of hyperfine spectra in
ionized Pr atoms. In this study, he investigate@-Structure components of 173 spectral
lines out of which, about one hundred lines werensé consist of six hyperfine
components. From this he assigned an angular moment (5/2)(h/2rz) to the nucleus of
Pr atom. Brix [4] in 1953 further extended the wofkW\hite and determined the magnetic
hyperfine interaction constangs = 0.416 + 0.015for the 6s electron in the configuration
4f° (1) 6s. By the application of formula of Goudsmith andrieSegre, he also calculated
a valueu(Pr'*) = 3.9 +0.3nuclear magnetons for nuclear moment.

The hyperfine structure of the ground multipléf 6 *lo,) was first studied in 1953 by
Lew [5] using atomic beam magnetic resonance metHedletermined nuclear spin, total
electronic angular momentum agglvalue of ground state. J. M. Baker and B. Bledbé¢y
in 1955 investigated the hyperfine structure ofliRes and calculated the hyperfine
structure constants of the level involved. K. Maak [7] in 1960 classified three lines in
the spectrum of Pr | and measured their hyperfinetire from which he determined the
interval factor of the levedf’ 6 “l11/». Y.C. Amado et al. [8] in 1962 studied the hypeefi
structure of"*Pr in the electronic ground statie,, by atomic beam magnetic resonance
method. They measured the electronic splittingoﬁa@t(4|9/2) = - 0.7322(3),nuclear spirl

= 2, magnetic dipole hyperfine constady | 67.5(5) Mc/Sec, electronic quadrupole
hyperfine constanB| = 70.0(2.0) Mc/Sec, nuclear moment £ 0.297(15)nm and Q| =
0.035(15) b. In 1973 R. Zalubus et al. [9] measw@eergy levels of Praseodymium. They
observed the spectra of Pr | and Pr Il in emiss@nthe range 350 — 120 nm and in
absorption for the range 200 - 870 nm. They repotieee lowest levels off 65 *lg;
ground term. These three levels combine with 62 lggen levels, accounting for 150
lines. J. Reader and J. Sugar [10] in 1964, stuttiechuclear moment of Bt from the
hyperfine structure of doubly ionized Pr. They ctdted the probability density of the 6s
electron at the nucleus and the quantum differéacéhe configurationg’6s and4f7s
They also calculated a value 4.09 + 0.06 nm fotearcmoment of PfL. Boklen et al. [2]

in 1975 used the same technique as that of Lew. étua with Ramsey separated field
technique, to measure the ground state hyperfioetste to extremely high precision.

A first analysis of fine structure and hyperfineusture of the even configuration of Pr |
was presented by Ginibre [11] in 1981 on the bdg®o configuration system4€5d6s
and 4f°5d6s) restricted to the lower energy range, where theingieffect with other
excited configurations are rather small. In 198kild3 and Goodman [12] published their
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results of precise measurements of the hyperfinetsire of metastable levels obtained
with the method of the laser radiofrequency doubkonance on an atomic beam, which
allowed more precise determination of magnetic l@i@nd electric quadrupole moments
of the Pr nucleus. In 1982, R. M. Macfarlane efldlmeasured the nuclear magnetic
moment of***Pr to bey, = 4.2754 (5} and in 1985 K.T. Cheng and W. J. Childs [13]
determined the electric quadrupole moment of Prfandd a valueQ = 0.066 b. Reddy
and Rao [14] in 1988 investigated the Pr | andIRpéctra in the range of 576 - 625 nm
and obtained the information of the hyperfine suite of four spectral lines by using
optogalvanic spectroscopy. They also identifiedua@® atomic transitions of Pr | and 43
transitions of Pr Il. In 1988 A. Ginibre, in additi to her published work [11, 15-17],
discovered lot of new lines both in Pr | and PwHich were never published. This work is
now part of her Ph.D thesis [18].

In 1996, T. Kuwamoto et al. [19] investigated thgpérfine structure of neutral
praseodymium by means of the atomic beam lasetrsgeopy. They reported hyperfine
structure of 34 atomic transitions in the wavelangange from 544 - 596 nm and
determined the hyperfine constatsandB for 57 levels. They determined the energies
and electronic angular momenta of 11 fine structime the first time. In 1997 A.
Krzykowski et al. [20] determined the values of ésfime structure of the lower levels
belonging to the configuration o#f5d6s by using the method of laser induced
fluorescence spectroscopy. In continuation to thevipus experimental results, J.
Ruczkowski et al. [21] in 2003 analyzed the hyperfstructure in the even configuration
system4f’5d6g + 4f5d°6s + 4f6s6p + 4f5d6p + 4f5d° by applying a semi-empirical
method. The hyperfine structures of 546 energyléehvave been interpreted.

In 1998 M. Song et al. [22] measured the lifetimésow lying states in neutral Pr atoms

and calculated the 14 new lifetimes of Pr | by nbanmg the time-resolved fluorescence

from the studied excited state. In 2006, Furmarad.gR3] reported 57 new electron levels

of odd parity in Pr | in spectral range 560 - 590. These levels have been found on the
basis of an analysis of hitherto unclassified sjéthe with the method of LIF.

As remarked earlier Praseodymium has five outestr@es, which gives it a high density
of levels leading to an extremely line rich speetrdsing this property of Praseodymium
S. Oppel et al. in 2010 [24] performed active fregy stabilization of a diode laser on
several lines between 1105 and 1123 nm. Employiagtandard laser locking technique,
they are able to eliminate the frequency drifthed tinlocked laser of more than 30 MHz/h
and achieved the laser frequency stability to withi4(1) MHz for averaging times > 0.2s.

In 2011, B. Gamper et al. [25] reported the reaugdof new highly resolved Fourier
Transform (FT) spectrum of the neutal praseodymagom. With the help of this new FT
spectrum 1194 lines were classified as transitlmetgeieen energy levels of Pr | atom and
19 as transitions of the Pr Il. They also repo@&8dchew atomic energy levels of odd parity
and one of even patrity.

1.5 History of Spectral and Hyperfine InvestigationsPofll and Pr
1]

Praseodymium, like other elements in the rare egrtup (Lanthanides), has a very

complex energy spectrum. This is also true in ailtionization stages. Furthermore the

spectra of singly ionized atoms or of higher stagf@enization are difficult to produce as

compared to neutral atomic spectrum. Also freqyetite strong lines are observed in

regions of spectrum where high dispersion appaiosot readily be used. Therefore it is

not only interesting from the standpoint of atompitysics to investigate the spectra of
4



neutral atoms or ions of praseodymium but also dpectral lines of Pr Il are being
extensively investigated from the point of view ofher fields in physics specially
astrophysics.

H. E. White [3] in 1929 published the investigatioh fine and hyperfine structure of
singly ionized praseodymium atoms and determined spin quantum number. He
investigated 200 lines in the spectral region 3808 nm exhibiting the complex structure
and measured the component separation for 33 eéthies. At that time the insufficient
resolution was the major hurdle in the measurermétite wave numbers of the involved
energy levels. It could only be realized when idllRosen et al. [26] using their high
resolution Zeeman Effect data for praseodymium tiratwavenumbers of the levels of Pr
Il could be determined. They covered the spectmage from 240 - 710 nm. In addition to
this, using the resolved Zeeman pattern for 14dslinhey determined thgeandJ-values
for 74 Pr Il levels.

In 1988 using the high resolution data in the ra@83-27920 cm, A. Ginibre [16]
calculated new energy levels in the odd configura#f5d6p and in the mixed even
configurations4f5d# + 4f’5d6s + 4f6p for singly ionized praseodymium. She also
corrected a number of spectral parameters sucmagye J and hyperfine splitting of
already known 105 odd levels and 187 even levetteritling her work [17], she further
calculated new experimental even levels in the eaBfp4 - 31654 cihof singly ionized
praseodymium on the basis of the 3 mixed confijgomatf’5d® + 4f°5d6s + 4f6p.

In 1990 H. limura et al. [27] using the technigdecollinear laser ion beam spectroscopy
studied the hyperfine structure of Pr Il and meeduhe magnetic dipole and electric
quadrupole constants for the investigated tramstidhen in 1991, Kim [28] studied the
hyperfine structure of doubly ionized Pr 1ll. In98 H. limura et al.[29] by means of laser
ion beam spectroscopy measured the magnetic dipolment and electric quadrupole
moment of a Pr isotope (P¥). In 2000, Maosheng Li et al. [30-31] using cadiam laser
ion beam spectroscopy investigated the atomic speaxdtsingly ionized praseodymium
and neodymium. They measured the hyperfine stractfr atomic transition in the
wavelength range 560 to 590 nm.

In 2001, S. Ivarsson et al. [32] investigated singihd doubly ionized praseodymium by
means of high resolution Fourier transform speatrahe region 280 - 800 nm. They
improved the wavelengths of 49 lines and measgfadlues for 31 lines by means of
branching fractions and lifetimes data. Hyperfiteudure pattern of 44 levels was
analyzed and magnetic hyperfine constahtsiere determined for 8 odd and 18 even
levels. B. Furmann et al. [33] in 2001 discovereghezimentally three new low-lying
levels of Pr 1l by using the method of laser indifleorescence spectroscopy in a hollow
cathode discharge. This work also include the itigason of already known levels in the
spectral range 562 - 602 nm with the determinatibd-quantum numbers anévalues
for the ionic levels.

In 2002 Ma Hong-Liang [34] by using technique ofllioear fast-ion-beam laser
spectroscopy measured the hyperfine structure afjlysiionized lanthanum and
praseodymium. Magnetic dipole and electric quadrupbupling constants were also
determined for already known levels.

In 2005 B. Furmann et al. [35] investigated the drjipe structure of singly ionized
praseodymium and determined their hyperfine strectonstantsA and B using the
method of laser induced fluorescence in a hollothade discharge. They discovered 42
new electron levels in singly ionized praseodymiwmch consist of 28 low lying odd
levels withf® core and 14 even levels.
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2 Atomic Structure

The light emitted by an atomic gas, say in a holloathode discharge, is due to the
distribution and motion of electrons around theleus of an atom. The investigation of

this light gives information about the electroniusture of the atom which determines the
physical and chemical properties of the atom. Tiserdte spectrum of frequencies of any
atom is the characteristic of the periodic motidbelectrons, confined to specific positions.

Such a motion is referred to as bound motion. Eglyctroscopists interpreted the spectra
of atoms in terms of models by applying classieald of mechanics and electrodynamics
to the motion of particles with suitably chosenpmdies. Inspite of this simple and general
approach, difficulties of fundamental nature arsseh as integral ratios of frequencies
which is true for every classical system but isfeond in atomic spectra.

In 1911 Lord Rutherford, based on his series ofedrpents with radioactive alpha-
particles, gave revolutionary view of the structaféhe atom. He suggested that the atom
consisted of a small, dense core of positively gbdparticles in the center (or nucleus) of
the atom, surrounded by a swirling ring of elecsromhe nucleus is so dense that the
incoming alpha particles bounce off from it, whesr¢lae electrons are so tiny and spread
out at large distances that the alpha particles grasugh them. Rutherford model of atom
resembled that of a solar system and the electrodsr the influence of the electrostatic
attraction by the nucleus, together with their maltuepulsion, perform complicated
planetary motion around the nucleus. But from taesl of classical mechanics and
electrodynamics it can easily be inferred thateleztron would gradually lose energy by
emitting light of continuously increasing frequenapd would eventually fall into the
nucleus. Thus laws of classical mechanics provethetansufficient in explaining the
spectra or the stability of atoms.

A completely new and more general set of laws werguired which led to the
development of quantum physics. Bohr and Sommerftetik the first step in this
development of the so called “old quantum theorytl avere able explain to a certain
extent the spectra and stability of atoms. Bohr-@enfield model accounts for the allowed
energies and the spectral frequencies of the atomgeelectron systems. Inspite of this,
the model has serious deficiencies and is not cetepAmong such deficiencies are

)] Assignment of quantized angular momentum to atostétes is in highly
arbitrary manner i.e. assignment is done merelyhenbasis that leads to the
results which agree with the observations.

i) No satisfactory explanation is given as to why #uoeelerating electrons in
stable orbits does not radiate. Radiation is asdutoebe emitted when the
electron jumps from one stable orbit to another.

1)) The model does not explain the mechanism of elegtrmps between various
stable orbits. As a consequence, the model doesaoaunt for the observed
intensities of the spectral emission frequency.

iv) Bohr-Sommerfeld model is incapable of giving cotreesults for atomic
systems with more than one electron and is onéefhtajor limitations of the
model.

E. Schrodinger, W. Heisenberg and others, follovtimg ideas of L. de Broglie removed
the discrepancies in the Bohr-Sommerfeld model explained the finer details of the
internal structure of one-electron as well as malegtron atoms. This laid the foundation
of quantum mechanics and the development of nativiedtic and later relativistic
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guantum mechanics as the theoretical frameworktlier structure of an atom. The
literature consulted for writing chapters 2, 3 dnd given in 9.1.

2.1 One Electron Systems

The first quantum mechanical treatment that gaeeettplanation of the discrete spectra of
atomic emission was based on the equation propbgefichrodinger in 1926. For the
calculations of the energy state of one-electramatsuch as H, HelLi*™*, B etc., the
time independent Schrédinger equation is written as

Hy(r.6,9)=Ey(r.6,9) (2.1)
[—S—mmz +V(r)}w(r.9,<o)= Ey(r.6,¢) (2.2)

2
where H ={—;—D2+V(r)} is called the quantum mechanical Hamiltonian dalto
m

energy operator; in simple systems it is the sunkiétic energy and potential energy
operators. The nucleus of the atom is considerneoira charge ZewhereZ is the atomic
number of the atom. The motion of electron arourarucleus is primarily governed by
the electrostatic potential around the nucleusré&foee

Zé&
4re, ¢

V(r)=-

Furthermore, in order to account for the motiorthef nucleus, the reduced mass is used
which is given by

m= mM
m +M
whereM is the mass of the nucleus ang is the mass of the electron. Since the potential

operator depends only on the scalar distance heoktectron from the nucleus, therefore
the wave Eq. (2.2) can be separated in spheridat po-ordinates. After substituting the
Laplacian operatord® of Eg. (2.2), in spherical polar co-ordinates, tRehrodinger
equation can be written as,

n?l 10 zawj 1 (a . aw} 1 oy
- | e+ —sin@ + +VIr =E 2.3
Zm{r2 ar[ or ) r?singlog" " a6 r’sin’ @ 0¢ th=Ey @3

The exact solution of the Schrédinger equatiorafbitrary atoms is very difficult because
of the complex nature of this second order diffaedrequation. However, for some simple
systems exact solutions are possible. Otherwise enoal solutions or some
approximations are used. One such approximatioimasvariable separation technique;
here one can assume that various motions assoasigiiedhe systems can be decoupled
(like in Born Openheimer approximation applied tolaetules). Using this approximation
to the atomic system, the eigenfunction can betewitas the product of a radial part
associated with the radial motion and an angulat pasociated with its angular
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momentum, i.e.

wnlm (r ’ 0’ ¢) = Rnl (r ) YIm (5’ ¢)
A further separation is also possible:
Yin(6.9)=0(O)2(¢)

These separation lead to three differential eqnafione each in the co-ordinate#, ¢
d’® _

=-m’ 2.4
a7 m°¢ (2.4)
1 d(.  do), m?

-————|sind— |+ eo=I(+1)oe 2.5
sianH( dej sin’ @ I+ (2:5)

1d ,dR I(I+])_ 2m 2mE _
——Tr—- R-—-V(r)R+ R=0 2.6
r2 dl‘r dr r2 hz (r) hz ( )

where—-m?Zand| (I +1) are separation constants.
The solution of Eq. (2.4) is

@ =e™? (2.7)
where m can have values

m=0+1%2+3

Integer values fom follow from the condition

Y(6,9 =Y(0+ 2715 @+ 27) (2.8)
The solution of equation involving is given by
O(6) = AR™ (Cosh) (2.9)

where B™ (cosd) is the associated Legendre function and is defased
Ll d Im|
R™(¥) = (L-x°) 2 [d—j R(X) (2.10)
X

and R(X) is called the Legendre Polynomial, given by Rodegtormula
|

R(X) =ﬁ[dixj (2 -1) (2.11)
It is clear from the Eq. (2.9) thatcan only take non-negative integral values otheewi
Rodrigues formul&(x), which involves the differential operator applidd times, does
not make sense at all. Moreover|n'f| >| , then the associated Legendre functiih (x)
is equal to zero and hence, uItimateMr,@, ¢) is zero. Therefore no solution exists for
Im|>1. The possible values of) are then restricted to the following range,

m=-l-1+1-+2..... |-21-11



In order to find the solution for the radial furatiR(r), the boundary condition that the
probability of finding the electron should be zebinfinity, i.e. R(r) -~ 0asr — o is
employed. This leads to the determination of thergy of the electrons in th&" orbit
from the nucleus viz.,
e'Z’m
E=———— 2.12
" 2(47E,) *h°n? ( )

wheren is an integer satisfying the relatior | +1. For positive energies there is no such
restriction because for positive energies the eacwill no longer be bound to the
nucleus. The numberis called the principal quantum number.

Therefore to summarize, electron in an atom isadtarized by three quantum numbers
i.e. n,l,m. For a given value af, the quantum numbeér(called the azimuthal quantum
number) can take the values 0O, 1, 2, .n-1) and to each value &f there correspond
(21+1) states, differing by the values of the quantummberm which is often called the

magnetic quantum number. The energy of an atomhe dtaten,|,mis uniquely
determined by the assignment of the principal quanbtumber and does not dependl on
orm. Thus, am’ —fold degeneracy of levels takes place for a glarth a Coulomb field.
For the leveln, there are 1+3+5+....+21 = n? different states, differing in the quantum
numberd andm . The independence of in the energy has a simple physical meaning. In

a field having central symmetry all directions ipase are equivalent and therefore the
energy cannot depend on the spatial orientationthef angular momentum. The
degeneracy is a direct result of the Coulomb p@kand is peculiar to hydrogen atom.
When the spin-orbit interactions and the relativigffects are taken into account, this
degeneracy is partially removed.

2.2 Fine Structure of Atoms

For a hydrogenic atom, the gross structure enezggld only depend on the principal
quantum numben. However, a more accurate model takes into accmlativistic and

spin effects, which break the degeneracy of theggnkevels and split the spectral lines.
The scale of the fine structure splitting relatieethe gross structure splitting is of the

order of (Za)?, whereZ is the atomic number andis the fine-structure constant which
gives the strength of electromagnetic interactiam how strongly a charge particle
interacts with electromagnetic field, viz.

2 1

hc  137.03599967

The fine structure can be separated into threeecve terms: the kinetic energy term, the
spin-orbit term, and the Darwinian term. The fullrkiiltonian is then given by

H = HO + H Kinetic + Hso + H Darwinian

2.2.1 Kinetic Energy Relativistic Correction

Classically, the kinetic energy term of the Harmiltm is:



2

_p

2m

However, according to special relativity, the kinetnergy i e., the difference between the
total energy and the rest mass energy) of a paniciest mass and momenturp is

T =,/ p’c? +mic* -mc (2.13)

where the first term is the total relativistic egqy¢rand the second term is the rest energy of
the electron. Expanding this gives

4

_p_ P
T="wo - —]—+....... 2.14
2m  8m%® (2.14)
The first term on the right-hand side of this equratis the standard non-relativistic
expression for the kinetic energy. The second tisrthe first order relativistic correction
to this energy viz.

4

___P
H Kinetic — 8m3C2 (215)

2 2
In comparison tozp—, Hyineiic 1S SMaller by a factor of b =
m m

2C2
order of 0.1 crit.

V2
e (za¥. 1t is of the

The energy correctionglE, due to relativistic effects can be calculated instforder
perturbation theory as:
nlm>

=~ (nim|pim)

N4

AE, —<nlm,‘ p

=- 8m1 <n|m‘p p‘nlm> (2.16)

Since the unperturbed Hamiltoniad, is

0= p°  Ze
, = -
2m 4rE;r

. ~ L Z€1

Z=2m Hy+— = 2.17

P W{ 4TE, rj (17)
By using Eq. (2.17) in Eg. (2.16)

2 2\?
AE, = - 13 ~( nim,|4m?| H, + ze’ & nim,
8m°c 4rE, I

10



1
2mc

<o GERL) e

To complete the evaluation AdE , the expectation values €%> and< > are required

Viz.
1\ 1
<7>n.m g 229
1\ _1 1
<F>mm TR (U2 (2.20)

Each of which can be expressed in term&pi.e.,

1 _ o VE,
<?>nlm B Z( eZ jEﬂ (221)

1 n 4\
=) =4 ° B 2.22
<r> ale) @22
Inserting EQ.(2.21) and (2.22) in EQ.(2.18)
__E¥ 4n
5= 2mc{ 3+(|+1/2)} (2.23)
2
BecauseE :—lm(:2 (2a)
n 2 n2
(Za) n
=5 n’ {4 (|+1/2)} (2.24)

2.2.2 Spin-Orbit Correction

The spin-orbit correction term arise as a resulthef interaction between the spin and
orbital motion of the electron. The interactionhasically between the magnetic field
generated by the orbital and the spinning motidredextron.

The correction term for spin-orbit coupling in tHamiltonian is given by

H_ =&(r)LS (2.25)
where
1 1dv
<= 2m*c? r dr
In this caseV =-— z¢
(4re,)r
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So that

1 7€ 1
2m’c? 4re, r®

$(r)= (2.26)

Total angular momentum] can be constructed as the sum of the orbital angul
momentumL and spin angular momentusyi.e.

J=L+S (2.27)
squaring this vector sum gives
J2=J.J=(L+S).(L+S) (2.28)
J?=12+S*+2L.S (2.29)
o 2_12_¢2
[g=0"L-S) (2.30)
2
so the spin-orbit Hamiltonian becomes
2 _j12_2
Hso=¢’(r)—(J ; s) (2.31)
The energy shift due to spin-orbit interactionisseg by
2B, =(H,,)

E,=(jm, |s\5(r)(‘]2—2)\ jmyls)

AE,=(&(r)) <jm Is‘ M‘ jmjls>
1 zé
2_T4HE< >m —[i(+D-10+D)-s+1) (2.32)

The expectation value df r® is given by

1\ 73
<F>m ~ahI(+12)( +1) (2.33)

Using Eq. (2.33) in Eq. (2.32) and after doing sonahematical manipulation, the final

results is

2E,=-E,

(Zaf[10+4%40+3-3“1 (2.34)

2n [(1+1/2)(1 +2)
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Becausg can take on the valués1/2, the correction in terms dfcan be written as

(Za)®

4AE,=-E, for j=1+1/2
2n(l +1/2)(1 +2)
2
2E,=E —Z9)"__ for j=1-1/2 (2.35)
n(l +1/2)

Thus, as for the relativistic kinetic energy coti@t, the spin-orbit interaction produces a
correction that iSZa)? times the Bohr energy.

For | =0, the spin-orbit interaction vanishes and therefdig =0 in that case.

2.2.3 Darwin Term

The Darwin term appears for the s-orbital due tphanomenon in Dirac theory called
Zitterbewegung where the electron does not move smoothly buteats undergoes
extremely small-scale fluctuations, causing thected& to see a smeared-out Coulomb
potential of the nucleus. The Hamiltonian for then®in term is given by

Ay = (ﬁjd(r)

2m’c? | 47,

And the first-order correction to the energy duéh Darwin Hamiltonian is

4E, = <n|m‘ﬁD‘nlm>

2
JE, = Th [zé
4T,

= _J< Im|a(r)|nim ) (2.36)

Because of th& -function, the expectation value dlE; will be non-zero only for s-states
because all radial wavefunctions vanishr at0 except those having=0

T [ Z€
AE, = o az, (n0ga(r)in00)
o ze€ ) 1

AE3 = 2.2 ' 3,3

2mecT\ 47, ) megn

2
€, = - £ for1 =0 (2.37)
n

2.2.4 The Lamb Shift (Radiative Correction)

The lamb shift or radiative correction is similarnature as Darwin term and results due to
vacuum or zero-point fluctuations of the quantizdédctromagnetic field. Due to these
fluctuations, a shift in the position of electraycur. The shift in the position of electron is
given by
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<(d<)2>=2—” ) ogt (2.38)
7T \mC

and the Lamb shift in energy is given by

4 mcZ2ia’® 1
AE, =— ——— log— 2.39
S 9 - 9y (2.39)

For hydrogen, the Lamb shift i~ 660 MHz from 3S,/, towards 2P,,,. As compared to
Darwin term, the radiative corrections are smdlen factor otx log (1i).

2.3 The Total Fine-Structure Correction

Because the Darwin correction to the Bohr energy bba included in the spin-orbit
correction term, the total fine-structure correctaan be written as

LE. = /E, + /E, (2.40)

If | =0 thendE, in Eq. (2.36) represents the Darwin term.

(Za)’[ n 3 .
AE = i For j=1+1/2
FS En n2 _(I +1) 4 J
.
JE. =E, (ng) |E_ﬂ For j=1-1/2 (2.41)

Because the maximum value lois(n-1), it is clear that the terms in square brackets in
Eqg. (2.41) can never be negative. Therefore, beckyss intrinsically negative, the fine
structure corrections will always lower the Bohemrgy.

Usingj =1+1/2, Eq. (2.41) can be written in termsjp¥iz.,

AE(n, J) = E, (29) {( i >

- [ +1/2) —ZJ For j=1£1/2 (2.42)

Although the three separate contributions depend lmut the total shift in energyE.,
depends only o the total angular momentum quantum number.

2.4 Fine Structure Splitting

The non-relativistic energy levels, are 2i* times degenerate, the factor of 2 arises due to
spin of electrons. This degeneracy is partly rerdobg Dirac theory of relativistic
treatment of electronic levels. According to Dirleory, the non-relativistic levels,
depending on the principal quantum numbeplits inton sublevels, one for each value of
total angular momentum €| + s) quantum numbgr= 1/2, 3/2,.....n-1/2. This splitting is
called fine structure splitting andn levelsj = 1/2, 3/2,...... n-1/2 are said to form dihe
structure multiplet The dimensionless constant[” 1/137 controls the scale of splitting
and it is for this reason that it has been namedires structure constant. All three
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relativistic corrections, i.eH;, Hso, Hp, contribute to the fine structure splitting but foe
most part, the dominant is the spin-orbit correactio

2.5 The Central Field Approximation

Schrodinger’s equation (both relativistic and nolatigistic) are single particle equations
i.e. they can only model the dynamics of a singldigle. In a one electron system, one
only needs to take into account the interactiorwbenh the electron and the nucleus.
However, in a multielectron system the interactiath other electrons within the system
must also be considered.

In moving from one electron systems to N electrgsteans, the following interaction must
be taken into account:

* The kinetic energy of the electrons and their pidérenergy in the electrostatic
field of the nucleus.

* The electrostatic force of repulsion between etextiwithin the atom.
* The magnetic interactions of the electronic spithwheir orbital motion.

» Small effects such as spin-spin interactions batwtbe electrons, the relativistic
effects, radiative corrections and nuclear coroesti

The Hamiltonian of an N electron system is thuggigas:

NOop?_, Zé 1y, 7€ L

where r, denotes the relative co-ordinates of the electrovith respect to the nucleus,
r, = |ri - r,.|. The first sum in Eq. (2.43) is the single-paditlamiltonian, the second is the

mutual interaction between electrons, also knowithaselectrostatic interaction, and the
last is the spin-orbit interaction.

The most important and fundamental aspect of aiehedtron atom is the electron-electron
non-symmetrical interactions and fermionic nature etectrons as indistinguishable
particles. In this case Schrodinger equation cabhaaeparated into radial and angular part
as is possible in one-electron atom. Calculatidrenergy eigenvalues and eigenfunctions
become much more complicated and require intemaathematical operations. Even for a
simplest case of a multielectron atom, namely twe-¢lectron He atom, an exact
theoretical treatment is not possible.

To circumvent these difficulties either numericatthods or approximate models are used
for such calculations. One such approximationes@entral Field Approximation in which
all electron-electron and electron-nucleus intéoast are averaged together to produce an
effective field and any arbitrarily chosen elect@moves in this effective field, that is
independent of the momentary location of the othkectrons. The effective field is
different for each of the electrons and the fieldsinbe computed self-consistently for all
the electrons. This approximation reduces the weilaltiron problem into one electron
problem which could be solved relatively with lessmplexity. In order to compute
effective field . Hartree-Fock methods or self-consistent field apph is used. The
method is based on a supposition of a trial cdgtsgimmetric field which then could be
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plugged into Schrédinger equation. The solutiosafrodinger equation results in energy
eigenvalues and eigenfunctions.

2.6 Angular Momentum Coupling Schemes

In many electron atoms, for example an atom comgiN electrons, there are more than
two elementary angular momenta i.e. N orbital aaguhomentd; and N intrinsic spin
momentas. Therefore under different circumstances the ondevhich the momenta are
coupled together can be chosen in many differeryisveamd any specific choice is known
as acoupling schemeThe eigenstates constructed for the total angulanentum out of
the eigenstates of the separate angular momentacerilespond most closely to the
various physical states of the atom if the coupinlgeme used corresponds to the coupling
of successive momenta in the order of decreasreggth of the various interactions.

Generally, the coupling schemes depend on manyrisatin central field approximation

approach two broad limits can be set by considehegelative magnitudes of the last two
terms in the many electrons Hamiltonian given in ¢ 3). These two terms describe two
distinct interactions between the electrons: (Bideal electrostatic and (ii) spin—orbit.

When residual electrostatic interaction betweetedas is large compared with the spin
orbit interaction, the electrons couple accordingthhe LS or Russell-Saunders [36]

coupling scheme. At the other extreme end in tmérakfield approximation is the case in
which the spin-orbit interaction is large comparedth the residual electrostatic

interaction. The electrons then couple accordingptapling scheme known gscoupling.

The ground state is usually well represented USycoupling whereagj-coupling is
dominated in atoms where one electron is in higitgited, for example in a Rydberg
state. When neither dominates, an intermediatelcmupcheme must be employed which
can occur for low-lying excited states of heavynago

(i) LS-Coupling

If the physical coupling conditions existing in taeom closely approximate LS-coupling
conditions i.e. when the residual electrostatiernattion is large compared to spin-orbit
interaction, then the individual; are to be thought of as precessing rapidly in some
complicated manner about the resultant and the individual§ similarly as precessing
about their resultanS. Neglecting all other interactions except the deal Coulomb
interactions, therL and S are constants of the motiofihe coupling of the total orbital
angular momentumL and the total spinS give rise to the total electronic angular
momentum J. The maximum and minimum value of are ‘3+§ anoﬁ—a,

respectively. The electrostatic interaction usualgminates in low-lying states of light

atoms where the electron(s) in the outer shelraatestrongly with electrons in the inner
shells known as the core. This coupling schemé&en @ppropriate for the ground states of
atoms as well.

The electrostatic Coulomb repulsions affect onky ¢ibital angular momenta and not the
spins. Therefore it is appropriate first to cougggether all the individual orbital angular
momenta and the spin momenta. This gives the ¢otétial angular momentum i.e.,

L=>T and ‘E‘ = JL(L+1)n (2.44)
|
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and the individual spins add together to give ttaltspin momentum i.e.

S=¥% and |§= St1) (2.45)

of the atomic states. Therefore the total angulamentum of the electron shell is given

by
jzt+§and‘j‘=«/J(J+lﬁ (2.46)

The wave functions and the quantum states can dyébdd in terms of four good quantum
numbersL, S, M_and M. Physically, however, the vectors and S are always

coupled together by weak spin-orbit interactionsl gmecess about their resultadt.

Precession is taking place sufficiently slowly subht the magnitudes of and S are
well-defined and sum of the z-compone(¥, =M, + M) is defined. Now the quantum

states are described in terms of four quantum nesnbgeS, J and M; .

(ii) jj Coupling

With increasing atomic number Z, the spin-orbienatctions become more dominant and
in the limit in which these interactions become matronger than the Coulomb repulsion,
the coupling conditions approach the pjjreoupling scheme. The reason for its being so
named is that if the residual electrostatic inteomcbetween electrons is neglected, the
electrons move quite independently of each otharaantral field, each electron separately
being subjected to a spin-orbit interactiomr Example in a situation in which the two
electrons are sufficiently far from each other stidt the electrostatic interaction between
them is weak then only their total electronic aaguinomentaj, are constants of the
motion because there are no torques on one eledtrerio the others. This is most often

the case when the excited electron is in a higtate and thus spends most of its time far
from the others confined to the core near the mscle

Initially I, and§ of individual electrons couple to form the resattangular momentum

—

j =l +s (2.47)

Then the vectorg, of different electrons couple together to giveat@ngular momentum
vector J of the atomic state, given by,

J= > (2.48)
For example for two electron systerim: jTl + TZ. The possible values pfie between
Ji*, and|j, -],

In vector atom model each and§ precess rapidly about their resultgptand afterwards
application of the residual electrostatic interactacting as a small perturbation causes a
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slower precession of. about their resultand which is a constant of motion in bokiS
andjj-coupling schemes. But in tljecoupling schemé andS have no meaning.

The manifold ofJ values and the total number of quantum statestreresame in all
coupling scheme. There are many situations for vhigitherLS nor jj-coupling scheme
are valid approximations. In such cases the Coulaeylsion and the spin-orbit
interaction for each value dfis diagonalized. The coupling is then said torttermediate.

2.7 Electronic Configuration in an N-electrons System

For any given value af (principle quantum number) there argossible values df (the
azimuthal quantum number), for each value thfere are R+ 1 values oim and for each
of these there are two possible valuemgfThe total number of electrons in states thus
2r’. Different states within an atom are denoted keysthp, d, f.....after f the sequence
become alphabetical. The first four alphabets dohawe any theoretical interpretation;
they are historically named after the first serigsntified in the spectra of the alkali
metals:sharp,principal, diffuse andfundamental.

These alphabets correspond t010,2, 3... values of the azimuthal quantum number
respectively. The principle quantum number is wnttas the co-efficient of the
alphabetical symbol while the number of electransach is written as its power.

As one move from lower level states to higher lylegels (in terms of energy), the orbital
start overlapping each other; a situation calledfigaration mixing or configuration
interaction. Since the parity is a good quantum lpemconfiguration mixing takes place
only within configurations of same parity.
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3 Hyperfine Structure

The termHyperfine structure refers to a collection of different effects leaditagsmall
shifts and splittings in the energy levels of atpmmolecules and ions. The name is a
reference to thdéine structure which results from the interaction between the mehig
moments associated with the electron spin and ldwrens orbital angular momentum.
Hyperfine structure, with energy shifts typicallgders of magnitude smaller than the fine
structure, results from the interactions of theleus with the internally generated electric
and magnetic fields.

In 1924, Pauli suggested that many nuclei have mgular momentum, which is
characterized by quantum numbBesind associated with it a magnetic dipole momgnt

which is of the order of 1000 times smaller thaBcdr magneton. The interaction of this
moment with the magnetic field produced by the nedaelectrons causes a small splitting
of the energy levels of an atom and provides thgekt contribution to the observed
hyperfine structures.

Anomalies in the spacing of these hyperfine stmestuater led to the discovery of an
electrostatic interaction due to the deviationsiatlear charge distribution from spherical
symmetry which can be expressed as quadrupole mdmen

Different isotopes of an element have generallfedtht values of, 4 andQ and shows
different hyperfine structures. But also the cenwé gravity of these hyperfine structures
are often found to be displaced relative to onetlaaro This isotopic shift is most easily
observed in isotopes where the nuclei having no apd therefore the energy levels show
no hyperfine structure.

Isotopic shifts are due to two entirely differemauses. The difference in the nuclear mass
for different isotopes gives rise to a shift whishappreciable for the lighter elements but
decreases rapidly with increasing atomic weighte Tdrger isotopic shifts observed in
heavy elements are caused by the finite size ofitickear charge distribution which differs
for different isotopes and causes a slightly défer electrostatic field to act on the
electrons in the immediate vicinity of the centrfeattraction (due to differences in the
charge distribution of the nucleus for differendtapes). The study of these volume- or
field-effects has contributed to the knowledgeha size and shape of nuclei. The quantity
which governs the isotopic shift is the second alaagnoment of the nuclear charge
distribution. This quantity is called “nuclear meaquare charge radius”, and can be
considered as a monopole moment of the nucleus.

3.1 Nuclear Magnetic Moments

The magnetic moment of a nucleon is made up obthiéal and spin angular momenta
H=gl+gs (3.1)
The orbital magnetic moment of a proton is defibgdhe formula

4= eh
2mpc

1, (3.2)

wherem, is the mass of the proton.
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The magnetic moments of nuclei is usually expresaiclear magnetons, i.e. in the units
eh m
o 63

In term of these units the factorfgr a proton equals unity and neutrons with zeexteic
charge has g 0.

The intrinsic magnetic moment of a proton is dieelcalong the spin and its experimentally
measured value issg 5.58. The intrinsic magnetic moment for a newtr® directed
against the spin and g -3.82. Thus,

Proton: g=5.58, g¢g=1, (3.4)
Neutron: g=-3.82, ¢g=0

In the framework of the independent-particle motie, operator of the magnetic moment
of the nucleus is defined by the sum of single-eoloperators i.e.

p=3(gl +gs). (3.5)

The mean value of Eq. (3.5) in a state with a givaine of nuclear spihis directed along
|, therefore(y/) can be expressed in terms of

The factog,in Eqg. (3.6) is called the gyromagnetic ratio. Tiwdfg,, it is necessary to
calculate the matrix element of one of the comptsefy , for example

(wm, | g, | ) = (pm, |=(g /], + gss,) I ;) (3.7)

The matrix element Eq. (3.7) is proportionahto Therefore, takingn = I, we obtain

0= (M 1Z(g1.+ gs) ) 38)

The magnitudey, essentially depends on how the angular momleatals of the nucleus
add up to the total angular momentiimin the jj-coupling approximation the following
scheme of addition of angular momenta occurs:

|a+Sa:ja. %ja:‘]-

Just as an atom, closed shells do not contributieetmuclear spin, and so it is sufficient to
take into account only the nucleons outside theetlshells. The ground state of a nucleus
is always a state for which there is the maximussjile number of closed pajfswith an
angular momentum equal to zero. Thus, if the nigctauntains an even numbers of protons
and even number of neutrons (even-even nuclei)spie of the nucleus | and magnetic
momenty are equal to zero. If the number of neutrons a&ednumber of protons are both
odd (odd-odd nuclei), the protons and neutronsgoirthe states with identical values of
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j and the same parity, thén= 2. If the number of protons is even and the number of

neutrons is odd (even-odd nuclei), the spin of theleus is same as the angular
momentum of the neutroj). On the contrary if the number of protons is oddl she
number of neutrons is even (odd-even nuclei), thdear spinl = jr). Thus, for even-odd
and odd-even nuclei the spin and magnetic momethteohucleus are determined by the
last unpaired particle,

1=J, wu=91=9;j.

This shows that the magnitude of the magnetic mowiea nucleus essentially depends on
the particular features of the construction of nlieleus. For this reason the measurement
of magnetic moments of nuclei enables one to obtailnable information about the
nuclear structure.

3.2 Magnetic Dipole Interaction

The motion of the electrons produces a magnetld Bg at the nucleus, which interacts

with the nuclear magnetic momeit. Consideration of the classical energy of orientati
in the field, allows the Hamiltonian describingsimteraction to be written in the form:

H,=-7.B, (3.9)

It is assumed that this term can be treated asa#l perturbation when compared with the
zeroth-order Hamiltoniar ,, which describes the central electrostatic filchtom, the

repulsion between electrons, and the spin orletraation. Considering only the effects of
H,on the states labeled by the quantum numpeisSJ) . It follows thatJ andl are good

quantum numbers and that the nuclear magnetic momaybe written in the form

B =90 (3.10)

where g, is the nucleag-factor and :%is the nuclear magneton which depends on

the proton mas®l. The sign adopted in Eq. (3.10) differs from tbhthe corresponding
equation for the electronic magnetic moments bexthes nucleus is positively charged.

The nuclear magnetic moment of the atop, is defined as the largest observable
component offy, :

o= (m =1 llm = 1) =g,4, (3.11)

Nuclear magnetic moments are typically 2000 timewler than electronic magnetic

moments since™X :mzi.
U, M 1836

The nucleag-factor, which is of the order of unity, takes asebof the way the resultant
nuclear moment is built up from the magnetic momm@iftindividual nucleons. It therefore
contains information about the detailed internalcure of the nucleus.
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For a given atomic level characterized by the tastilelectronic angular momentum

quantum numberd coupling with nuclear angular momentum quantum lmemi gives
the total angular momentum quantum numbeof the atom i.e.,

F=1+J (3.12)
F2=12+J%+21.J (3.13)
N 2_12_12

PR R 14

F remains a good quantum number under the applicatiothe perturbatiorH, for
hyperfine interaction does not give a torque onatoen as a whole.
Since the magnetic field at the nucle@es, is determined by the motion of orbital

electrons, it follows thatB, [1J . Thus (from thelJ coupling approximation) Eq. (3.9)
becomes

H,=Al.J (3.15)

U

where A; is called the magnetic hyperfine interaction or glowg constant and is the
quantity which is determined directly from experimted measurements. For a hydrogenic

atom, or an atom with just one electron outsidsetoshellsg and Jare anti-parallel and

the constan#; will be positive if the nucleus has a positiveusabfg, . The magnetic field

at the nucleus will be zero for atoms with closebt-shells and will be largest for those
atoms with electrons in penetrating orbits. Thereflargest hyperfine splitting would be
observed in atoms with unpaired s-electrons, g/drdgen and the alkalis.

The interaction energy can be obtained by usingrtagix elements of the operatsy, i.e.

AE, =<MJFmF‘H#‘y{JFmF> (3.16)

By substituting Eqg. (3.14) in Eq. (3.16) we getexpression for the hyperfine structure
energies of alF levels of a hyperfine structure multiplet with pest to the atomic fine
structure level, viz.,

AEN:%{F(F +1) =1 (1 +1) - J(J +1)} (3.17)
nE,=5C (3.18)
2
where
C=F(F+D)-1(1+D)-J(J+D) (3.19)
and
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_ 9/4(B)
A = I1826J (3:20)

3.3 Electric Quadrupole Interaction

The quadrupole moment of a nucleus is a measuteeafeparture of the mean distribution
of nuclear charge from spherical symmetry. It isifpee for a distribution which is prolate

ellipsoidal, negative for an oblate distributiomdazero for a spherically symmetric
distribution. Thus a non-zero electric quadrupol®mment implies that the charge
distribution within nucleas is no longer spheriaall the nucleus is deformed.

The electrostatic interaction between a singletedacand nucleus containing Z protons is

Z

w=-3

Ir o (3.21)

e
where the origin of co-ordinates is the centre akmof the (infinitely heavy) nucleus,is
the position vector of the electron, is the position vector gfth proton and the sum is
taken over all Z protons.

In order to discuss the departure of the nucleaargeh distribution from spherical
symmetry, higher order electric multipole momenégah to be considered. Assume that

r. >r,and expanding the factcllr_| in powers ofr, /r, and in Legendre polynomials
r,—r

Py (codep) Wherede is the angle between andrp Eq. (3.21) becomes:

-1/2

Y4
W=-¢e*)" [re2 +r2=2rr,cosh,,
=1

= ZZZ ot R (cosB,,) (3.22)

p=1 | e

Applying spherical harmonic addition theorem i.e.
| 1 *
R (cos8,,)=4m ). 2|—+1Y|m(9p,(Pp)Y|m (8., 9.) (3.23)
m=—|

where;, are spherical harmonics of rah&nd projectiomm.
EqQ. (3.22) becomes

I,I

w=-are? Z,2|+1 V(8 0,) Y (8 @) (3.24

p=1 m=

Expressing Eqg. (3.24) in more compact notation, viz.
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3 Voo = X D™, = YO @Y (@),

6,,9,)=(Q,), (6, ¢e) = ()

Q=63 [ AT iy ) (3.25)
p=1 2| +1

411
U =—e|—r"yO(Q 3.26
‘/2| i1 Q,) (3.26)

Eq. (3.24) can be written as
w=>QWu® (3.27)
|

Whenl =0, Eq. (3.27) becomes
W=2z¢€lr. (1=0), (3.28)

which is just the Coulomb interaction with Z beitlg sum over the protons. For a nucleus
of finite size, there is a correction term to beedlin Eq. (3.28):

%TIeZZ|L|J(O)|2<R2> (3.29)

In which <R2>is the mean square charge radius of the nucleus éud0)’is the
electronic charge density at the nucleus.

The terml = 1 in Eq. (3.27) vanishes because it correspondisetonteraction between a
nuclear electric dipole moment and the electritdfiestablished by the electrons. Nuclear
states have well-defined parity so that the expectavalue of nuclear electric dipole
moment (which is an odd operator) vanishes. The tesm, withl = 2, is the electric
quadrupole interaction which is the Hamiltonikg

H,=Q®PU® (3.30)

and is a scalar product of nuclear and electrimmsor, each of rank 2.

The matrix elements of the scalar product of twaste operatorsT™ and U in the
coupled representation is given by [37-38]

(ai j, imT U ©latyj; fml) = (-1 h”fﬁéuém{ j ’J i}xZ<aj1\rr‘k>ua"jl><a"jzuu laris)
2 1 a
(3.31)

Suppose that the electronic state is characteliyeghgular momentum quantum numbers
J, my, the nuclear state by, m and when the two angular momenta are coupled the
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quantum numbers atgj, F, m: . In this case, Eq. (3.31) becomes

(NFM QP U @[IF ML) = (=D 8.0, {'J ‘I] Z}<| [Q@[r){3Ju @[) (3.32)

The quantity in the curl bracket is a 6] symbol stealue is given by

{I J F}:(_l)mﬂ y A3X(X +1) - 41 (1 +1)3(J +1)]

J 12 J@I -2 (21 + (21 +2)(21 +3)(2I -1)2] (2] + (2 +2)(2] +3)
(3.33)

where

X =1(1+1) + J(J+1) — F(F+1)

In order to solve Eq. (3.32), the reduced matrignmednts are evaluated. Consider the
reduced matrix element for the nuclear quadrupaeentQ, viz.,

0=(m =

> Bz-r)= zzwfgnrpzvzo(gp) = (2/e)Q? (3.35)

where the second equality comes from Eqg. (3.25hawe

> Bz -r2)Im = |> (3.34)

since

1 e
5eQ=(Im =1/Q

Im, = |> (3.36)

Using the Wigner-Eckart Theorem i.e.,

<|mI |m|>:(—1"m(_|m 3 nIJ<IHQ(2’HI> (3.37)

Settingm, = | and evaluating thef 3ymbol gives,

2
Q7

(Im =1[QPim, =1} =@ -D2 @ +D@ +2) +3) (1| (3.38 @)
=%eQ (3.38b)

or
<| [ > = /@1 - D2 2 + @21 +2)2l +3)eQ (3.39)

It can be emphasized here from Eq. (3.38) thainti@ei with spinl = 0 or % have no

quadrupole moment.
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The reduced matrix element for® can be solved in an analogous manner.

The component 01<JHU (2)HJ> proceed in analogous fashion. Now a quantigg™is

defined as
1 —_ —_ 2) —
Eeq—<JmJ = JJulom =) (3.40)
where, from Eqg. (3.26),
4 1 322-r?
UP = [2m2Y,(Q) = - e~ e (3.41)
5 2 .
Note that
7 ( e 3z —r?
—|-=|=-e s 3.42
022( rj r> (3-42)

is thezzcomponent of the electric field gradient tensadouiced by an electron at a point
whose co-ordinates with respect to the electron(@sez). Since the origin of the co-

ordinate system has been positioned at the nucy$) in Eq. (3.41) is thegzcomponent

of the electric field gradient tensor at the nuslpuoduced by an electron at a distance
from the nucleusor

1( 0%V 1
u® == e | =2V 3.43
0 2( aZZ jo 2 zZ ( )

whereV is the potential due to the electron and the stam®rivative is evaluated at the
origin (nucleus). Therefore the product “eq” canNrdten as

eq=(Im, = IV, JIm, = J) =(V,,) (3.44)

which is the average or expectation valu¥gtaken over the electronic st#dé).

Again the use of Wigner-Eckart theorem leads taéisalt

<J\u <2>\J> =%¢(23 +1)(J + (2 +3)/(2J -Deq (3.45)

On substituting Eq. (3.33), Eq. (3.39) and Eqg.%3iato Eq. (3.32), we have

<|JFmF\Q<2>.u <2>\|JF'm'F> G _ezl‘;ﬁZJ 3 BX(X D) -1(1 -1)JI(J +1)} (3.46)

The quantitye’qQ is known as the quadrupole coupling constant Xni$ the same
guantity as in Eqg. (3.33). The quadrupole couplingstant may be positive or negative,
depending uporQ is positive or negative respectively. Using vecsm and scalar

product of[ and J i.e.
F=1+J and -21.J=12+J*-F?
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Eq. (3.46) becomes
<IJFmF‘— 2T.3‘IJF'an> =11+ + I +1) - F(F +1) = X (3.47)

Thus

<|3Fm‘3(f.3)2 +g(|".3) -1%3° IJF’rTL> :gX(X ~D-1(1+)JI +D) (3.48)

Comparing the above equation with Eq. (3.46) gives,

2112 EZQQ R P 212
—N@ 113 = — -
Ho=Q“U¥ = @ -1 23 -1) {3(| J) + 2(I J)—14 :l (3.49)

Eq. (3.49) can be written alternatively as

B,
21 (21 -1J(2J -1)

H,=Q@U® = {3(?.5)2 +§(TJ) - ZJZ} (3.50)
where B, is known as the electric quadrupole interactiod aan be expressed as a

product of the quadrupole moment and the elecieid fgradient produced by the orbital
electrons at the position of the nucleus i.e.

B, :eQ<02\£e> (3.51)
0z

Hyperfine structure measurements on free atomsletiabd values oB, to be determined

experimentally. However, the nuclear electric quadite moment can then only be
calculated if theoretical estimates of the fielddjent exist.

The quadrupole interaction causes a shift in hyperstructure levels and do not produce
splitting. The shift in energy is given by

AE, = (IJFm, |Hg|IIF'm..)

B, §C(C +D-21(1 +1)JIJ +I)

STy 121 -1 32 -1)

(3.52)

whereC is
C=FF+D)-JJI+D-I1( +2

- : . %, .
This interaction vanishes for S terms, bec{u.u%ef> vanishes when the electron charge
z

distribution is spherically symmetrical. The intetian also vanishes unless=1, J=>1.
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3.4 Hyperfine (hf) Structure

In the absence of nuclear magnetic dipole or eteqguadrupole interactions, the zeroth-
order wavefunctions{leme|>are (21 +1)(2J +1) -fold degenerate in the nuclear and

electronic magnetic quantum numbers. To evaluate ethergy shift arising from the
hyperfine interaction, we take linear combinatiofnshe functionq yalm, m|> to form new

zeroth-order wavefunctionblemF> for which the total angular momentumand the
projection m. =m; +m are good quantum numbers. The magnetic interacﬂplﬁj

causel andJ to precess rapidly about the resultant total aargmomentum
+J (3.53)

The energy of a specific hyperfine level is thevegi by

E. = (JIFM.|H, + H,5[)IFm, ) (3.54)
E =E +1AC+ B, {3cC+1 -4 (1 +1I(I +1} (3.55)
F 27T 82 -)3(2I-)) '
whereC is
C=F(F+1)-1(1 +1)= J(J +1) (3.56)

The first term in Eq. (3.55) is the energy of aefistructure multiplet level with total
electronic angular momentum quantum numbBerthe second term is the magnetic
hyperfine interaction which causes the splittindiné structure level and the third term is
the electric quadrupole interaction producing shitnergy.

Eq. (3.55) shows that the magnetic and electrieraation between a nucleus and the
orbital electrons which splits a given fine struetlevel into hyperfine structure multiplet.
The number of hyperfine structure levels depenthemumber of possible orientations of

the angular momentum vectoisandJ i.e. a fine level splits intel +1 if J=1and
2J +1if | = J hyperfine structure levels.

The total width of the splitting between leveigd||[to|I+J]] is
AW = Ay 1(2J + 1) for J > |
and
AW = Ay J(21 + 1) forJ < |

The hyperfine structure splitting is in the rangd. @ to 1 cni* and is smaller than the fine

structure splitting. This is due to the fact ti%and L are strongly coupled to each other as
compared to their resultant coupling with the nackpinl .

WhenA; > 0 the hyperfine level having smallest possible vatilE has the lowest energy
value, and known as normal hyperfine multiplet. Whg< 0 then the level having largest
possible value of has the lowest energy value. Such hyperfine mattiig known as

inverted multiplet. Physically it can be explainadhe following manner: If the spinning
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electron and nucleus are considered as small magvigth influence each other at a
certain distance, then the most stable positionldvine one for which their magnetic
moments are in opposite directions and the mechbmoments are in the same direction.
This leads to normal hyperfine splitting of fineusture level such that smallest F lies
deepest. In the reverse case the highest F valtige daepest i.e. inverted hyperfine
structure levels.

3.5 Radiative Transitions between Hyperfine Structure
Components

The electric dipole transitions between the comptsef the hyperfine structure of two
levelsyd and yJ', assuming that transitions between these levelsliywed depending on

selection rules, obey additional selection rules
AF =0x1; F+F'21 (3.57)

The electric dipole transitions between componehthe hyperfine structure of the same
level are forbidden by the parity selection rulenlyOthe magnetic dipole transitions and
the electric quadrupole transitions are allowedthim first case, the selection rules (3.57)
apply and in the second

AF=0+1+2: F+F'>2 (3.58)

3.6 Landé Interval Rule
The relative spacing of hyperfine levels obeys léaiderval rule which states that “the
energy spacing between successive hyperfine I&vel$ andF is proportional td=" i.e.

AE,(F,F-1) =E,(F) —E,(F-1)
AE, (F,F-1) =% [F(F+1) - (F-)F] = AF (3.59)

This rule is analogous to the Landé interval ra@ethe fine structure multiplet splitting.
Just as in the case of the fine structure splittihg centre of gravity” of the hyperfine
structure of a level is not shifted.

Y. (RF +DAE, =0 (3.60)

The energy of a particular hyperfine structure lesgiven by

EF:EJ+1AJC+ B,

2 8l (21 -1)J (23 _1){3C(C+1)‘4' (1 +1J(J +D} (3.61)

whereC is
C=F(F+D)-1(1+D)-J(J+)
From Eq. (3.61) it is clear that the quadrupolenattion gives rise to a departure from the
interval rule because its dependenceFors different from that of the magnetic dipole
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interaction. Therefore interval rule for the hypeeflevels is valid only foB; = 0. Also
deviation from the interval rule is more prominertenever the quadrupole constdyt is

comparable in magnitude with the magnetic congdanturthermore it is to be noted that
the interval rule for a line with the hyperfineisjohg is valid only if:

* The interval rule is obeyed by the individual hyfper structure splitting of
both the combining levels

« AJ=0

For AJ = 1, it does not hold with the exception of oiteation where A-value of one of
the combining levels is so small as compared tAtvalue of the other level that it can be
neglected. In such a situation the hyperfine stmgctpattern of the line reflects the
hyperfine splitting of the level with 4 O.

3.7 Intensity Rule for Hyperfine Components

The hyperfine structure term with a giverhas a statistical weigf2F +1) . In hyperfine

multiplets, this statistical weight is importantr fthe determination of intensity ratios
between hyperfine structure components. The relatitensities within a hyperfine
multiplet is found to obey the intensity or the stute discovered empirically by Ornstein,
Burger and Dorgelo [39-40]. It can be stated as

“within a hyperfine multiplet, the ratio of the ssnof the intensities of all the transitions
from two states with quantum numbers and F' are in the ratio of their statistical
weights 2F +1): (2F' +1) ".

If the splitting of one of the levels is negliglbémall, the intensities of the lines are
simply in the ratio of the valuegrF +1 of the level whose splitting causes the structure.
This offer a means for determining the valug of

In order to determine the value of from a measured intensity ratio, one only has to
distinguish between either different half-integoaldifferent integral values, according to

whether the mass number is odd or even. It is evitleat the accuracy needed for the
determination ofi is greater, the higher the value lof

If the valueJ of the level causing the splitting is sufficientirge, the nuclear spincan
be deduced from the number of components, providedesolution is complete enough.
The number of component is, then, simply equats to1.

For a dipole transition the connecting atomic statéth total electronic orbital angular
momentumJ, and J, and with nuclear spin, the line strengthS(F, - F,) of the
hyperfine components connectiRgandF, is given by the expression

S(F, - F)= (3.61)

21 +1 F, J, 1

u u

(2F, +(2F, +1) {JO F, I}Z

Above equation is applicable in cases where intenas between neighbouring levels are
weak, so thall, andJ, are good quantum numbers. The strongest compoathigperfine
structure multiplet are those for whi€handJ change in the same direction and are called
diagonal lines or componentsi.e.

AF =AJ (3.62)
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and the line strength of diagonal lines increasiéls mcreasing-. The other two groups of
weaker lines withAF # AJ are calledoff-diagonal lines and usually are strongest for
intermediate values df. For AJ # 0, one group of off-diagonal lines withF = 0 are
stronger than the other group iaF = - AJ. For AJ = 0, both groups of off-diagonal lines
are of equal intensity. Physical interpretatiorEgf (3.62) is that since the nuclear spin is
so weakly coupled to the electronic system thdbés not affect the total radiation of the
atom with a giverd. But by forcingJ into a certain orientation with regard Foit affects
the statistical weight of the level and causes réaite distribution of radiation over the
hyperfine structure components.

3.8 Experimental Determination of Hyperfine Constants

The hyperfine interaction energy has two contriimsi (i) magnetic moment of the
nucleus interacting with the magnetic field prodiicey the spinning and orbiting
electrons, (ii) electrostatic interaction of elecis with asymmetric charge distribution
inside the nucleus. Eq. (3.46) can be written as

AE=a.h.A +S.h.B, (3.63)

wherea andp are Casimir Factors and are functions of totaitarlangular momentum of
electrons] and total angular momentufof atom with spid, viz.

a:%[F(F +D -1+ -3 +1)]:% (3.64)
and

jC(C +) -1 (1 +DJI(J +D

P @ -y <) (3.65)

The electric dipole transition between the two efiéint fine structure levels having
hyperfine splitting/E follows selection rulegJ = 0, 1 and4F = 0, £1. As photon carries
angular momentum therefore transition between tygetine levels each havirlg= 0 is
forbidden For electric dipole transitions parities of themtmning fine structure levels
must be different. Each allowed transition représem component of the hyperfine
structure pattern of a spectral line with componesitions given by

v=v +a,F,J,1)A +L(F,3,1)B —-a,(F,J,,1)A - L,(F,J,,1)B, (3.66)

v¢ is the energy difference between the fine striectavels and experimentally it is the
excitation energy for the combining lower and upiiee structure levelsThe upper level

is labelled by the letter ‘0’ (German word “obenigans upper) and lower level is labelled
by the letter 'u’ (German word “unten”, means lojvekpart fromv,, Eq. (3.66) contains
Ao, Bo, Ay andBy as unknown quantities. Thus, for experimental deitesition of hyperfine
constants from a given spectrum, it is necessaigetatify the quantum numbers of at least
5 hyperfine components and to measure their (atesalurelative) positions. If one can
identify more than 5 components, a least squardaadehas to be used to calculate the
hyperfine constants.
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4 Laser Spectroscopy

The invention of the laser has broughedpcular advances in all fields of science and
technology and especially in the branch of preaisipectroscopy of atoms and molecules.
Classical spectroscopic techniques have two majawltacks (i) low intensity of
excitation source (ii) lack of resolution of thespiersing device. The availability of widely
tunable and intense highly monochromatic lasertlighurces has not only greatly
increased the sensitivity and resolution of cladsgpectroscopic techniques, but also
helped in rediscovering old spectroscopic techrsgsiech as Raman spectroscopy and
discovering many powerful new techniques of noedinspectroscopy. Furthermore, laser
light interaction with atoms and molecules is nostjlimited to their spectroscopic
investigations but now the laser light is also uasd tool to manipulate atoms such as in
the field of laser cooling and trapping of atomsheThigh resolution and high
monochromaticity of the laser beam can be usedojpplr free spectroscopy where high-
resolution spectra can readily be obtained. Innmegears, femtosecond (fs) lasers have
been developed which are able to generate very ptses as short as 4 femtoseconds.
Commercially available femtosecond lasers can ggeepulses less than 30 fs. Many
processes in physics, chemistry and biology ocauraovery short time scale and
femtosecond laser spectroscopy has been widely tas@uvestigate such processes. In
multiphoton spectroscopy, where the high peak powiea short pulse laser allow the
absorption not of one photon but two or more phetdinis method has an advantage that
it allows for the excitation energies not availafstem one photon, for instance excitation
of molecules in the UV or VUV using visible liglturthermore, multiphoton spectroscopy
follows different selection rules and has differgalarization dependence and therefore
can be used to reach states not accessible withharten.

In the following sections a detailed descriptionvafious line broadening mechanisms is
given which is then followed by a short descriptiohtunable lasers, with a particular
emphasis on a ring dye laser system. The resieofhhpter is devoted to the discussion of
different laser spectroscopic techniques.

4.1 Spectral Line Profile

The theories of atomic and molecular structure ¢ginseconcepts of quantum numbers and
angular momenta which provide an insight concertirgydiscreteness of energy levels of
atoms, ions and molecules. This discrete natuenefgy levels leads to discrete spectral
features which are characteristic of particulanmmatoor molecular specie. Furthermore,

selection rules provide basic criteria for the afigle transitions which occur between

energy levels. From this one might infer that thectroscopic transitions involve purely

monochromatic radiations and that the associateskrgbd spectral lines would be

infinitely narrow, delta function “spikes”.

Contrary to this, even the most casual inspectioany spectrum cast strong doubts on
such an inference. Experimentally it is observeat the spectral lines consists of some
intrinsic distribution of frequencie$,v), about the center frequeney This distribution of
frequencies give a characteristic shape to a speate and is known as spectral line
profile. The characteristic shape and finite linelttv of spectral lines are determined by
the physical conditions existing within the souote¢he spectrum.

Depending on the physical conditions prevailingdasan ensemble of atoms, the spectral
line broadening mechanisms can be divided intolivead categories i.e.
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(i) homogeneous broadening, and (ii) inhomogend&ooadening.

The spectral line profile is said to hemogeneouslyroadened if all of the atoms within
the sample experience identical physical conditidnsother words, the spectral line
profile for the transition?x — ¥, is homogeneously broadened if the transition g@lodly
as a function of frequend¥(«) is identical for all atoms within the ensembletthee in the
initial statex.

The spectral line profile is said to behomogeneoushbroadened if different subsets of
the atoms within the sample experience differentsmal conditions. In other words, the
spectral line profile for the transitio®x — ¥, is inhomogeneously broadened if the
transition probabilityP(«) is different for different sub-ensembles of ataimet are in the
initial state?.

Natural, collisional and power broadening mechasisane examples of homogenous
broadening mechanism and are well described by al@ed Lorentzian line profiles with

center frequencyw, and full widthy. Doppler broadening is a form of inhomogenous
broadening and is described by a Gaussian linélgrof

4.1.1 Natural Linewidth and the Lorentzian Line Profile

Consider a hypothetical two energy level atom, Whecisolated and is at rest. One of the
level is the stable ground levie] and the other is the excited le\®l Furthermore, it is
assumed that each energy level is singly degenaradeexcited state decay only via
spontaneous radiative transitiBn— Ex. The energy separation between excited and stable
ground levels is given by

AE = hv, = hay (4.1)
Corresponding to such an idealized atom the spdicteaprofile associated with transition
is examined. The system can be described by aicdhsamped harmonic oscillator with
characteristic frequencyy and masan. Radiative energy loss leads to damping of the

oscillations which is characterized by the dampingstant. The amplitude of oscillation
can be obtained by solving second order differértjaation, viz.

X+ yX+wix =0 (4.2)

In the limit of small damping i.e. whereis much smaller tham,, the time dependent
amplitude of the oscillation is given by

A(t) = A exp{%) CO®, (4.3)

where A, is the amplitude at timé = 0 and the exponential term describes the time
dependent damping. Using Eq. (4.3) and an expmedsiothe energy of the oscillator,
damping constant can be determined and is given as

_ 2 €wr _ 2mev;?
3mc (4, ) 3, ,mc

Now damped oscillations are of the form shown iguFé 4.1(a) with the amplitude

decaying exponentially in time. The oscillationsvéa lifetime rijass = 1/y. An infinite
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wave train of constant amplitude is truly monochatim Thus the frequency of the
emitted radiation is no longer monochromatic. Tlourker transformation of Eq. (4.3)
from the time domain into the frequency domain gi\eg. (4.5) which describes the
intensity of the line as a function of frequencig, v

_ 1
(wma) = '{(w—m%(wzy} o)

Changing fromwtov, gives

I(v-v,) = I{ (y! 4m) } (4.6)

(v-v, ) +(yl2)

wherel, is the central intensity. Klin Eq. (4.6) gives the normalized Lorentzian line
profile as shown in Figure 4.1 (b).

The Lorentzian or natural line profile is definemhtpletely by two quantities; (i) the center
frequency at which the line intensity is at its mmaxm and (ii) the full width at half
maximum (FWHM) intensity, that is the width betwetre two points at whic(w) =
I(wo)/2. Inspection of Figure 4.1(b) clearly illustratémt the center frequency is exactly
the characteristic frequency of the damped harmasicillator, wo; and that the full
linewidth is exactly given by the damping coeffidie). The linewidth can also be
expressed in terms of frequency or in terms of Weagth by the following equation, i.e.

27cAA
y =Aw = 2M\v = I’ 4.7)
and the relative width are the same and are gisen a
Aol _|Av| _ |84 s
a)O VO AO

The derivation of natural or Lorentzian line prefis based on the assumption that a single
oscillator corresponds to a single isolated atont. tBe result applies equally well to an
ensemble of randomly phased oscillators correspgntt a collection of identical atoms
under identical physical conditions that radiatetheg identical center frequency, but at
random times.

Heisenberg’'s Uncertainty Principle can also be usedn equivalent description of the
natural line profile. This quantum mechanical apgio is more consistent with the
description of atoms and provides greater insighphysical conditions prevailing inside
the atom. The uncertainty principle expressedimseof momentum and position is given
by

ApAX = g (4.9)

wheredp and4x are the uncertainties in linear momentum and jpositespectively. The
uncertainty principle can be utilized for any pair conjugate variables of dimension
energyxtime viz.

34



n

AEAt 2 > (4.10)

where/E is the uncertainty in energy measurementtnd the uncertainty in time. Now

for an excited electronic stai#, having a mean radiative lifetin®, the energy can best
be determined with an inherent uncertainty of

ot wan
- -
.
WUWM’ ,
L

Figure 4.1: (a) Time-dependent amplitude of a classical danmaedhonic oscillator. (b)
Corresponding normalized Lorentzian line profile

Combining Eg. (4.1) and Eq. (4.11) gives an una@gan frequencydw for a transition
terminating in a stable ground state, i.e.

Aw =~ * (4.12)
Z-k

Thus from the above equation one can concludeftihan idealized two-level atom, the
natural line width is determined by the mean spuewas radiative lifetimez, of the
upper state. The transition probabilfy; or Einstein coefficient for spontaneous radiative
decay from the upper staf@to the ground stat®; in the idealized two-level atom is given
by

A=t (4.13)

From quantum electrodynamics the transition prditgbor Einstein coefficient for
spontaneous radiative decay from the upper #tate the ground stat®; is proportional
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to the matrix elements of the operatdf(r)i.e.

A, O [ (DH'(O)]w(0)f (4.14)

where H'(r)is the perturbation, or physical interaction thaugles the atom and the

photon thus resulting in the spontaneous radidtiaesition. The potential perturbations
are the electric dipoléE1), magnetic dipoléM1), or electric quadrupoléE?2) interactions.
For the specific case of an electric dip{el) allowed, spontaneous radiative transition,
EqQ. (4.14) becomes:

A= (ﬁj [gﬂ ()| +erBy ()] @9
where

aii is the center transition frequency in radiansgssond

& IS the vacuum permittivity

f is the reduced Planck’s constant

cis the speed of light in vacuum

Ok Is the statistical weight of levé&l

eis the charge of the electron

I" is the position vector of the electron and

E is the electric field vector of the photon

Since the upper state is degenerate within thelviegopower of the instrument, its
statistical weight must be included. For exampligh wotal angular momentuidy, the state
¥« has a statistical weight given by:

g, =2J +1 (4.16)

From the transition probability of spontaneous atide decay, the intensitly; of the
spectral emission line is determined. Assuming that population of excited states is
uniformly distributed throughout the sample volunasd that the radiation is emitted
isotropically from an optically thin source suclatieach emitted photon escapes from the
source volume rather than being reabsorbed, teaniensity is given explicitly by

nVa, A
arr

| (4.17)

ki =
where
Ny is the number density of excited states, and
V is the source volume

The number density of excited stateg, is determined by the physical conditions that
excite the source. Thus if the relevant Einsteieffocients are known, direct comparison
of observed line intensities for different tranmis within the same atom can provide
substantive information on the physical conditiathin the source.
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Now consider a more realistic atom with three epdegels i.e. two excited states and a
stable ground state. In order to determine theraktinewidth of transitions from the
higher excited to the lower excited electronicest#itis assumed that upper excited skate
decays only via spontaneous radiative transitiothto lower excited state and that the
lower, or intermediate excited stdfg decays only via spontaneous radiative transition t
the stable ground state. The upper and lower ek@tates have life timeg and i
respectively. The uncertainties of both statesMitg and4E, contribute to the linewidth of
transition. Therefore the total uncertainty

AE=4E + AE,
= Aw= [1+ —1J (4.18)
T T,

Generally the decay from both the states is not dok to spontaneous emission but also
has a non-radiative relaxation contribution; therefthe line profile is determined by the
total decay constanjsandyx. The normalized line profile function is given by

21(% +7,)
(0, -0y +[(n+n) /2]

Jw-w, )= (4.19)

where bothy, and y, have contributions from radiative and non-radetrelaxations,
therefore both can be expressed as a gumy, + )/,

For an electric dipol€dE1) allowed emission line occurring in the visible imgof the
spectrum and with a typical excited state lifetiofehe order of 18 seconds, the natural
linewidth is of the order of 16 MHz or T@. Although the excited state lifetime appear to
be exceedingly short and the natural linewidth edaggly small but both these quantities
can be measured experimentally in the laboratory.

4.1.2 Doppler Broadening

Doppler broadening belongs to the class of inhomegas broadening mechanisms and is
due to the random thermal motions of the atomsiwithe gas. In gases at low pressure,
Doppler broadening is one of the major contribugitmthe broadening of the spectral line.
Doppler broadened line profile completely concélaésLorentzian line profile with natural
linewidth.

Consider an ensemble of atoms in gas phase atriesgyre which are in an effective state
of thermal equilibrium within the laboratory resame and moving with a velocity =
{w W, \} relative to this rest frame. For such an ensenthk distribution of atomic
speeds, ffdv, is well described by a Maxwell-Boltzmann disttiion such that

f(v)dv = 4v (ij exp{ﬂJ dy (4.20)
2nk, T 2k T

wherev is the speed, m is the mass of the atdns, the temperature of the ensemble and
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ks is the Boltzmann constant. For such an ensemblenibst probable speed of any atom
within the sampl€V), is a simple function of the temperature and ttessrof the atom

i.e.,
(V) =(2kBTj (4.21)

m

Consider an atom in an excited stgtg which undergoes a spontaneous radiative decay to

a lower statey. with a characteristic central frequency, in the rest frame of the atom.

Now let the atom moving with velocity with respect to the laboratory rest frame, then

the observed frequency of the emitted photdnis shifted by the Doppler effect and is
given by:

W=w +KIV (4.22)

where k is the wave vector of the photon. For an atom mgpwowards the observer,
k V>0 and the apparent frequency is shifted to the bfug . For an atom moving away

from the observer, thek W <0 and the apparent frequency is shifted to the fed)o

Assuming that the observations are made along -ttiesgtion, thenk = {0, 0, k} and
only the z-component of the velocity is of sigrdice. Eq (4.22) withk|=27/ A

becomes

W = a)o(1+ Vf] (4.23)

At thermal equilibrium, the number of atomg(V, )dv, in the excitedy, per unit volume
within the speed interval to v, + dv; is given by

_ N,c (Vv i
n.(Vv, )dvz—<v> Tn ex;a{ ((Wj} dy (4.24)

whereN is the total density of atoms in state, and (V) is the most probable speed as
given by Eq. (4.21). Substituting the valuewffrom Eq. (4.23) in Eq. (4.24) gives the
number of atoms in statg, which are observed to emit a photon of frequeatythat is

shifted fromaw, within the frequency interval and w +dw:

n (w)dw= N, ¢ _[—c(w— %

N )
o) Tn ex o) } dv (4.25)

Since the emitted radiant powB{wdw is directly proportional to the number density
n (w)dw as given in Eq. (4.25), this leads to the intgngibfile of a Doppler broadened
spectral line, viz.
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I(w) =1, exp{—[M)} (4.26)

2%
This describes the Gaussian line profile charamdriby full linewidth I, where the
FWHM is given by
5 V)
M, =2VIn2 - (4.27)
Substituting the value ofV) from Eq. (4.21) in Eq. (4.27) yields
w, ( 8k, TIn2)"*
=4 (%) -
Cc m

This quantity is known Doppler width and theref&®. (4.26) written in terms of Doppler

width
I(w)=1_exps— M (4.29)
° 0.36r2

From Eqg. (4.28) it is clear that Doppler width isedtly proportional to the transition
frequency and to the square root of the temperatmd inversely proportional to the
square root of the mass of the atom. Thus the dai@eppler widths are observed for high
frequency spectral lines; high temperature souraed; light atoms, especially hydrogen
and helium.

A comparison between Lorentzian and Gaussian lioélgs is given in Figure 4.2. The
line profiles have been normalized to the identmahter frequency, identical maximum
amplitude, and identical linewidth, thus facilitedi comparison of their individual
characteristics. It can be noted that the line dlstnthat area of the line profile falling
between the half-maximum points, are virtually stoiguishable. However, the properties
of the wings are fundamentally different. Therefatethe wings the Lorentzian profile
clearly has much larger amplitudes for large valokéw - wpy) than does the Gaussian
profile, this means that the intensity | approache® for large argumerftv - ) much
faster for a Gaussian line profile than for a Lézean profile. Although the Gaussian
linewidth is much larger than natural or Lorentzlenewidth of a spectral line even then
the information about the Lorentzian line profilencbe obtained from the extreme line
wings. Furthermore the Doppler broadened line [@afannot be strictly represented by a
pure Gaussian line profile. This is due to the faet not all atoms with definite velocity
component;, emit or absorb radiation at the same frequé&dcyDue to the finite lifetimes
of the energy levels, the frequency response fettedoms is represented by Lorentzian
line profile. In our investigation of hyperfine goture of Praseodymium atoms and ions
using laser spectroscopy the observed Doppler visdénound 800 MHz, while the natural
width is approximately 20 MHz.
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Figure 4.2: Comparison between Lorentzian and Gaussian lingleof equal halfwidth
and equal height. The area below the curves isréifit.

4.1.3 Collisional or Pressure Broadening

An isolated atom will emit a spectral line of fiaitvidth. Contrary to this in any real source
the atoms are subjected to the interaction fordeth@® neighbouring atoms, ions and
electrons. This shifts the energy levels of theat#ing atom and will lead to the broadening
of the spectral line which is often greater thaturad linewidth. The increase in linewidth

depends on the density of the perturbing specidgsta broadening of the spectral line is
known as collisional or pressure broadening.

Consider an ensemble of atoms at low pressureighat an effective state of thermal
equilibrium within the laboratory rest frame. Bedaaddressing the effects of collisions on
the spectral line profile, it is advantageous &cdss fundamentally two different kinds of
collisions that occur between atoms within the eride. These can be distinguished as
reactive or non-reactive in nature.

Chemical reactions between neutral atoms, ionsree klectrons constitute reactive

collisions. Such collisions change the chemical position of the ensemble resulting in

changes in the number densities of the variousiepguresent in the ensemble. This
changes the intensities of the observed spectedures. Although such processes are
important for excitation mechanisms leading to emis spectrum but have little relevance
to the discussion of the effects of collisions twe tspectral line profile. The reactive

collisions are excluded as a consequence of therg®n that the atoms in the ensemble
are chemically inert.

Non-reactive collision between two atoms or pag8cis the case in which the respective
atoms or particles come into a finite separatiochdinat the potential energies of one or
both of the atoms changes which leads to changekeirenergy level structure of the

atoms.

Non-reactive collision is a complicated phenomenamch involves the electrostatic
Coulomb interactions between each electron withhboticlei, the nuclear-nuclear
Coulomb repulsion, and all electron-electron Coldaepulsions. These interactions affect
the electronic energy levels of the atoms of irdemnd thereby have an effect on the
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observed spectrum of that atom. There are two génategories of non-reactive collisions
l.e., elastic collisions and inelastic collisioms.an elastic collision only a change in the
momentum and kinetic energy of the collision patrtakes place and there is no change
in the populations of the internal quantum stafes.elastic collision between atom A in
quantum state i and atom B is represented by fleniog stoichiometric equation:

AW+ B(Y, )~ A(Y iy B(Y (4.30)

where V,, V, are velocities before collision and, V, velocities after collision of the
colliding partners. The quantum stategf atomA is not changed in the elastic collision.

In an inelastic collision the internal quantum stg@opulations of one or both of the
collision partners change. Such an inelastic gollivetween atoma andB with atomA
in an initial quantum stateis also represented by a stoichiometric equation:

AV )+ B(Y ) A(Y k) B(Y ) & (4.31)

the atomA ends up in a different quantum st&teln an inelastic collision the internal
energy of an atom can either increase or decréase¢he total energy of the system must
be conserved such that:

N uv°
+5° - + 85—
E > E > (4.32)

whereE; andEy are the initial and final internal energies of #tem,x/ is the reduced mass
of the system. Inelastic collisions are often chligenching collisions when they decrease
the number of excited level atoms and thereforencju¢he fluorescence intensity.

Now let the two atomsA andB, separated by time-dependent distaRgé,B). Further
assume the energy levels of atd&my, and(/, , are influenced as the atoms first approach

and then recede from one another. As the atomsagiprand then separate from each
other, the two energy levels of atolncan be differentially shifted in energy as a direc
result of the varying Coulomb interactions whick &nctions oR(A,B). Depending upon
the internal structures of the respective collispantners, the electronic energy levels of
atomA can be shifted either to higher or to lower enedgying the time interval of the
collisional interaction. An energy level will beiffbd to higher energy if the interaction
between atom# andB is repulsive and it will be shifted to lower engigthe interaction

is attractive.

Both elastic and inelastic collisions cause spetitita broadening. The elastic collisions
may additionally cause a line shift which dependgle potential energy curvégR) and
E«(R). The collisional broadening produces a LorentZiae profile, the same as that of
natural broadening. But it is of increased width.order to avoid collisional or pressure
broadening, the pressure in the spectral sourceldhze kept low. By changing the
pressure and observing the corresponding changeeirwidth the information about the
collisions occurring in the gas can also be obthifide collisions which have large impact
parameter cause noticeable line broadening bualsarshift the line center.

4.1.4 Stark Broadening

The levels of atoms or molecules in the presencdedttric field split into(2J + 1) stark
components wherd is the total angular momentum quantum number. Ehigting of
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levels and corresponding splitting of spectral ding called Stark effect named after
Stark who first studied this effect in 1913 for hygen atom. In gas discharges due to
strong electrical fields experienced by atoms doiy with electrons and ions can also
occur. This also contributes to total line broadgrand is known as Stark Broadening.

4.1.5 Saturation Broadening

A laser of sufficiently high intensity operatingraar resonant frequency can significantly
change the population densitids andN, of an atomic system by induced absorption and
emission. This saturation of population densities aauses additional line broadening and
Is known as Saturation Broadening. Saturation leneud) is also called power broadening.
The spectral line profiles for saturation broadgrane different for homogeneously and for
inhomogenously broadened lines. For a homogeneduslgdened spectral line, the line
profile is Lorentzian and for inhomogeneouly braaeld spectral line, the line shape is
Gaussian.

4.1.6 Self-Absorption Broadening

Photons emitted in one region of a source may\pasel absorbed when they pass other
regions, of the source. These photons may be $ostcantribution to the original spectrum
line either as a result of radiative decay to &dént lower level or through collisional de-
excitation of the absorbing atom. This processedlvsorption is known as self-absorption.
Since the absorption profile is of the same shaptha@ emission profile, therefore energy
is selectively absorbed from the emission line,, ithe absorption coefficient is a
maximum at the centre of the line or central wavgle. This means that the intensity of
spectral line is reduced proportionately more i ¢kenter then elsewhere altering the line
shape and making the line appear broader. Thesnsed as self- absorption broadening.

4.1.7 Combined Line Profile or Voigt Profile

In any experiment the different line broadening hatisms contribute to the total line
width of the emitted or absorbed spectral line. @aa reduce a specific line width
contribution by modifying experimental parameteesy. Doppler broadening can be
reduced by cooling the ensemble of atoms by usqgd Nitrogen or water, pressure or
collisional broadening is reduced by reducing pressby reducing the intensity of laser
light saturation broadening can be minimized. Udtiety it comes down to natural line
width which is limited by the finite lifetime of ¢henergy state.

A spectral line profilel(w) can be obtained which include contributions frorh the
broadening mechanisms i.e.,

(D=1 (@)D &)0 )T a) (4.39
Where
| ,(w) = Natural line profile

| ,( w) = Doppler line profile
| .( w) = Pressure or Collisional line profile

| () = Saturation line profile
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Natural and Collisional line broadening mechanidrage Lorentzian line shape, Doppler
broadening has Gaussian Line shape, whereas Saturatoadening depending on
homogeneous or inhomogeneous class give Lorentzigaussian line shape. Therefore
depending on line shape all the broadening mecimsngan be grouped into two classes
i.e. Lorentzian and Gaussian types. So the combiinedprofile of a spectral line is a
convolution of Lorentzian and Gaussian line prafilend is known as Voigt Profile,

I, (w) i.e.

IW(@)=1 (@) 0 (&) (4.39)

where |, (w) is the Lorentzian line profile due to broadeningamanisms which give

Lorentzian line shapel.( w) is the Gaussian line profile due to broadeningmatsms

which give Gaussian line shape. In our investigetiof hyperfine structure of atoms and
ions we mainly observe Gaussian line profile andlyasaturation broadening is observed
as excitation probability is less then what is regkfbr saturation effect. However, in cases
where excitation probability is high, saturatiorfieefs leads to saturation broadening and
we observe Voigt line profiles.

4.2 Laser Light Source for Spectroscopic Investigation

Lasers as coherent and monochromatic light soufoesexcitation, have significant
advantage over the conventional light sources. Safrttee characteristics are listed below:

* High spectral power density, significantly improde signal-to-noise ratio and by
using this characteristic nonlinear spectroscagubiques can be explored.

* Due to small divergence of the collimated lasemibdang path length through the
absorbing sample can be obtained.

« Extremely narrow spectral linewidth of lasers istigalarly advantageous for high
resolution spectroscopy. In laser spectroscopylliystiee spectral linewidth of the
absorbing or emitting atoms or molecules determities resolution of the
spectroscopic technique.

e Continuous tunability over wide range of frequesdias made lasers an alternative
to conventional intense light sources and ultralmegolution spectrometers.

Laser basically consists of three components (alveaanedium, where population
inversion takes place, (b) energy pump (for exanfiipleh lamp or electrical discharges)
that generates population inversion, (c) opticabrator which stores the light emitted by
active medium in few modes of the radiation fiddifferent frequencies at which the laser
resonator oscillates are determined by two factors:

» the gain profile of the amplifying medium
» eigenfrequency spectrum of the resonator

Without any wavelength selective elements insigeléiser cavity, laser oscillation on all
resonator modes are possible with wavelengths nvithé gain profile above threshold
because for all modes gain exceeds the total lo$$ées is true for resonators which have
completely inhomogeneous gain profile such thatgaoh competition occurs between
different modes. On the basis of the width of taagrofile, lasers can be classified as:
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(i) Fixed wavelength or fixed frequency lasewghere laser wavelength is restricted to a
narrow gain region such as in gas lasers, for el@ip-Ne lasers, or in solid-state lasers,
for example Nd:YAG lasers.

(i) Multiline fixed wavelength lasersin this case the active medium shows gain on
several transitions and the laser can oscillatails@ameously on many lines. In this case
also the wavelength of each line is restricteddmarrow gain range. For example Argon-
ion laser or Krypton-ion laser with multiline op&cen.

(i) Tunable lasers Here the gain profile extends over a broad spkecange of laser
wavelength that can be tuned continuously over d@ewange. For example dye-lasers,
where stimulated emission from the excited statea&ny vibronic levels of the electronic
ground state is possible.

The difference between fixed wavelength laserstandble lasers lies in the width of the
tuning range which is narrow for the “fixed wavedéin’ lasers and broader for the so
called “tunable” lasers.

4.2.1 Energy Level Diagram of a Dye Molecule

In the visible part of electromagnetic spectrum thsers are by far most widely used
excitation sources for doing laser spectroscopye ftain advantage is their continuous
tunability over a wide range of frequencies.

Active media in dye lasers are organic dye moleculissolved in liquid solvents and,
upon irradiation by visible or UV light, show a@tg broad-band fluorescence spectrum.
Figure 4.3 is an energy level scheme of an orgdye molecule showing rovibronic
singlet(S)and triplet(T) states.

Dye molecules are pumped from rovibronic levelshef ground singlet sta® to higher
rovibronic levels of excited singlet stedg Collisions with the solvent molecules induce a
fast radiationless transition to the lowest rovibcolevel of S state with relaxation times
of 10** to 10%? s. This level is depopulated either by spontanemnission into different
rovibronic levels of ground staf or by radiationless transition into the lower leipstate

T,. Transition to the ground stat® determines the laser frequency. Due to strong
interaction of dye molecules with the solvent thifescence spectrum of dye molecules
is continuous rather than discrete, in essencediliss a continuous tunability over the
wide range of frequencies.

High pump intensity ensures a population inverdietween the rovibronic leve}, of S
and higher rovibronic levelsix of § which have negligible population at room
temperature, due to its small Boltzmann faewp[-E(\)/kT]. As soon as the gain on the
transitionvy(S) — W(S) exceeds the total losses, laser oscillation staéhs.lower level
vi(S) which now is populated by stimulated emissiondépleted rapidly by collisions
with the solvent molecules to the lowest vibratidegel v, of the ground singlet stag.

The population inversion betwe& and$ is strongly affected by transitions fra8a into
the long-living triplet statel;,. Furthermore, transitions from lower triplet stateinto
higher triplet states can also take place. To muemhese effects, molecules with
populated statd; should be removed from the laser active zone tima scale much
shorter than the life-time df;. One way of doing this is by forming a flat streaindye
solution (dye jet) in a nozzle and inserting thieefjet in the cavity, where the path inside
the cavity and the focused pump beam overlap. gt Bhough pressure, the time of flight
of the dye through the active region satisfiesaheve condition.
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Figure 4.3: Energy level diagram of an organic dye molecule

4.2.2 Ring Dye Laser

Active medium in a ring-dye laser system (see Fg#) is a thin liquid jet of the dye
solution oriented at Brewster angle for avoidinfieion losses. A pump beam which is
focused by a spherical mirror onto the dye jet tescthe dye molecules in the jet. Four
mirrorsM1, M2, M3 andM4 are used which closes the laser beam path oselb ibrming

a ring resonator arrangement with a running lase@vewonly in one direction.
Transmissivity ofM4, which is the output coupler, depends on the dgi@dused. In
contrast in a linear dye laser system a standingews established in the cavity. The
advantage of ring-cavity scheme over linear schisntigat no nodes of the electromagnetic
field within the jet are present and whole invensad the active medium can contribute to
the laser amplification. Unidirectional propagatiohlaser wave is achieved by inducing
more losses for one direction as compared to therotfThis can be achieved by a
unidirectional device known as optical diode. Aricgd diode consists of a Faraday glass
in a longitudinal magnetic field and a polarizatiostator, which turns the birefringent
rotation back to the input polarization for the wamcident in one direction, but increases
the rotation for the other direction. Waves witltdrrect polarization direction suffers
large losses at the many Brewster surfaces indbenator cavity and therefore do not
reach the threshold. MirraM2 is mounted on a Piezo-Electric Transdu@@ZT) also
known as tweeter mirror and a Galvo or BrewstetePis inserted in front of the output
couplerM4 inside the laser cavity. Both these elements workonjunction with each
other for tuning the laser wavelength. To sele& ohthe modes of laser cavity, a number
of mode selection elements with different finesswl dree spectral range (FSR) are
inserted. These include birefringent filter and tikabry-Perot etalons, i.e. a thick etalon
and a thin etalon.

A Birefringent filter is a Lyot type filter consisig of more than one quartz plate each plate
being four times the thickness of the previous and inserted at Brewster angle in the
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cavity. The Birefringent filter has low finesse aad FSR of the order of THz. Due to its
low finesse the birefringent filter alone cannolese a single mode of the laser cavity.
Therefore thin and thick Fabry-Perot etalons ase alaced inside the cavity. Thin etalon
Is a glass plate of 0.5 mm thickness with a refl@gtof R~ 20 % and is inserted at close-
to-normal incidence. Last of the mode selectiomelets is the thick etalon which is a 10
mm solid prism etalon and is divided into two paltss piezo driven and is also inserted
at nearly normal incidence. Thick etalon also hasflectivity of R ~ 20 % and is most
effective in selecting one mode of laser cavitye HER of both thin (200 GHz) and thick
(10 GHz) etalons is in GHz.

130 mm
pump beam input

- 140 mm
. dye laser beam output

Figure 4.4 Ring Dye laser system
Optical layout : Coherent Inc.
Mechanical Layout: Institute of Experimeriddysics, TU Graz

Proper alignment of etalons and laser cavity avaiag sudden jumps in laser frequency.
This sudden jump in laser frequency is known as dendiopping”. In addition to
misaligned etalons and laser cavity, mode hoppiay atso be due to thermal fluctuations,
turbulence in the dye jet, presence of microbubbiethe dye jet etc. In order to avoid
mode hopping and to perform frequency stabilizatibick etalon and laser cavity each
need an electronic feedback loop. This feedbaakasigr the “error signal” is generated by
a temperature stabilized confocal external refexeravity. With the help of a beam splitter
mounted outside the laser cavity, a fraction oflthearly polarized laser beam is passing
through the reference cavity and detected by aqolmde known as reference diode.
Another fraction of the main laser beam is direc#iffected to a second photodiode known
as power diode which is used to detect the totalgpdevel. A side-locking technique is
used in which laser wavelength is directly lockeahe side of a transmission peak of the
confocal reference cavity. Therefore the signamfn@ference photodiode acts as an error
signal for the feedback loop. To avoid intensityctuations the signal from the reference
photodiode is divided by the total power level gsihe signal from the power diode. The
error signal generated is then divided into a loggfiency and high-frequency parts. The
high-frequency part is feedback to the tweeter anik2 whereas low-frequency part is
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used to drive the Galvo plate. Both these tuniegneints allow changing the length of the
cavity for stabilizing the frequency of laser.

If the transmission peaks of all these elementdwared to same wavelength the laser
will oscillate at this wavelength as a single mdager. Laser wavelength can be scanned
continuously without mode hopping if all the elertseare synchronously tuned using this
electronic feedback control system.

Birefringent —//_/_-——_\_\_\\

Filter
Thin Etalon /\/\/\

Thick Etalon /\/\N\W\

Cavity
Modes

Figure 4.5 Transmission curves for Birefringent filter, tretalon and thick etalon

4.3 Laser Spectroscopy

Classical absorption spectroscopic techniqueszungiconventional radiation sources with
broad emission continuum (for example high pressigearcs or Xe flash lamps etc.) are
mainly limited by detection sensitivity and in spatresolution which in turn is limited by
the resolving power of the apparatus profile. Tetedtion sensitivity defined as minimum
detectable absorbed power is limited by the deteatase and intensity fluctuations in
radiation source. In classical absorption spectpg@ collimated beam of light is passed
through an absorption cell containing the sampleetanvestigated. Absorption of light at
specific frequencies occurs inside the absorptieh. ¢Jsing a dispersing device the
intensity of the transmitted lighitr(2) is measured as a function of wavelength. By
comparing the intensity of the transmitted lightmewith the intensity of the reference
beamlg(1), the absorption spectrum of the sample is obtained.

Contrary to absorption spectroscopy in laser spsctipy the radiation sources with broad
emission continuum are replaced by tunable lasarces with extremely narrow line
width. Tunable lasers offer a wide spectral regigtending from UV to IR with extremely
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narrow bandwidths and with power densities muclatgrethan conventional incoherent
light sources. Therefore due to high power derssitied extremely narrow line width of
lasers, high detection sensitivity and high spéatesolution are achievable in laser
spectroscopy. Some of the main features of lasmtgyscopy are listed below:

The absorption coefficieni(w) and its frequency dependence can be measuredlyirec
from the differencd(w) = algr(w) — I(w) (‘@ represent reflection losses) between the
intensities of the reference beam and transmitézahb A monochromator is not required.
With the use of tunable single-mode lasers thetsgde@solution is much higher than in
conventional spectroscopy and is only limited kg lihe width of the absorbing transition.

I.  Due to high power density achievable with lasens, detector noise is generally
negligible. This increases the signal-to-noiseoratid enhances sensitivity.

ii. Because of low divergence long absorption paths @ssible by multiple
reflections back and forth through the absorptieh. Such long absorption paths
facilitate the measurements of transitions with lsatasorption coefficients.

iii. By allowing a small fraction of main laser beampass through a Fabry-Perot
interferometer with a separation d of the mirr@ghotodetector receives intensity
peaks each time the laser frequengyis tuned to a transmission maximum of
interferometer at = mc/2d These equal spaced intensity peaks serves astecu
wavelength markers which allow measurement of ajp@bsorption lines. The
separation between two adjacent transmission maginihis wavelength interval
is called free spectral range of interferometelR}S

iv.  The laser frequency may be stabilized onto theecewit an absorption line. The
need for frequency stabilization can be relaxedhd frequency jitter is small
compared to absorption line width.

v. It is possible to tune the laser frequency overdpectral region of interest. For
example the transitions between hyperfine levelsvoffine structure levels can be
observed in a single scan of laser.

vi.  With high intensity and small laser line width apgeable population in selectively
excited states can be achieved. This is advantagémudoing absorption and
fluorescence spectroscopy of excited states.

Despite of all the above advantages the achievasielution is finally limited by finite
line width of the absorption line. This could besdo the natural line width of the atomic
or molecular levels, as energy levels have an gnengertainty related to their finite life
time, or it may be due to the Doppler broadeninghefabsorption line which is caused by
the thermal motion of atoms or molecules, usually, =~ 100Avy for gases.
Spectroscopic techniques in which Doppler broadghmits the achievable resolution are
known as Doppler limited techniques. In these tephes primarily the level structures are
determined without any regard to their finer dstailich as their hyperfine structure. Two
photon absorption spectroscopy, optogalvanic spsabipy, optical double resonance and
level crossing spectroscopy are few examples of plgoplimited laser absorption
spectroscopy.

In Doppler free high resolution spectroscopy exgnmarrow band single mode lasers are
utilized. The collimated atomic beam spectroscopg aaturation spectroscopy are the
examples of the Doppler free absorption spectroscdjpe saturation spectroscopy is
based on nonlinear spectroscopic techniques.
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4.3.1 Two-Photon Spectroscopy

In 1929, Maria Goppert-Mayer predicted theoreticéiiat an atom might absorb two or
more photons simultaneously. She subsequentlydustished the concept in her doctoral
dissertation [41] in 1931. The prediction allowsedactron to make a transition to states
unreachable by single photon absorption. Becawseftect could only be observed with a
very intense beam of radiation so her predictionld¢dmot be investigated experimentally
until the construction of the first laser in 1960.

Two-photon excitation can be described as two ssiee one-photon excitations. Excited
levels with same parity can be reached via two-@haixcitation. The probability that two
photons are absorbed simultaneously is extremealy Therefore a very high density of
photons is required usually using a pulsed laseralsimple case of single photon
transitions, the selection rules for such transgi@re such that the change in angular
momentum4J = 1. When an atom absorbs two photons simultaneotisyelectron will
change angular momentum By = 0 or £2, this is due to the fact that each photas 4n
angular momentum of +1 or -1.

Two-photon excitation can be distinguished either @ step-wise excitation with
intermediate eigenstate where two photons are sona@nce with the successive
excitations, or it is a simultaneous absorptiorvad photons with an intermediate virtual
state, undergoing a transition frdgn— E;. Two photons may either come from a single
laser beam passing through the absorbing sampteegrmay come from two separate
lasers. These virtual states are not eigenstated@not correspond to specificor | state.
Instead, they are merely superpositions of wavespdpulation of electrons accumulates
in virtual state. The lifetime of a virtual stageshort, relative to eigenstates. Actually, the
closer the virtual state is to an actual eigenstagelonger the lifetime of the virtual state.
Nevertheless, the above mentioned transition tubds also for virtual levels.

In an atom or molecule at rest, two photons witergn/iwi, andzw, either coming from
two laser beams, or two photons with enetgyfrom the same laser, induce a transition

from an initial Ievel<i‘ to the final Ievel<f ‘ using conservation of energy; viz.
E -E=n(y+w,) (4.35)

For an atom or molecule moving with velocity v, tllequencyw of the light wave is
shifted in the atomic or molecular frame to

w=d-k.v (4.36)
Therefore the resonance condition given in Eq.5¥b@&comes
E-E |=n(@+w)-hv(k+k | (4.37)

Now if the two photons come from the two beams hed same laser but traveling in

opposite direction, i.ea =w, and ki=—k- then as a consequence the last term in Eq.

(4.37) vanishes. This implies that the absorptibbwe photons becomes independent of
the velocity of atoms or molecules. This means #flaaitoms or molecules independent of
their velocity group contribute to the two phototsarption, making two-photon

absorption Doppler-free. Experimentally the two-amoabsorption is monitored by laser-
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induced fluorescence emitted from the upper |d¢eby an allowed one-photon dipole
transition into a lower levet,

As the laser frequency is tuned over the two-photon resonance, the ragultignal

consists of a narrow peak produced by two photoith prositeR vectors and a
Doppler-broadened background produced by two plsotimming from the same beam

with paralleleectors. The main characteristics of two photorcspscopy:

* Optical transitions which are parity forbidden bgiagle photon excitation can be
excited via a two photon transitions.

* The final state may have an excitation energy énfén UV, while the incident light
beam has a frequency in the near UV or visibleargi

* By proper combination of participating photons, ist possible to eliminate
momentum transfer between electromagnetic fields aoms or molecules, this
allows one to get Doppler free spectrum. Howeverdioss section of two photon
absorption is usually very small compared to tifah direct transition, this make
this process not of general use.

4.3.2 Saturation Spectroscopy

Saturated absorption spectroscopy is a precisientsyscopic technique and is one of the
frequently used techniques for measuring narrow-8tomic spectral features, limited by
saturation broadening and by the natural linewiltlof the transition. In all the labs
involved with laser cooling and trapping of atortige technique of Doppler-free saturated
absorption spectroscopy is frequently used as hftwdocking the lasers to particular
atomic lines. The first saturation spectroscopyeeixpents using a tunable narrow-band
laser were performed by Hansch, Schawlow [42-48]@nworkers and by Borde [44].

A monochromatic laser beam with frequenrgcypropagating in x direction passes through a
vapor cell containing an ensemble of atoms or nubdsc Since the atoms are in thermal
motion with velocity distribution given by MaxweBeltzmann statistics, so the Doppler-
broadened absorption profile is of Gaussian lingpshwith center frequenay,. Atoms
which are Doppler-shifted into resonance with tasel frequency can absorb the laser
photons with Doppler shifted frequency givendy kvi and inducing a transition from an
initial level i to the final levelf. The populatiorN; of these atoms in the absorbing level
decreases whereas populatidp in the final level increases accordingly. Therefa
narrow dip is burnt in the velocity distributids(vy) of these atoms in initial level and
correspondingly a narrow peak appears in the Higion N¢(v,) of atoms in the upper
level.

In saturation spectroscopy instead of a singlerlasam two counter propagating laser
beams derived from the same laser with frequemcgre sent through the vapor cell. The
experimental setup is as shown in Figure 4.6. @kerlbeam from a tunable laser source is
split by a beam splitter BS into a strong pump bead a weak probe beam that passes
through the absorption cell in opposite directibhe probe and pump beams must have a
good overlap inside the absorption cell. The pungpanb is intensity modulated by a
mechanical chopper and the modulation frequenciedsinto the lock-in amplifier as
reference frequency. A detector sees the trangihitebe beam intensity as a function of
the laser frequenay, whose output goes to the lock-in amplifier as sddoput.

Laser frequency is tuned over the Doppler-broadefsdrption profile of the ensemble of
atoms moving with different velocities. When thedafrequencyo_ coincides with the
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center of absorption line,, only one velocity class in the intervely, aroundv=0
interacts with the laser beam.

Tuanble

Reference | | ock-In
Laser Source » -OC

| Amplifier

a»
Probe Beam’ Chopper«v

Qg _____ o

44—

Absorption Cell >D
Diode

Figure 4.6: Experimental setup for saturation spectroscopy

The pump beam is strongly absorbed, depleting tpilation in the initial level with
corresponding increase in the population of thalfiavelf. A narrow hole or dip is burnt
in the velocity distributionN;(vx) of the initial level and a corresponding narrowalpe
appears in the distributioN:(vy) of atoms in final level. The absorption coeffidierfw)
with a Doppler-broadened profile has a dip aroural denter frequency,. The counter
propagating weak probe beam interacts with atomgse/ttabsorption is saturated by the
strong pump beam, resulting in a sharp decreasbsurption of the weak probe beam at
the center of the line. The intensity of the prdigam is modulated only when the probe
beam is responsive to the hole burnt in the Dopmiefile by the strong modulated pump
beam. The modulated part of the probe beam inierestbrded by a phase sensitive lock-
in amplifier depends only on the saturated absomnpdind is not sensitive to the unsaturated
part of the Doppler profile. The dip at the cerdéDoppler-broadened absorption profile
caused by the saturation of the population, whglprobed by the second weak probe
beam is called Lamb Dip named after Willis Lamb whist explained this effect
quantitatively. Since the detector measure thensitg of the transmitted probe beam so
each time Laser frequency coincides with the cefreguency of atomic transition, a
Lamb peak appears in the transmitted intensityabse the absorption exhibits a dip at
this frequency.

For monitoring laser induced fluorescence (LIF)ngigtwo counter propagating laser
beams must be of equal intensity and the Lampahipsseen easily. The total LIF intensity
is proportional to

» Laser intensity

* Number density in the initial sate

» Einstein coefficient for absorption, and

* Quantum yield ( ratio of the number of photonsh® humber of photons absorbed

Obviously the Lamb dip is much narrower than theper width. If the intrinsic
frequency width or linewidth of the laser used e texperiment is small enough, the
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observed width of the Lamb dip is always limiteddaturation broadening. The Doppler-
broadened background can be eliminated when the ngam is periodically chopped. A
lock-in detector measures the difference of thaesmatted probe intensity with the pump
beam on and off. The result is a Doppler-free spacwith a better signal-to-noise ratio.

4.3.3 Collimated Atomic Beam Spectroscopy

In 1936, long before the invention of lasers, D. &ackson and H. Kuhn4¥]
experimentally investigated the absorption in atbbeams. In their work the absorption
was analyzed by means of a high resolution FabmotPmterferometer. The first
application of atomic or molecular beams in laggctroscopy was described S. Ezekiel
and R. Weiss [46].

In high resolution spectroscopy a typical atomiarbheexperiment is performed by
irradiating a well collimated atomic beam at rigimgles with a narrow-band, single-mode
laser. The advantage of this method comes fronfatitethat the atoms in the collimated
beam do not have velocity components in the dwectf laser beam. Doppler width is
reduced by the collimation ratio C (Figure 4.7) aedy small absorption width of atoms is
formed.

The main characteristics of atomic beam spectrosaog
* An atomic beam can be produced easily for any aiéme

* The Doppler width is reduced by a factorsai() which is equal to the collimation
ratio.

« The number of collisions are small subsequentllistohal broadening is reduced.
This is because all atoms have almost same velsoitiewer collisions occur as
compared to a gas at equivalent pressure.

* Fluorescence light radiates imt 4teradians and very few of them reach the

photodetector.
''''' O Ven \l/d ::>
— —~— _/
S _ S Laser
C= a Beam

Figure 4.7: Collimation Ratio C
Detection techniques:

Detection by fluorescencefhe most direct way to study the optical resonance
is to observe fluorescence light, released afteitaion.

Detection by photoionizationHere the atomic beam interacts simultaneously
with a narrow band laser and an intense laser.nBn®w band laser brings the
atoms to an excited state and an intense lasendaufficient energy, ionizes
the atoms in excited states. The photoelectrontbeions are detected in an
electron detector [47]. This process has also lsksmonstrated for isotopes
separation [48].
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Detection of recoil atomsWhen an atom absorbs a photon, the momentum of
the photon is transferred to the atom. As a rekaltatom is deflected from the
beam. In the de-excitation process the recoil maumeriransferred either is
cancelled (stimulated emission) or is transferred the atomic beam
(spontaneous emission). The latter result in aasling and broadening of the
atomic beam. The deflection of an atomic beam was demonstrated by R.
Frish in 1933 [49]. A. Ashkin [50] proposed to ubés technique for isotope
separation. P. Jacquinet et al. [51] first timeorded the hyperfine structure by
beam deflection for the sodium D lines.

Detection of change in magnetic sublevels in anmio beam deflected by an
inhomogenous magnetic fieldThe first application of the magnetic resonance
principle was made with the introduction of atorh=am magnetic resonance
technique by I. I. Rabi, J. R. Zacharias, S. Millmand P. Kusch in 1938 [52].
They discovered that any change in magnetic subldeof an atom in the
atomic beam can be detected by a change in thectiefi of the beam in an
inhomogeneous magnetic field. In 1952 I. I. RalB][Suggested that this
technique could be used in the study excited stftatoms are illuminated
resonantly in the interaction region. He also sstggkthat this method could
be used to study isotope shifts. In 1965 Marrug [B&d Rabi’s arrangement
and by using the change in magnetic sub levelsmfrgl state he detected and
measured optical transitions.

4.3.4 Laser Induced Fluorescence (LIF) Spectroscopy

Laser induced fluorescence (LIF) is one of the péwlespectroscopic techniques for
investigating the spectra of neutral atoms and.ibiis technique offers the advantage of
selective excitation not only from the excited ssabut also from the ground states and
provides high resolution only limited by the linelths of the absorbing transition. The
principle is very simple and is as follows: Laseraln is allowed to pass through an
absorption chamber containing atoms or moleculebeadnvestigated. One or several
photons from the laser beam are absorbed, provigegdhe laser frequency is in resonance
with the atomic or molecular transition. The proladms or molecules are pumped from
an initial state(i) to an excited stat@) and the atoms or molecules thus excited can relax
or de-excite in a number of ways for example bynsmoeously emitting light or by
collisional de-excitation. Thus a transition takgace from the excited sta(® to final
state (k) and in the process the spontaneously emitted kghttitutes a fluorescence
signal. Employing good collection geometry, partiied emitted radiation is detected. By
means of a dispersing device such as a monochrgmtis possible that the light is
detected at a wavelength different from the lasgrelength meaning that the sta@@sand

(k) are different. This eliminates any spurious sigdaé to scattered laser light. The
dispersing device also serves to reduce the bagkdroadiation. Since the fluorescence
signal is laser induced so such a spectroscopiestigation of atoms and molecules is
known adaser induced fluorescence spectroscopy

Dye lasers have narrow linewidths and are easilglile over large wavelength domains,
LIF measurements can be made by tuning the lasgudéncy across the atomic or
molecular resonances and capturing the resultimgrdscence signals. The fluorescence
intensity recorded as a function of the laser wavgth is usually called an excitation

spectrum. The observed fluorescence intensity atsflehe change of population of the
upper excited statéf). The strength of the signal depends on a numbé&abdrs such as

laser intensity, number of atoms or molecules, tmapre of ensemble of atoms or
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molecules and also on the collisional environménhe investigated atoms or molecules.

When exciting sufficiently higher lying states, anmber of fluorescence wavelengths are
observed due to the decay to lower states accotdiaiowed dipole transitions as shown
in Figure 4.8. The strength of a LIF signal is deti@eed by the branching ratio of the

upper excited level. The hyperfine transition o tHF lines does not play any role, since
the monochromator selecting one LIF line does asblve the hyperfine structure of this

line, but acts only as a filter to suppress othmad of the discharge.

This dissertation is mainly dedicated to the inngagion of the hyperfine structure of the
fine structure energy levels characterized by abrmof parameters such as level energy,
parity, total electronic orbital angular momentdrand nuclear spih Besides these other
parameters of interest are the hyperfine constamisLande g’ factor. These parameters
characterize a specific energy level.

4.3.4.1Detection of LIF Signal and Decay Mechanisms

LIF signal is monitored by a technique called phseesitive detection. The lock-in

amplifier is tuned to the modulation frequency érehce frequency) which is the chopping
frequency of the incoming excitation light beameTdetail of this electronic detection of
LIF signal is as follows:

Laser frequency is tuned across hyperfine comgsradra line and those atoms which are
in resonance with the laser light are excited. Thadulates the population of the levels
involved in the transition which results in the méation of fluorescence intensity of only
those fluorescence lines originating from the Isviglvolved in the excited transition.
These modulated fluorescence lines are selecteédniryg the transmission wavelength of
a monochromator across the spectrum. The optigabkis detected by a Photomultipler
tube mounted at the exit slit of the monchromakbnally phase sensitive detection is
carried out by a phase sensitive lock-in amplifiaich has two input signals (i) modulated
fluorescence intensity (ii) modulation or choppingquency of the laser beam. These two
signals are combined; this has an advantage tihatloyse fluorescence lines which are in-
phase with the modulation frequency of the laseanbeare detected. As a result the
modulated and non-modulated fluorescence linesliatmguished. The other advantage of
phase sensitive detection by lock-in amplifierhie tlistinction between fluorescence lines
originating from the upper or from the lower trdimi levels. Accordingly as the
modulation phases of the fluorescence lines anghase or out of phase with respect to
intensity modulation phase of the laser beam. This be understood as follows. The
intensity of a fluorescence line is proportionaltihe population of the upper level of the
fluorescence line. Laser induced absorption in@gdlse population of the upper level of
the excited transition in phase with the modulafi@guency of the laser beam therefore
the fluorescence lines originating from the up@e®el are also in phase. At the same time
laser induced absorption also diminishes the pdipulaf the lower level of the excited
transition and thus the corresponding fluorescdmes originating from lower level are
antiphase modulated i.e. are 180 degrees out ofeplcampared with the intensity
modulation phase of the laser beam. According t@esmental terminology the
fluorescence lines originating from the upper lesehn excited transition are termed as
positive fluorescenceand the fluorescence lines originating from thevdo level are
termed asegative fluorescence

Figure 4.8 shows a simple scheme of transitiongvdet various levels. The observed
fluorescence lines can be categorized in the foigunanner:

(1) Fluorescence with positive LIF SignalDue to the resonant transition from lower
54



level E; to the upper levets, the population of excited levEk increases and at the
same time population of lower levE} decreases. A subsequent decay occurs to
more than one lower levels i.&; and Es by emitting fluorescence light of
wavelengthsis, and 135 Laser frequency is modulated at a chopping frequéhc
which acts as a reference frequency for phasetsensiletection (Lock-in
amplifier). If LIF signal and reference frequenaeg &n phase, maximum LIF signal

is observed. Since the LIF signal intensity incesasith laser light on, this type of
fluorescence is called positive phaseor apositive fluorescence This type of
fluorescence which is observed as a result of d&oay the upper level of excited
transition is also termed as direct fluorescence.

(i) Impact or Collisional Coupling: If other level energies lie close to a level
populated or depopulated by laser light, the proihalof impact or collisional
transfer of population is high. In such a situattbrough impact or collision an
excited state atom transfers its energy to anaiteen whose excited level energy
happens to lie close by which subsequently decaykwer level by emitting
fluorescence light. This type of fluorescence soglositive phase fluorescence. As
shown in Figure 4.8 due to an impact a populatrandfer occurs fronks to Es
which decays tde; by emitting a fluorescence wavelendth. This is an indirect
fluorescence as it is observed due to decay froompaer level which is not directly
excited in original transition. Population transtestween lower levels,, Es is
also possible.

(i)  Negative Fluorescencdn situations where the lower level of a certaansition is
high lying as compared to very low lying levelsisttiower level decays to the
further low lying levels by emitting fluorescenaght. Such LIF signal is negative
in phase and is known a®gative fluorescenceln Figure 4.8 for the resonance
excitation fromE, to Es some of the atoms in lower levé} decay to leveE; by
emitting a fluorescence wavelengdth. The population of levelt, decreases when
the laser light is on and the fluorescence obsemasdl80phase shift as compared
to a positive fluorescence. Negative fluorescenavelengths are useful in
identifying the lower level of an excitation tramsn. Furthermore if exact
fluorescence wavelengths are determined the losv&l bf fluorescence decay can
also be identified.

(iv)  Self-absorption:Usually in optically thin light sources the photemitted by the
spontaneous emission has a little chance of besrapsorbed. For spectral lines
involving ground state of the atom this assumpiiormost cases breaks down.
Especially true for spectral lines arising due tmbination between the ground
state and the lower excited states. These are steoyg lines and are called
resonance lines. For such lines it may happenatmtoton emitted by an atom at
one point in a light source may be re-absorbed Hiffarent atom before it has a
chance to escape from the source. This phenomenraorwn as self-absorption. It
can happen if the photon which is being re-absoieexl an energy coincidence
with the energy difference of the two levels inwadvin the re-absorption
excitation.Due to self-absorption line shape changes, makirappear broader.
Since the probability of emission is greatest atdénter of the line, the probability
of absorption is also greatest at the center. Hsua result of re-absorption within
the light source, the intensity of the spectrat ldecreases proportionately more in
the center of the line than elsewhere. If the abHerption is strong, then an
intensity minimum develops in the center of thectad line and the line is said to
be self-reversed.

55



Collisional coupling

+ve fluorescence
Due to impact
coupling

+ve |

Laser fluorescence Ez
Excitation A23
+ve Es
fluorescence
. A -ve fluorescence
Collision E
I E, Signal increases
when laser is on
E1

Signal decreases
when laser is on

Figure 4.8: Direct and collisionally coupled LIF signals

4.3.4.2 Advantages of LIF Spectroscopy

Blend situation: In elements like praseodymium where there areoresgof high
energy level density, more than one level is edcaganultaneously in a single
range of laser. So the observed LIF patterns qooreting to all excited levels
show a complex structure caused by this blendtgtual IF spectroscopy has the
advantage that individual transition lines can lepasated by searching for
fluorescence decay channels corresponding to afispgaper level. In this way the
hyperfine structure of each line can be recordetitha level energy is determined
by using the information from the recorded struetuwave number of the
excitation line and the energy of lower level.

LIF signal of free atoms:In a hollow cathode discharge it is easier to peceduee
atoms than free ions, therefore LIF signal of amat line of comparable intensity
should be stronger than that of an ionic line.

Large laser intensity:Availability of lasers with high intensities makigpossible
to achieve of large population densities in theiterc states, yielding high
intensities of the fluorescence lines even for diteans with low transition
probabilities.
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* Higher sensitivity for Fluorescence SignalUsing Lock-in techniques higher
sensitivity is achievable for the fluorescence algnas compared to absorption
measurements.

4.3.5 Optogalvanic Spectroscopy

In 1928, F. M. Penning [55] discovered the lighlduoe changes in the electrical properties
of plasma. He observed a perturbation of a gashdige caused by the light of a second
discharge. This effect as a spectroscopic tooltbavait till the invention of tunable dye
laser. In 1976 Green et al. [56] gave the firstcescopic investigation of this effect,
named it as an ‘optogalvanic effect’. They usedmmercially available hollow cathode
lamp as a gas discharge tube. Laser light is ttmele transition frequency of one of the
species present in the discharge. The effect wparapt as a change in the tube voltage.
The use of this effect opened a new branch of spsmipy know as Optogalvanic
Spectroscopy which is a very sensitive and sim@ehrique of performing laser
spectroscopy in a hollow cathode gas discharge stdredard experimental setup is shown
in Figure 4.9.

Discharge tube
Dye Laser >
—{_] Chopper
L] Capalclitor,C
Reference I —— Power
Lock-in- Resisto
Amplifier —

Figure 4.9: Experimental setup for Optogalvanic Spectroscopy

Laser frequency is tuned to a resonance trandtjen E; between levels of atoms or ions
in a hollow cathode discharge. Due to excitatiaimange in the population densitiges)
andn(E¢) of the combing levels occurs. Since atoms in thffié stationary statds andE;
have different ionization probabilities this chanigepopulation results in a change of
discharge currentll which could be detected as a voltage chafige= R4l across the
ballast resistoR. In order to have a good signal-to-noise ratie, ¢ixcitation is done by
mechanically chopping the laser beam and a lockanplifier is used for phase-sensitive
detection. Periodic changes in tube voltage carddiected by connecting one of the
electrodes via a capacit@ to the input of the lock-in amplifier. The efferst more
pronounced for high lying levels as they have a&agable probability of collisions and
ionization compared to low lying levels. Both pogtand negative signals are observed,
depending on the levels andE; involved in the laser-induced transitiéh— E;. Since
the absorbed laser photons are detected by opticalliced current change of discharge,
therefore this sensitive technique for doing smecmpy is so named as Optogalvanic
Spectroscopy.
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Several competing processes may contribute to atioiz of an atom in levet;. Some of
them are discussed below:

()

(ii)

(iii)

Direct ionization by electron impact
A+e > A" +2€ (4.38)
This process dominates at low pressure.
Two step ionization or multi step ionization:
A+e >A +e, A +e > A" +2e (4.39)

In noble gases this process is particularly imgarif excited states are metastable
states.

Collisional ionization by metastable atoms:

Two atoms in metastable states collide with onettaaTr; one of the atoms absorbs
sufficient energy and becomes ionized

A +B >A" +B+e (4.40)

4.3.5.1 Advantages/Disadvantages of Optogalvanic Spectrogno

()

(if)
(iii)

(iv)

The experimental setup is very simple since it dagsequire a monochromator and
a detector such as photomultiplier tube or photbelialetector to obtain the
investigated spectra. This is because the dischisgjéacts as a detector.

Only excitation wavelength is required no need tmitor fluorescence signal.

The substantial disadvantage of this type of spsctpy is unstable discharge
condition. For recording optogalvanic signal thectiarge must be burning very
calmly.

The optogalvanic signal has nothing to do withftherescence light, hence nothing
can be said about the levels involved in the tteomsi Of course the excitation
probability and thus the hyperfine structure of éxeited transition are mirrored in
the OG signal.

4.3.5.2 Application of Optogalvanic effect

()
(ii)

(iif)
(iv)
(v)

(vi)
(vii)

Determination of the hyperfine constants by exgitttassified lines.

When exciting an unclassified line, OG signal catphn recording the hyperfine
structure of the line, and to place the laser feeqy when later searching for LIF
lines.

To study the collision process and ionization pholitées in a gas discharge.
This technigue can be used for wavelength calibmati laser spectroscopy [57].
The study of Rydberg states is also possible bgggivanic spectroscopy [58].
It is very efficient for the investigation of Autmizing levels [59].

The optogalvanic signals may be used for laseufrqgy stabilization [60-61].
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5 Experimental Setup

Invention of intense, highly monochromatic, tunaldsers with good frequency and
intensity stabilization covering UV, visible andrared regions have revolutionalized the
field of experimental atomic spectroscopy in an renpdented way. This results in a
transition from classical spectroscopy to laselcspecopy which is far more superior in
terms of sensitivity, resolution and measuremepotigxcy. The present work is based on
the investigation of spectral lines of praseodymiusing laser induced fluorescence
spectroscopy in a hollow cathode discharge lamperavtfree Pr atoms and ions are
produced in ground and excited states. These elxattans and ions decay to lower states
by emitting light which is recorded as a fluoresmenignal. Excitation by direct absorption
of electromagnetic radiation is only possible if thesonance conditiodE =hv is
fulfilled. Apart from the metastable states thetiiine of excited states is of the order of
108 sec. so the excited states decay spontaneousignltiing electromagnetic radiation at
discrete frequencies. A dispersing device resdlvesmitted radiation into components or
discrete lines. The observed spectrum (distributibmtensity as a function of frequency
or wavelength) is characteristic for a specificned@t. Using high resolution techniques,
the hyperfine structure of the spectral lines canrnvestigated, provided that the spectral
lines have sufficiently high intensity. A large nbem of spectral lines must be
experimentally investigated to have a complete esidble knowledge of the electron
structure of the emitting atom. This requires ahhigsolution spectrum from UV to far
infrared. Such a high resolution spectrum is a eoufransform (FT) spectrum which is
being used in our research group for the investigatf spectral lines of praseodymium,
tantalum, lanthanum, and neodymium.

5.1 Experimental Layout

Laser Induced Fluoerescnce (LIF) spectroscopy imkioation with a hollow cathode
lamp (HCL) is a sensitive and widely used technifprehyperfine structure investigations
of various elements. This method of investigatisnuseful since, in addition to the
information about the hyperfine structure of thedpal line under investigation, one also
obtains information on the fluorescence wavelengtheh mark the excited upper level.
Naturally occurring praseodymium has only one stagtope and in most cases hyperfine
splitting of a fine structure level is large enougerefore LIF spectroscopy in a HCL is
particularly efficient and even with large Doppleidth the hyperfine structure spectrum
of Pr is quite legible.

The experimental setup for LIF spectroscopy in HEEhown in Figure 5.1 which can be
divided into three major sections.

I Excitation source
ii.  Sample whose spectrum has to be investigated
lii. Detection system

Ar-ion laser operating at 7.5 watts was used togptime dye laser. The lasing action in dye

laser produces laser light which has a certaingarigvavelengths depending on the type

of dye used for lasing. By adjusting different optielements, the laser can be set to any
wavelength or frequency within this spectral range.

The single mode laser light from a tunable dyerlasesplitted into two parts by beam
splitter B1. The minor portion of the beam falls lmeam splitter B2 which further divide it
into two parts. One part of the beam after refeactirom mirror M1 goes into wavemeter
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for reading wavelength and the other part is aggplitted into two parts by beam splitter
B3. One portion goes to the spectrum analyzer toitmothe mode structure of laser and

the other portion after reflection from M2 goesnarker etalon.

B1

Ar - Laser Dye-Laser | Ve
Chopper%
N B3
| Osc.|—Sp.Analyzet B2 L1—=—
N —
Marker Etalonm A—meter “\O%A
F M2 M1 c T
Power
) — | Supply | o=
Lock-in
l Strip Chart Amplifer 1 | Chopper—
Recorder
[= _ v
beam stop D D 1D M4
HKL L3
PM Monocht
L PC ; F
Lock-in
Amplifier 2 Chopper Chopper

Figure 5.1 Schematic representation of experimental setup

HKL...Hollow Cathode Lamp, M1-M4, M6-M7...MirrordyI5...Mirror with central hole,
L1-L4 lenses, B1-B2...Beam splitters, ‘Araser...Pump Laser, Dye-Laser...Ring Dye
Laser, Osz...Oscilloscope, Sp. Analyzer...SpectAumalyzer, Marker Et...Marker etalon
for measuring frequency markerg,-meter...\WWavemeter, Monochr...Monochromator,
R...Ohmic resistance, C...Capacitive reactance

The major portion of the laser beam passes thraughechanical chopper 1 which
modulates the intensity of the laser beam. Thensitg modulated laser light after
reflection from mirror M3 passes through a telescapangement of lenses L1 and L2 and
goes through a hole in mirror M5 to the hollow caté lamp. Inside the hollow cathode
the sputtered Pr atoms and ions are excited by ligbé at resonance.

The fluorescence light that leaves the HCL is @tld by mirror M5 and directed to the
entrance slit of a monochromator by a set of mrand lenses. A tunable monochromator
(Jobin Yvon HRS 2) with tuning range from 300-75( ms used to filter single LIF
wavelength out of a total florescence spectrumhatpmultiplier tube (Hamamatsu R955)
with high sensitivity for the visible spectrum ioonted at the exit slit of monochromator
which allows the detection of extremely low fluaresce signal changes. A mechanical
chopper 2 placed in front of the entrance slit asnwmchromator is used to chop the
fluorescence light intensity coming from the holloathode lamp. This is used in case, if
we need a more accurate measure of the fluoreseemadengths.
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The frequency spacing between various hyperfinepoomants of the recorded hyperfine
structure must be measured exactly. For this algo#ion of the laser beam is given to a
temperature stabilized confocal Fabry-Perot interfeeter which gives equidistant

frequency marks along with the hyperfine structafeghe spectral line. Conventionally

such a device is known as a marker etalon. Theerdifice between the adjacent
transmission peaks of the marker etalon is knowkrae Spectral Range (FSR) and its
magnitude is dependent on a specific interferomdtee interferometers available in our
laboratory for blue, red and yellow regions haveRES50.2976 MHz, 149.7 MHz and

367.33 MHz, respectively. The LIF signal togethethwihe signal from marker etalon is

recorded simultaneously on a computer as well as &trip chart recorder for further

analysis.

5.2 Excitation Source

The source of exciting radiation for the investigas of the hyperfine structure of Pr-
spectral lines is cw (continuous wave) single michable ring dye laser optically pumped
by Ar*-Laser, Ki-Laser or by diode pumped, frequency doubled Ndadate (Nd:YVQ)
Verdi V-18 laser system. Noble gas ion lasers siscAr-Laser or Ki-Laser are not very
efficient due to high energy requirement. This g do the fact that the atoms are first
ionized and only after ionization, a population @msion can be established in the ion
population. Despite of high energy requirements, itn lasers are advantageous mainly
because

i.  The optical gain of plasmas is very high. This nsak&ser oscillation easy to
achieve.

ii.  lon lasers provide numerous lines in the visiblé @iV part of the spectrum.

For Ar-Laser, a number of different wavelengths are emitsimultaneously but the
strongest are at 488 and 514.5 nm'-Kaiser as pumping laser produces about nine Imes i
the range 476-800 nm, with the 647.1 nm being thstnmtense. The Verdi laser produces
single frequency light at 532 nm. For pumping theg4dye laser system, the power of
pump laser range from 4 to 7.5 watts.

Single mode cw tunable laser frequency operationbsaachieved by using various laser
dyes. The lasing action in dye laser produces adfrequency spectrum and to obtain a
stable single mode laser light within the spectealge of dye, various mode selective
elements in ring-dye laser cavity are tuned synwobusly. Frequency stabilization is
achieved by locking the laser wavelength to a &taple external reference cavity.

The wavelength regions of different laser dyes Whiere used for the investigation of
spectral lines of Pr are:

Laser dyes range / nm
Stilbene 3 420 - 460
Rhodamine 6G 560 - 620
Sulforhodamine B 598 — 650
DCM 630 - 690
LD 700 690 — 780
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5.3 Hollow Cathode Lamp

A hollow cathode lamp (HCL) is a kind of glow disglge lamp and is an efficient light
source producing comparatively narrow spectralslinehe width of emission lines from
HCL is usually limited only by Doppler Broadening.

HCL was first used by Paschen [62] for the investan of spectral lines of helium.
Hollow cathode made by Paschen consists of ceoathiode with two anodes. Schiler
[63-64] also used a HCL however it had one anodédrrann [65] was the first who
introduced a discharge with clear path throughellketrodes. Later on Miyazaki et al. [66]
modified Feldmann design by placing the hollow odth between two hollow anodes.
Behrens and Guthdhrlein [67-68] also developed frextiSchiiler-type hollow cathode for
generating atoms of the various elements undestigation.

Hollow cathode lamps are used in a variety of apgpilons, for example in ion etching, thin
film deposition, surface treatment, ion gas lasansl in spectroscopic analysis. In
spectroscopy, HCL can be used as emission souloejrey direct excitation and analysis
of a sample or as light source in absorption spectpy because of its sharp and intense
spectral lines.

In case of metallic samples, the whole cathode &lenup of the material to be
investigated. On the other hand, for non metallimgle, a hollow cylindrical piece of the
material is well fitted into a copper or aluminumllbw cylinder. In this case the cathode
itself does not or very little contribute to thesclharge. An advantage of hollow cathode is
that the plasma is more localized inside the cahatiich increases the efficiency of
excitation. Furthermore, the metal concentratiomaioled by sputtering is far enough
sufficient for spectroscopic purposes.

The home made HCL especially designed for the spmmipic investigations of the
hyperfine structure of spectral lines of praseodymconsist of several parts. The central
element of the HCL is a copper tube into which amlly hollowed cathode is screwed
which is filled on the inner wall with praseodymiuifhe typical length of the cathode is
approx. 20 mm with optimum inner bore diameter ah®. Two axially hollow anodes
made of aluminum are placed on both sides of thHéowocathode. The anodes are
electrically insulated from the metal tube and dfsm the cathode using ceramic holders.
The separation between anode and cathode is ap@atety 0.75 mm. The anodes, the
cathode and the ceramic parts had coaxial holénodst same diameter which serve as a
path for laser beam.

The copper tube together with the cathode and an@denclosed in a glass tube which
extends symmetrically at both ends forming the @atischarge container. The anodes are
provided with conducting pins, led to the outsid¢he device through a feedthrough. The
ends of glass tube are sealed by the two circulartg glass plates acting as windows of
hollow cathode lamp. The complete hollow cathoadedas shown in the Figure 5.2.

Before the discharge is switched on, the devig®rsnally evacuated for 10-12 hours by a
rotary vane pump to create a good vacuum. Hollavacke lamp is then filled with argon
as a carrier gas at a pressure ranging from 0.830a& depending on the type of specie to
be investigated i.e. neutral atoms and ions, regmninvestigation and discharge
conditions. Discharge current is typically 60 mAJdnC voltage varies from 350 to 650V.
HCL with vacuum system is shown in Figure 5.3.
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Figure 5.2 Hollow cathode lamp HC...Hollow Cathode, A...Anodereat feedthrough
F...Quartz windows, D...O rings, H...Glass stop cocks
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Figure 5.3: Schematic design of the vacuum system

HKL...hollow cathode lamp, H1 H2...Glass stop cocl&l-S2...Slide valves, V1-
V7...Shut-off and gauge valves, KF1, KF2...Coldps&:aM...Manometer, P...Two-stage
rotary vacuum pump, G...Gas inlet, Ne...ResenaiiNeon, Ar...Reservoir for argon.

A DC voltage applied across the discharge lampzemihe buffer gas into positive ions
and electrons. The field distribution around theag@l hole is such that the discharge
burns down into the hole. The carrier gas ionsaaelerated and hit the inner wall of the
cathode material which in our case is praseodymitfnthe bombarding ions have

sufficient energy which is in excess of the bindemergy of the atoms of the cathode
material then the atoms can be ejected from th&awair This process is called cathode
sputtering. The probability that an atom or an isrejected from the cathode surface is
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defined by sputtering yield. Sputtering yield ihét number of sputtered particles per
incident particle as a function of the energy dmalitlentity of the incident particle”. Both
mass and energy of the incident particle are ingmbriactors which govern the sputtering
yield. For example an incident Ar ion has a higbputtering yield with lower energy
threshold as compared to the Ne ion which has ardeputtering yield with higher energy
threshold for the same kind of sputtered material.

The sputtered species consists predominantly afrgiestate neutral atoms, and a small
fraction of excited atoms and ions. The ejectednatonay be excited or ionized due to
collisions with the energetic ions and electronstlod discharge with broad range of
energies.

This broad-band collision induced excitation med$ranin the hollow cathode discharge
give rise to a highly excited plasma having a papaoh distribution predominantly among
various atomic energy states. This makes HCL padatity useful to investigate the level
schemes of high lying states using LIF techniquae. éxample in case of Pr levels up to
35000 crit above the ground state can be investigated. Thelaf free atoms and ions
both in ground and excited states gives an intéigh¢ emission with a color which is

characteristic of the sputtered material. For hlstdischarge, the HCL is cooled by liquid
nitrogen. The nitrogen cooling results in a reductin the thermal velocities of the
sputtered species which greatly reduces the Doppt#th of the spectra. For Pr the typical
Doppler width is around 800 MHz.

5.4 Measurement and Fluorescence Detection

The laser induced fluorescence signal is detected measured by means of a lock-in
amplifier using phase sensitive detection techniguick-in amplifier is a very sensitive
instrument and is able to detect very weak AC dggaa low as a few nanovolts. DC signal
such as photomultiplier tube dark current are mopldied. This is done by a technique
known as phase sensitive detection which filters the component of the signal at a
specific reference frequency and phase. In fluemese signal measurements, the phase of
the signal is tuned such that lock-in amplifierputis maximum. This would correspond
to a signal that is in phase with the intensity olated laser excitation wavelength. In this
way, even very low intensity LIF signal in an extrely noisy environment can be
observed and recorded.

In our experimental setup (Figure 5.1) the intgngif the incoming laser beam is
modulated by a mechanically chopper 1 and the nadidal frequency is given as
reference frequency to the lock-in amplifier. lalty the phase of the lock-in amplifier is
set by means of a known LIF signal. This is donditsy tuning the laser frequency to the
strongest hyperfine component of a spectral lircesatting the transmission wavelength of
the monochromator to a detection line having angtidF signal.

The experimental investigations of the hyperfimecure of the spectral line is performed
in two steps. In first step the laser frequencgesto one of the hyperfine components of
the line, usually to the strongest hyperfine congmirand the transmission profile of the
monochromator is varied to search the fluorescdines originating from the levelthat
are involved in the excitation of line (Figure 5.4)
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Figure 5.4: Searching for fluorescence lines

In the second step, the hyperfine structure of gpectral line is recorded using the
observed fluorescence wavelengths. For this purffisenonochromator is set to a pre-
selected transmission wavelength, which were olsepreviously in the first step, and
laser frequency is scanned (~ 45 GHz) across theftme components of the spectral line
(Figure 5.5). In order to avoid laser stray lightdatection line for laser induced
fluorescence is chosen which is different from thaecitation line. In this way, the

hyperfine structure of the excitation line togethdth the information of fluorescence

wavelengths is studied.
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Figure 5.5: Recording the hyperfine structure of a spectred.li

The nominal reading precision of the monochromas®d is about 1 A, but sometimes it
IS necessary to determine the fluorescence lineel@agth more accurately. This is done
by placing a second chopper wheel in front of thigagnce slit of the monochromator. This
modulates the intensity of fluorescence light carirom HCL. The output signal of the
photomultiplier is given to a second lock-in-amiglif with the modulation frequency of
second chopper as a reference. Laser frequencynsdtto the strongest hyperfine
component of the excited transition, and the ggatnonochromator is automatically
scanned over a certain spectral range.
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The output signals of both lock-in-amplifiers amcarded simultaneously on separate
traces. In this way the spectrum of HCL can alsau$ed to calibrate the monochromator
wavelength scale. Comparison of the recorded hollmathode spectrum with the
corresponding part of FT-spectrum gives the wagteof LIF line with an accuracy of
+0.05 A despite the relatively low resolution oétmonochromator. Accurate measure of
fluorescence wavelengths is also beneficial inasituns where the excited transition could
not be identified meaning in the involved transitiooth lower and upper level could be
unknown. In such cases fluorescence wavelengthrm@on provides a clue to
identification of the upper level.

5.5 Fourier Transform Spectrum

The progress of Fourier transform (FT) spectrosdugesymade it possible to record spectra
with resolutions down to 0.01 ¢mover spectral ranges from the ultraviolet (~ 260Q0

the infrared (~ pm). Such spectra are characterized by a very higturacy of
wavenumbers assignable to the observed lines amdwigie dynamic range of intensities.
A further advantage is that the spectrum is avhilab electronic form, which makes it
easy to handle the data and to fit the hyperfingepss using shape functions for the
individual hyperfine components.

The FT-spectrum of praseodymium was recorded inrtbitute of Quantum Optics at the
Leibniz University in Hanover Germany as a paradafiploma thesis [25]. This was done
by continuously scanning high resolution FT-IR gpmoeter model number IFS 120 HR.
A hollow cathode discharge lamp was used as ansenisource and the emitted light is
focused on to an entrance slit of the FT spectremdthe recorded Fourier-transformed
emission spectrum covers a very wide region randginogn 2380 A to 12500 A. The
resolution of the recorded spectrum is a convotutd the instrumental profile and the
Doppler width of the spectral lines. Multiple scamsre taken and were then averaged to
improve the signal-to-noise ratio and to get adgpiresolution of 0.03 cth A small
portion of a spectrum is shown in Figure 5.6.

Intensity

Wavelength

Figure 5.6:Fourier Transform spectrum in the region 5822 A820.0 A
The recorded data files were in the form of intBngersus wave numbers. The files were
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then converted by employing the dispersion forngiNen by Peck and Reader [69] into a
spectrum with intensity versus air wavelength.

Wave number of a line is equal to the differencevben the term values of the levels
involved in its formation. For those spectral lings FT-spectrum whose hyperfine

structure is fully resolved, the hyperfine struetwonstants can be determined by fitting
the line profile obtained from FT-spectrum to a hesmatical function. In the FT-spectrum

the majority of spectral lines have only partialdgolved hyperfine structure for such lines,
LIF signal need to be recorded for the determimatibthe hyperfine structure constants of
the involved levels.
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6 Computer Programs for Data Analysis

Various computer programs are used for the anatfsise experimentally recorded data.
Two main programs are

(1) Classification Program ‘Elemente’ is used to manage the huge number of
spectral lines found in an element such as praseinty.

(i) Fitter Program is used to fit the experimentally recorded hyperfatructure of a
spectral line or a line profile extracted from Hiestrum to a mathematical
function which then gives a best estimate of thecspscopic parameters of the
levels involved in the formation of the line.

6.1 Classification Program ‘Elemente’

One of the most difficult tasks in investigatinge thpectrum of an element is to manage
and classify the huge number of spectral linesrggfagy to that element. This can be done
in a conveniently manner by a specially designedpmger program known as ‘Elemente’.
The program not only manages the large number eftsd lines but also allows the
classification of known and unknown lines via theénter-of-gravity wave number and
expected hyperfine structure. The program was deeel by L. Windholz [70] and its
viewer version is available on the internet. Thegpam is designed in such a way that it
can be used for any element. Our research grougimg this program to study spectral
lines belonging to various elements such as Prgsaad, Tantalum, Lanthanum, and
Neodymium. It can simultaneously handle both atoamd ionic lines. The program also
includes several search strategies for finding omkn energy levels from unclassified
lines. The program needs three data files to work:

() The wavelength file or table, containing all theowm spectral lines whether
classified or unclassified. The Pr wavelength tdids presently more than 29000
entries in the following format:

5699.305, nl 4, , , , 30576.861,4.5 ,0, 770.47m@80, 13035.73 ,5.5 ,e, 795.9v, -,
Helmri,(Pr 1) in Pr5003 vorh. #Sm080809 pr214055 &99.305 4787 f+4656
f5155 5180 f5255

The first entry is line wavelength in A in air, élour entries are intensities from
different sources. If the line is classified thexinentries are the energy, angular
momentum, parityA andB values and comment about the upper level. Thendke
entries are for lower levels in the same orderaasttie upper level. Finally, it is
possible to comment the lines, for example to gescitation wavelengths,
fluorescence wavelengths and so on.

(i) A data file containing all the known neutral atoravels, e.g. in case of
praseodymium this file is named Level_pr.dat, fcaraple,

0.5, o, 30400.042, 1890(10), , *SmO080P1B27038 a5756.53 pr350039
a5141.70 f5141.703 f5251.114, f5448.51

(iif) A data file containing all known ionic levels, elgv_prii.dat, for example,

3, 0, 33850.957, 937, , *Sm110201 pr64Qd a4275.15 pr641013 a4385.45
f+3841 {3757 4077 14243 14446

The newest version of the classification programe tvao main frames, an upper main
window and a lower graphic window displaying the-$plectrum. The program has an
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option to show or hide the FT-spectrum. The maindewv is divided into three sections.
The middle section lists all the suggestions far skelected spectral line. For each listed
suggestion the spectroscopic parameters such agyea@gular momenturd, parity and
hyperfine interaction constantd and B for the combining levels are displayed.
Wavenumber of the line from wavelength file, cerdkgravity wavenumber of the
spectral line, the difference between the energfethe combining levels and center-of-
gravity wavelength of the spectral line are alsspliiyed. The leftmost section on the main
window displays the classification of the spectiae as contained in wpr and the
rightmost graphical section gives the graphicatesentation of all the list suggestions for
a quick overview.

Spectral line is selected by the opti@oTo Lambda” for already known classified line
or by the optiorfinsert Line” for an unknown unclassified line. The program ghites
and searches for all possible transitions (numlbgrossible suggestions depends on the
selectable bandwidth) by comparing the wave nunabehe line with the difference of
energies of the pairs of levels which fulfill sdiea rules. The classification suggestions
are then displayed in the middle section of thenmmandow. Atomic suggestions are listed
in the beginning and the ionic at the end, anyarele suppressed by using an option in
the menu bar. The listed suggestions are sorteshesgy and parity of the upper level with
low energy and odd parity having higher priorityheTprogram calculates the graphical
hyperfine structure for each suggestion based #&mandB values of the combining levels.
This graphical representation is displayed in tbéédm frame of the middle section.

Classification of Pr Lines
Save GoTo Markedline Scale Settings Search Select Transitions Classification  Show Levels SeelMewlevels Reload Levels Delete WH-WL Converter  Extras
Clsssfcation; [37 Suggestorstound [ 5 0 5 7 5 ‘ 565
Piev. | [T 1) 725278 972 0 04T Tize Fix FT Scaling Factor Vit
5680.60 76786 SnOBI00Zp  FTSIE) A g ol dpont. H————
,,,,,,,,, GoTo | fwavenumber wavenumber levels  wavenumberdif, oy RSN AARS B e P 048
BES4108  nl Lambda | | 17568.029 17588.030 -002 SETHT0H
Classiicatior: i i
Nett | |2 Pl 7ULET 1120 10367 W2 e
65389 SHOBZ3p 1420v 5 Bed3v 55308 - s
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Figure 6.1: Main window of classification program

The program reads the data from wPr for the sealdate and if the selected line is already
classified, it is displayed in the leftmost sectadrthe main window of the program. Some
of the main features of the classification progamet

* Navigation from one spectral line to another candbee usingPrev. and Next
options.
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GoTo Lambdais used to move to a selected wavelength.

Insert Line is used to insert a new spectral line to a wagtletable and placed it
in a properly position.

Select for Entry selects a specific suggestion for = === ===
possible classification of the current spectra liA dialog |
box appears which display specific information relgeg |- =
the line such as wavelength, relative intensityneent |...
window, etc.

Detail displays the hyperfine pattern of the current
suggestion for the spectral line along with its elev
scheme.

Simulate show the hyperfine pattern like usinQeétail” [ ——————
option but also allows to simulate a hyperfine gattby
changing all hyperfine constants. It is usuallydugfethe
classification suggestion contains levels for whitie
hyperfine constants are not known.

Savepermanently store the information about the cleskiine in the wpr.dat file
without ending the program.

GoTo moves to a selected spectral line if it is alreadytained in the wavelength
table, to the lowest and the highest wavelengthtoorthe start wavelength
(beginning of work).

Marked Line. The current wavelength can be marked by usingrttéau option
which can be visited later on.

Scale is used to select the width of the graphic field@kis is needed when
comparing the calculated hyperfine structure pategth the FT-spectrum.

Settings set certain parameters for the classification mwg It has various
options. Some of them are theave number differenceused for finding

classification suggestions, tivavelength differencaised later on in transition list
frame of a specific level, thBoppler width to set the width of the hyperfine
components.

Searchis used to select either atomic or ionic levelsesees or both. Arbitrary
selections rules fal can also be selected independently.

Transitions show all the transitions having the upper or thedr level of the
current line as their upper level. A specific liren be selected which then displays
selected suggestion with its hyperfine structurtéepa.

Classification facilitates a faster movement from one spectra lio another by
suppressing th€lassification Routine In this option, suggestions for the line are
not displayed.

Show Levelsdisplays atomic or ionic levels from the respeztilatabase.
Seek New Levelslt has four menu options

o0 Based on Current Linelt calculates the possible odd or even levelsgusin
the wavelength table (wpr.dat in case of praseodymi Calculations are
performed for atomic or ionic or for both levelsngsselection rules.
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o Based on Fluorescence lindt has two optionsSeek New Levels”and
“Seek Known levels” In each case, the experimentally observed
fluorescence wavelengths are given to the seanatiney the routine then
selects all the lines from the wavelength tabler(dat) within a specified
interval of wavelength of fluorescence lines. lerthuses these lines to
calculate new level or known level.

o Based on A and JA new upper or lower level is searched based on the
spectroscopic parameters as obtained from the sealpf the
experimentally recorded hyperfine structure.

* Reload Levelsallows reloading of the atomic and ionic levelsnfrthe respective
data bases.

» Deleteis used either to delete a classification entryDglete Classification” or
entirely delete the line by usirf@elete Current Line”. This is beneficial when a
wrong line has been inserted.

«  WN-WL Converter is a small program which converts the wavelengthair to
vacuum or vice versa or from wavenumber to wavelentj also displays the
difference between two wavelengths in wavenumbedifierence between two
wave numbers in terms of wavelength.

e Extra is used to calculate all possible levels just tigiag the wave number of the
lines contained in the wavelength table to all kndevels.

* FT Spectrum displays a separate frame for Fourier transforettspm. It also has
option to calculate wavelength/wave number diffeeebetween two points in FT
spectrum.

* End ends the program.

6.2 Hyperfine Structure Simulation Program

A simulation program is used to have an approximeggmate of the spectroscopic
parameters such as angular momentum values fampier and lower levels, the magnetic
hyperfine interaction constaAtand the electric quadrupole interaction consBant

= Simulation LW (8/99) (=13

Draw Print Data End

[ 2040
Sl

3 A0 =B i i
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2 ‘ )l I
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Figure 6.2: Hyperfine structure simulation program

71



The inspection of the recorded hyperfine strucufré¢he line gives some idea about the
spectroscopic parameters of the combining levelolwed in the formation of the
hyperfine structure. Using some initial guessesualiioe angular momentum values, the
recorded hyperfine structure is simulated by vagytime A andB values in the simulation
program for the lower and upper levels. In this wasing these estimatel] A andB
values, further analysis of the recorded hyperStreicture is performed. The Doppler
width and nuclear spin can also be changed inithelation program, if needed.

In situations where either the linearized recortigderfine structure or the line profile
from the FT-spectrum is to be simulated, the sitmtaprogram which is the part of
classification program is used to estimate the tspgoopic parameters related to the line
profile. Using these estimated parameters as Hréirg} point give best fit spectroscopic
parameters of the experimentally recorded hypedtnacture or of a line profile from FT-
spectrum. This helps in the identification of thewdls forming the spectral line. The
program can also be used in situations where on¢heflisted suggestions in the
classification program can be classified by simaotathe hyperfine structure line profile
from FT-spectrum
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Figure 6.3: Simulation program. Left is the simulation of tleeorded hyperfine structt
line profile (red curve). Right is the simulatiorithvline profile from FT-spectrungrec
curve)

6.3 Data Viewer Program

A data viewer program is used to display the uwliized recorded hyperfine structure of
various investigated spectral lines (see Figurg. @.He program consists of two frames.
The smaller frame or window is used to convert Mawgth in air to wavelength in
vacuum or vice versa or to convert wave numbemsaeelengths. In addition, it can also
calculate the differences in terms of wavelengthain wave numbers in chand
frequency MHz. The large window has three sectiardialog box for displaying names of
the recorded data files, a text window for the canta and a graphic window for
displaying the recorded hyperfine structure of line. The program has the facility to
calculate roughly the position of any hyperfine gament provided the free spectral range
(FSR) and starting wavelength of the recorded Hypestructure are known. The program
also has the facility to convert the recorded dé¢ain to a format suitable for the fitter
program.
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Figure 6.4: Data viewer program

6.4 Classification of a Line

Praseodymium with its five outer electrons hasrgeaaumber of electron levels and this
leads to an exceptionally high density of linesisTis evident from the FT-spectrum of
praseodymium where one can observes large numlodaissified and unclassified spectral
lines formed by the combination of energy leveldohare yet to be discovered. In the
classification program a spectral line is insertdg program first calculates the wave
number of the line and then lists only those triamss for which difference of levels
energies fit (within some specified limit) with threavenumber of the line. These listed
transitions are called suggestions. The classificaprogram generates the hyperfine
structure pattern for each suggestion provided hiiperfine structure constants for
combining levels are known. The hyperfine strucfpméern is then compared with the hfs
of the line in FT-spectrum or with the recorded éxyme structure of the line. If the
calculated hyperfine structure is in a good agregn®th in terms of the shape and
position of hyperfine components then the line banclassified as a transition between
known lower and upper levels as shown in Figure 6.5
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In case, if the hyperfine structure profile in Fpestrum or the recorded hyperfine
structure does not match with any of the listedgsstjons then at least one of the
combining levels is not known. There are a numlesearch strategies present in the
classification program for finding new energy lessedome of them are discussed below.

6.4.1 Determination of New Levels by the Combination chW& Numbers

Ritz combination principle [71] together with theavenumber of an unclassified line can
be used to determine a new level. The line thenbeadlassified with the help of the new
level and its hyperfine structure parameters. Tle¢hod can be understood in following
steps.

1. The first step in the search for a new level iageume certain parity for the new level,
for instance taking the parity of the new levelb® odd. Now all the even levels are
sorted with respect to their energy in ascendingorThe energy of the new odd level
is determined by adding the wave number of theassdied line to the energy of the
lowest energy even level.

2. In the second step, the energy of this new oddl lsveompared with the energies
which are obtained by adding the wave numbersldhallines in our line list to other
even level energies. The energies obtained inntlailsner which is coincident with the
energy of the predicted new odd level, the wavdlermagd the even lower levels are
listed.

3. In the third step, the steps 1 and 2 are repeateadw taking the next higher even
level from the sorted list as the basis of thewdalton.

4. Completing the process for all even parity level® @ number of possible lower even
parity levels.

5. The J-value for the possible new odd level is determibgdemploying the selection
rules for the combining new odd level and one afSilale lower even level in the list.

6. For each of the calculated transition, the hyper8tructure is simulated by varying the
A andB values for the new odd level and using the knédwandB values of the lower
even levels. If the simulation for this combinatiemot possible then this suggestion is
excluded.

7. In case the simulation is possible thandB values for the new odd level are obtained.
The new level is introduced and the hyperfine $tmac pattern of other lines can be
calculated and compared with their hyperfine stiiecappearing in FT spectrum.

8. If after executing above step no new odd leveluggested then the whole process
from step 1 is repeated but now assuming a new gaety level.

The strategy enumerated above is used for invésiggehe spectrum with not too many
spectral lines such as the spectrum of Ta, bubisuseful for Pr since it has a very high
density of lines and this may lead to many coincads appearing just by an accident.

6.4.2 Finding of a New Level by Fluorescence Lines

If an unclassified line is excited by laser ligmdasome fluorescence lines are observed,
then a possible new energy level involved in thatakon can also be determined by using
fluorescence information. This method is again dase the Ritz combination principle

with the difference that this time it only uses therent line and lines from the database in
a certain wavelength range around the observedeffgence lines. For the method to work
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at least three fluorescence lines with accuratesareaof fluorescence wavelengths must
be observed which decay to known lower levels.

To seek a new level, the center-of-gravity wavellen@ air) of the excitation line is
inserted in the classification program as the curdene. The observed fluorescence
wavelengthsiy , are given to the search routine of the classificagprogram using the
option “Search for New Levels based on Fluorescence Liries shown in Figure 6.6.
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Figure 6.6: Window for seeking a level based on fluoresceires|

We assume a certain parity of the new level fomgXa odd parity and seek for the new
level. Program calculates the wave number of ting iakes the lower even levels from the
list of known levels and add the wave number oflithe. This gives the wave number of

the hypothetical new upper level. Program thenutates the transition wavelengths from
the new hypothetical upper level and displays fbssuggestions for the lower and upper
energy levels with fluorescence wavelengths withioertain specified limit as shown in

Figure 6.7
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Figure 6.7: An unclassified line &808.71A, with a new leve691549% , cm™
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The hypothetical level which explains most of theserved fluorescence lingg, can be
treated as the level which is being searched. Henof the suggestion explains the
observed fluorescence lines, then the procesgeated but this time searching for new
even parity level. This method is especially sué¢ah cases where both lower and upper
levels in an excited transition are unknown buntbae of the fluorescence lines has to be
chosen as the current line.

6.4.3 Finding a New Level by Analysis of the Hyperfine tteéens of
Unclassified Lines

Knowledge of the pair of hyperfine interaction ctamgs andJ-values in most cases is
sufficient to identify a level involved in the foation of a spectral line. The angular
momentum values and hyperfine interaction constemtthe combining levels i.elb, J,

Ao, Bo, Au, Buare estimated by fitter program. Assuming that ohthe levels involved in
the transition is known, the level is searchechs database of known levels. This is done
by using the search routine in the classificatioogpam called Seek New Levels Based
on A and J.

As an example consider the excitation of specirsd At = 5966.38A. A hyperfine
structure with well splitted components was recdrde fluorescence wavelengths 4304
43854, 4683A, 5257A, and 5568A. Fitting the recorded hyperfine structure of tine lby
“Fitter program” gave the best fit values &s= 9/2, Ju= 11/2,A0 = 919 MHz,Au = 295
MHz. Assuming an unknown upper level is involvedtlie excited transition, best #t-
value of the lower level and thike values of both upper and lower levels are giwethe
search routine. The program searches the databaasekhown lower level of specifietd
value andA-value (within specified interval). It then disptapumber of suggestions for
possible upper level along with its transition l&tth in even and odd parity as shown in
Figure 6.8
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Figure 6.8: Possible new upper levels for the excitation oé lat 5966.3&
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The observed fluorescence wavelengths are themhszhin the transition list of each
suggestion. In this example, first listed suggestioodd parity explains all the observed
fluorescence wavelengths. The next step is to asghat this lower level is involved in
the observed transition, and to fit the recordedelnfine structure again witAu = 295
MHz andBu = -22 MHz being fixed. The energy of the new leigetalculated by adding
the wavenumber of the line, 16755.991" to the enrgy of lower level, 11904.@F".
Finally one gets for the new upper level 27660.661, J = 9/2A = 925 MHz. The new
level explains the observed fluorescence lines lwhkimnfirm the energy and existence of
level.

6.4.4 Determination of Both New Lower and Upper Levels

In some cases, it is observed that J-value andrfypeconstants determined from the
recorded hyperfine structure cannot be associatddtie values of a known level. This

implies that both lower and upper involved in tleenfation of the spectral line might be

unknown. The identification of such levels is based the observed fluorescence
wavelengths provided that the number of observedréiscence wavelengths is three or
more and fluorescence lower levels are known. Tdmchdea behind this procedure is to
look for known lower levels to which fluorescendeek from the unknown upper level

decay. The procedure is as follows:

1. The exact fluorescence wavelengths are measuredamrted in to wave numbers.
For each pair of fluorescence lines the wave nurdiffarences i.ed = | oi —g; | are
calculated.

2. The data base of known levels is search for knmmel levels with same parity, based
on the criteria that the differences between theenaumbers of these searched lower
levels are within some margin of error equal to ¥eve number differences; of
fluorescence lines.

3. Once such a set of lower levels are found whichil&ithe criteria listed in step 2, then
by using the energy of the any of lower level i thet and the wave number of
fluorescence line the energy of the unknown upgellis calculated.

4. Parity of the estimated upper can be set oppasitesat of the set of lower levels.

5. Now the energy of the excitation lower level isatatined using the energy of the
proposed upper level and the wave number of thitatiaon line.

Hyperfine structure constants aderalues of the unknown lower and upper levels are
determined using the mathematical fit of the reedrdyperfine structure.

This procedure can be performed by the classitiogirogram (see 6.4.2) if a fluorescence
line decaying to a known level is used as a curterd (fictitive excitation of the
fluorescence line).

6.5 Mathematical Fitting of Hyperfine Structure Pattern

In order to determine the spectroscopic paramésersh as angular momentum J values
and the hyperfine interaction constamds and B) for combining levels from the
experimentally recorded hyperfine structure of spectral line, it is necessary to fit the
recorded hyperfine structure profile to an appmerimathematical function using the
“method of least squares’ It is an iterative process in which a curve itefi to a set of
data points so as to minimize the sum of the sgualréhe deviation of the points from the
curve. Usually a pre-fit analysis of the recordegbdrfine structure profile is helpful in
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evaluating best fit spectroscopic parameters. Peetsoscopic parameters such as nuclear
spin quantum numbek, angular momentund values of upper and lower levels and
hyperfine interaction constanks B characterizes a particular hyperfine splittingadine
structure level.

A rough estimate of the magnitudes of the hyperiinteraction constants A and B can be
given by inspecting the amount of splitting of aefistructure level in to the hyperfine
structure levels. Assuming that the hyperfine etéon constants for both upp@) and
lower (A,) levels are positive (which is mostly the case vathseodymium), then from
relative intensities of diagon@dF = 4J) components it can be decided whethgr A, or

A, < A, accordingly if the relative intensities of diagbramponents are decreasing
towards shorter or longer wavelength. The relatitensities and spacing between the
diagonal components give a suggestion aboud-tredues of the combining levels with an
error of£1. It is also possible to suggest a change in Jegati fine structure levels for a
transition from lower to upper level. If the offadjonal(4F # 4J) components appear on
both sides of diagonal components then there ishamge in J value in going from lower
to upper level i.ed4J = 0. If the off-diagonal components appear eithert@lbnger or on
the shorter wavelength side then thealue changes byl or -1 respectively. One can
also use the rough estimate of the recorded hymerdtructure profile by using the
simulation program (see section 6.2).

These roughly estimated spectroscopic parametgesthter with the center of gravity
excitation wavelength are used to fit the recorddd patterns to an appropriate
mathematical profile function. The mathematicalfieofunction can be chosen between
Gaussian or Lorentzian, depending on the intensity profile of the recordegberfine
structure. If both Gaussian and Lorentzian profdes observed in the recorded hyperfine
pattern then a convolution or mixture of both fuoies is used. Such a function is known
as thevoigt function.

In order to determine the hyperfine interaction stants and the center-of-gravity
wavelength, a especially designed computer progkawwn as Fitter is used. The
program fits the recorded hyperfine structure toahematical function. The program can
also fit the hyperfine structure profile of a liegtracted from FT spectrum.

6.5.1 Fitter

This program was developed in University of BundelsssHamburg, Germany as a part of
diploma thesis [72]. The program calculates thecspkintensity distributions associated
with various hyperfine structures of spectral linescorded experimentally. These
hyperfine structures are electronically recorded whigital form as a function of changing
laser frequency. The recorded file containing th&agoints must be converted in a form
acceptable to the fitter program. The fitter progrés the recorded hyperfine structure of
an excited line or a hyperfine structure of theeliprofile from FT-spectrum to a
mathematical function using the method of leastasgmi The program determines the
hyperfine constants and center of gravity wavelenigt this way, the physical information
embedded in the recorded hyperfine structure okxaited line or a profile from FT-
spectrum is extracted.

In an experiment, the intensity distribution of excited transition is recorded in time

domain i.e. as a function of equidistant time inés. The data points representing the
intensity distribution are not equally spaced ieqgitency. This is due to the non-uniform
scanning behavior of the laser. Therefore a prokeegn as linearization of the recorded
data is adopted. The process converts the recaecirum which is in time domal(t)
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into frequency domaini(v) using the marker etalon signal which is simultarsbp
recorded with the LIF spectrum. The process ofdiirmation works only if the start
wavelength of the laser scan and the free-spexdraje (FSR) of the marker etalon are
given to the electronically recorded data file.

The mathematical least square routine has a rapitvecgence towards the best fit
situation for the data points if the data points aqually spaced. Program calculates the
position of individual hyperfine components and Hyperfine constants by the following
relation

v=u,+a,[A +B, B —a,lA -8B, 61

where a,, 5,, a,, B,are the Casimir factors for upper and lower endeggls respectively

(see section 3.9). Intensity of each componentakert from the theoretical intensity
formula using § symbols (see section 3.8). A suitable mathematioadel (Gaussian or
Lorentzian or Voigt model depending on the shapehef recorded hyperfine structure
profile) is used with physical boundary conditioas input parameters. The program
gradually varies the values of these parameters tlasn model progressively evolves and
adjust according to the method of least squargsamuss-Newton method to the series of
experimentally recorded data points, i.e. miningzisquared error sum given by the
functionESS

ESS:Zn:[IV(k)— L, (W, &) 6.2

where 1,(K) is the measured intensity at a given frequencyntpa, |,(V,,8) is the

calculated intensity at the corresponding posiaod a is a set of fit parameters. Using
Tayler series the expansion of the above equatimesga system of nonlinear,
inhomogeneous equations. The number of such eggatothe system equals the number
of parameters ia. The method of least square is an iterative psesa solution of these
equations is obtained in such a way that the dewidtom the measured intensity becomes
less and less and a new set of parameters valaesbtained for the next iteration. The
procedure is repeated until termination criterieméached. Important input parameters are
hyperfine constants of lower and upper levels, fteguency of a certain hyperfine
component, the half width of the components, thdeuaground intensity and center of
gravity wavelength.

The program is based on a complicated iterativecgmore and runs only in a pure
mathematical sense with only objective of minimigithe squared error sum. This pure
mathematical evaluation sometimes leads to unreéd®nvalues of the physical
parameters such as negative intensities or negatigeencies. One way of avoiding this is
to reduce the number of input parameters. Thisbeadone by fixing certain parameters
according to a specific situation. For exampleni& @f the levels involved in a transition is
known then by fixing the hyperfine constants ofstlevel the number of parameters are
reduced by 2. If half-width is known then the numioé parameters is reduced by 1.
Furthermore this can also be done by coupling thlative intensities of various
components together. So by coupling, the interitypling parameters are reduced by 1.
Coupling of components can also be done in sitnatwhere saturation effects change the
relative intensity of hyperfine components.

In addition to the single line fit, fitter progracan also be used for multi-line fitting. In
cases where simultaneously more than one hypesfineture patterns are overlapped such
as in a blend situation or more than one isotopesraolved in a transition, multi-line

79



fitting procedure is adopted. Figures 6.9 and &A6w a single line and two line best fit
situations respectively.
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7 Results and Discussion

The spectrum of praseodymium due to the open f-s@lettrons has a very complex
structure and high line density, because of thssspectrum is referred to as ‘quasi-
continuous’. Consequently on the average 5 torislpe are frequently observed in the
spectrum of praseodymium. The spectrum of praseadgmhas been investigated
thoroughly over the past few decades. These impadgins are performed not only by our
group but also by several other groups[11, 16,23),73]. So far we have in our level
database more than 2500 energy levels of evend@ah@arity belonging to Pr | and around
300 energy levels belonging to Pr Il. Around 290i@@s are known to us in the spectral
range from 32Gimto 3.54m and more than half of them have been classified.

During the course of this dissertation large nuslmdrunclassified and classified spectral
lines were experimentally investigated using lasduced fluorescence spectroscopy. The
hyperfine structure of these lines is used foritleatification of energy levels involved in
the transition. The investigations not only ledat@roper identification of already known
levels but also, in large number of cases, resuitetie discovery of new energy levels.
The experimental investigations are organized bowe:

* New Pr-1 and Pr-Il energy levels in even and oddfigorations by laser excitation.
« Classification of lines using known or unknown Iesveia laser excitation.

» Classification of lines by position and shape & ttyperfine pattern as shown in
our FT spectrum.

A high resolution FT-spectrum of praseodymium, egieg from UV to far infrared is
helpful for our investigations. Excitation wavelénsg) of the lines are extracted from FT-
spectrum and laser excitation is performed. In ¢hsaecorded hyperfine structure of the
line could not be explained using known levelsntiegther the upper level or the lower
level is unknown, or it may happen in an extremsedhat both the combining levels are
not known. The level energy is then calculated #Hralline is classified. Spectral lines
appearing in the FT-spectrum with good signal-tss@aatio and fully resolved hyperfine
components can be classified without laser exomnatprovided the combining levels are
known. Conversely, if the line could not be expairby any of the known levels, then the
estimated hyperfine structure constants from thaukition can be used to determine the
possible unknown involved levels.

It is observed in certain cases that some lindsThspectrum are very weak, this may be
due to the fact that the upper level is less pdpdlaor the transition probability to the
lower level involved in the formation of such adirs low. For such lines laser excitation
spectroscopy is far more advantageous than emisgiectroscopy. Also, if a line in FT-
spectrum whose hyperfine splitting is not quiteildégy or line profile appears as a
convolution of more than one lines, i.e. a blendimés, then it is useful to study their
hyperfine structure by laser induced fluorescemrohrique. Each line in the convolution
can then be separated with help of the fluorescerioemation. In case of praseodymium,
which has a very dense population of lines, bletwBons are quite common and most of
the investigations in this dissertation are perfednby laser excitation. The spectral lines
in praseodymium are so numerous that one frequebtgrves a LIF signal from two or
more distinct levels at a specific excitation wavgjth. This means that in the same scan
range of laser either two very closely spaced lingslving different pairs of levels are
excited simultaneously or a single upper levelisited from two very closely lying lower
levels.
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7.1 Hyperfine Structure of Praseodymium

The hyperfine multiplet is one of the charactetisteatures of any element. For
praseodymium with nuclear spin quantum number 5/2, mostly a well resolved
hyperfine structure is observed having six maimiagonal hyperfine components. As is
common with the hyperfine spectra of other elemeatsegular decrease of spacing and
intensities of hyperfine components is seen. Tarsloe explained in terms of the fact that
one of the combining levels has a larger widthygedrfine splitting and this in turn means
that the magnitudes of the hyperfine interac#oconstants of the combining levels differ
appreciably. Conversely, in situations where thgymitades of the hyperfine interaction
constants of the upper and lower levels are compgra hyperfine structure with closely
spaced hyperfine diagonal components, forming gleipeak, is observed. The spacing
between the hf components of a level is governed.d&ryde’s interval rule i.e. “in a
multiplet, the differences between adjacent lewats in the ratio of the twé-values,
where for each interval the higher of the twevalues is to be taken”. The intensities
within the hyperfine multiplets are governed byemgity rule i.e. “within a hf multiplet,
the ratio of the sums of the intensities of allhgisions from two states with quantum
numberg= andF " are in the ratio of their statistical weight$-(21) : (& + 1)". If one of
the combining levels has a negligible splittings thtensities of the lines are simply in the
ratio of the values @+ 1) of the level whose splitting caused the stmec

The interaction between the electronic

and nuclear moments leads to the I=52,J>Tand A, <
splitting of fine structure level in to (2
+ 1) or (@ + 1) hyperfine levels AF = -1 AF=0  AF=

accordingly asJ > 1 or J < I|. The
transition between different hyperfine aj=_
levels of two fine structure levels give

rise to 6 § > 1) main or diagonal

hyperfine components. Beside these £7=10 iy |||| I
main components two additional il | otlh
groups of weaker off-diagonal
hyperfine components can also be St i | ||h
observed. The number of off-diagonal oih v '
hyperﬁne components depends uporl"'igure 7.1 : & sketch showing diagonal and off-

the change id (AJ). If AJ =0 then one diagonal compnents,

can find 10 Off-diagonal components

whereas ifAJ = £1 only 9 off-diagonal components can be obserffegure 7.1). Each
hyperfine component has a Doppler profile whiclsesifrom the plasma conditions within
the hollow cathode lamp.

||||I AT 1 h

This research work is based on hyperfine structovestigations of more than 1500
spectral lines in Praseodymium using laser induitedrescence spectroscopy. These
investigations are performed in very wide speategion ranging from 4308 to 7500A.
The major part of the investigations belongs tamatotransitions but few singly ionized
levels have also been discovered. In most of thesiigated transitions an upper level is
unknown and only in few cases lower or both lowed apper levels were found to be
unknown. These investigations led to the discovarynore than 300 new previously
unknown energy levels, both in even and odd cordigons. Angular momentum quantum
number of these newly discovered atomic energyldexange from 1/2 to 21/2. Level
energies are corrected at various observed fluenesc lines using the FT-Spectrum.
Furthermore, the existence of the new level anéntxgy is confirmed by more than one
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excitation. In general, the magnetic hyperfine rimtdon constantA” can be positive or
negative, which give rise to normal or inverted érgme multiplets, respectively. In case
of praseodymium, the value of const@nis mostly positive. The quadrupole moméht
for praseodymium is very small therefore the magtetof quadrupole interaction constant
“B” in most cases is taken as zero. All wavelengthgitation and fluorescence, are
measured in air. In the following sections somehef newly discovered energy levels of
Pr-1 and Pr-1l are discussed.

7.1.1 Discovery of New Pr-1 level via Laser Excitationldhe 7573.761A

In an attempt to classify systematically lines iir$pectrum, a line at 7573.7&1(Figure
7.2) was observed. The line in FT-spectrum showslaseparated and resolved hyperfine
structure with S/N ratio of 78. The suggestiongetisin the classification program were
compared with hyperfine structure of the line, honhe of the listed suggestion had any
agreement neither in terms of the shape nor ingernposition of hyperfine components.
Therefore, it was concluded that either both oleast one of the levels involved in the
formation of the line with the observed hyperfitisture in FT-spectrum is not known so
far and yet to be discovered.
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Figure 7.2: FT-spectrum for the line 7573.7&1

The first step in the investigation is to searchlftF signals. This is done by setting the
laser frequency to the strongest hyperfine compoogthe line i.e. 7574.08 and then
searching for fluorescence wavelengths by tunirg tlansmission wavelength of the
monochromator. In such a way, LIF signals were olegk at fluorescence wavelengths
5861A, 61364, 6157A, 6214A, 6376A, 6615A, 66404, 6791A, 7059A, 7095A. The
hyperfine structure of the line is then recordedatirobserved fluorescence wavelengths
by scanning the laser frequency across the hygedomponents of the line. Since the
hyperfine structure of the line is larger than sisanning range of the laser (30 GHz), the
scan is done in three parts and then using a prodtee recorded parts were merged to
form a single data file containing the entire hyer structure of the line. Two different
hyperfine structures were recorded at these fleeree wavelengths. The hyperfine
structure recorded at 615% 6214A, 6640A, 6791A can be explained as a transition

between the known levels27999.623, cri'to14799.842,, crit. On all other

remaining observed fluorescence wavelengths, alyslditted hyperfine structure was
recorded as shown in Figure 7.3
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Figure 7.3: Laser excitation of the line 7573.781showing a widely splitted hyperfir
structure

A gradual decrease in the intensity of the diagaonatponents and the separation between
them suggest high angular momentum values of tmeboong lower and upper fine
structure energy levels of the excited transitibime intensity of the diagonal components
decreases towards high frequency indicating gaat A, (valid in case of praseodymium
where theA values are mostly positive). Also the off-diagooamponents appear on both
sides of diagonal components which shows #at 0. In the next step, the recorded LIF
spectrum is fitted to a theoretical curve usingttdfi Program”. The evaluation gave the
following results with a quality factor of 6.35 (fire 7.4).
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Figure 7.4: Best fit situation of the recorded hyperfine staue of the line
7573.761A
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Using these best fit spectroscopic parametersfiagier print for a fine structure level, the
combining levels are then search in the databas@a@#n levels. Assuming an unknown
upper level is involved in the excited transitianknown lower level is searched in the
database by using the search routseek new level based on A and A number of
suggestions for possible new upper levels along itstfluorescence lines are displayed.

One of the suggestions for a possible new uppeel lexplains all the observed
fluorescence lines. The lower combining level & said suggestion k3626.67Zm*, J =
19/2 even parityA = 865 MHz. The recorded hyperfine structure isragiged with theA-
value of the lower level being fixed. The energytled upper level is then determined by
adding the wave number of the excitation line, ¥B885cmi’, to the energy of the lower
level, 13626.672m*. The new upper level with spectroscopic paraméegé26.517cm™,

J = 19/2, odd parity, A = 341(5) MHz is obtained. The level is introduced in the
classification program and explains all the obsgrii@orescence lines from upper level in
accordance with FT-spectrum. The comparison of liggerfine patterns of observed
fluorescence lines in FT-spectrum at 7059.3%@nd 7095.327A with the predicted
hyperfine patterns calculated using &nd A, confirmed the existence and reliability of
newly measured upper level (Figure 7.5 & 7.6).

& FTSpectrum

Inerease | | 7 405558 SO0 Luft 783337 SA: 4
] Vae, 7061234
Deciesse
Shiink - . Simulaton - Caledfrom Hain Vindow
D Frot Expot.rePofle Jeba Corpanon hihoutSeving FemanrtSinudcn Tlensiy e
Expand Lankda: TE937 AE 1= 25 o )7‘ ’F
e 1 g P R R
elect g
ange o be «a ‘ P
ebacted i, g5 B ] iy
with ight i ~
s i ! R
buton f ¢ A= 500 1 iy
& bl “ b I \\\ \ /\ \ f e
O i Rl W U L 3 Z\ \ wesmn 3 L
i J\\ L 0 R
~JEO04003 2032000@000E000-4000-20007  2L00 40030 320 10006 2200 408 25 95 A s Dran nd
w fLP\.ﬁhW JWN'L\V_A. RG220 A3 T N9 | J:JJJJJJ
LV VA O R I S VR I S
e ‘ 705% 1% [ WOWEE 2329 S0 33 A0 23 B0 CE 0 [ e ShiZoffierhy ol
. e gl Se B HHe a
T0E1 i} Apprl=3  Bupal=0 Aol =35 3lwarl =0 fiEszs
Right Dl Walh 0N = 26005 e 98Tk .

Figure 7.5: Comparison of the observed and predicted hyperpagern of
fluorescence line 7059.38

& T Spectrum

m T
Increase T1406868_5003v.t Luft 0539 SN 3
% 7 Vac, 097.285
Decrezse
Shiink & Simulation - Callad from Main Window
Craw P EperclrePefle Data CovrerkoWhout Sang 2manent Sirlation Tvendty sk
Lenbda: 636 AF =25 = i
Expard I ’ p— m—
Wﬁ g A0 1 ]
Select ! ‘ P
ange to be " |
evtiacted a ge W0 1 0]
with right B .
¢ ]
bitan =50 1 0]
Bl / / p J g
e A v, A | \ w-E0 0 W
Ak
- ey AT,
M -13JJJWUMZ[EU\JJUWUW-EEEU-WW-ZUEUU ZUVUlﬂ[[WJJBUWW[[UJ\ZJ\{U_‘WUME[[[ ’25_ ’Fﬂ ’Eﬁ_ﬂ Jnay End
R LI TR AR I TV Y N - - s 1
Lelt 7094 kel i Wi wise Dess o s IR U
41715 MI R BEHE AR : i
1 Ayperl =30 Bupparl=0 SlowerL =904 Blowerl =19 ) Bkl
Right e T W I P AR

Figure 7.6. Comparison of the observed and predicted hyperfiaternof the
fluorescence line 7095.38 85



Laser excitation was also performed at 7059 83Figure 7.7) to further consolidate the
newly found upper level.
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Figure 7.7: Recorded hyperfine structure of the line 7059.827

Table 7.1:Lines classified by the new Pr | level 26826.547", J = 19/2, odd parity,

A = 347(5) MHz

. Lower levels
Wavelength &, air) Energy (cm™) J A (MHz) B (MHz)
5861.328 9770.273 17/2 905.498 -40.819
6377.79 11151.433 19/2 876.1 -31
7059.326 12664.774 21/2 825.3(12) -
7095.327 12736.621 19/2 904.1 19
7573.761 13626.672 19/2 865 -
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7.1.2 Discovery of Pr-l Level 25788.548 cmi* via Laser Excitation

In FT-spectrum a blend of two or more lines is diewisible in the vicinity of 5624.172,
see Figure 7.8. A well resolved six peak hyperBtreicture can be seen, the intensity of
the second and last diagonal hyperfine componentieoline show a blend situations.
This suggested that possibly two other lines wihtirt hyperfine structure are present at
these positions. At center-of-gravity wavelengti24667A, the widely splitted six peak

hyperfine structure is explained as a known tréositbetween 24668 723, ,

6892 934, ,. At 5624.006A laser excitation was performed and a single psaetiine
structure at fluorescence wavelength 5894as recorded. This line could be explained as
already known transition betwe@®622.677,,, - 2846.74]..

Now the laser wavelength is fixed at 5624.#v2and the transmission wavelength of the
monochromator is varied to search for LIF sign&gce the last diagonal hyperfine
structure component of the already known transitsoroincident at 5624.178 a number
of fluorescence lines were observed belonging ® upper levels of both lines. By
excluding those fluorescence lines appearing intthesition list of the already known
upper level, the remaining observed lines 58031924, 55014, 5863A, 5831A, 6215A
could not be explained by any of listed suggestiarthe classification program. Now the
laser wavelength is scanned across the hyperfitterpeof the line in FT-spectrum and
successively on each of the observed fluorescerma@lengths, a hyperfine structure is
recorded.
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Figure 7.8-: FT-spectrum for the line 5624.172
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A narrowly spaced single peak hyperfine structuras wecorded on all observed
fluorescence wavelengths, see Figure 7.9. Apparatitithe diagonal and off-diagonal
hyperfine components are bunched together, suggetttat the hyperfine splitting of the
levels involved is small, which in turn means smalues of the hyperfine interactign

constant. The recorded hyperfine structure forlitteeis compared with listed suggestions
in the classification program but none of the sstjga explained the observed pattern.
This implies that at least one or both of the conmg levels for the line are unknown and
yet to be discovered. A pre-fit analysis of theorded structure by using simulation
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program suggests small angular momentum valuepmdriand lower levels having small
values of hyperfine interactioh constants.
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Figure 7.9: Recorded hyperfine structure of the line 5624 A72

Taking the simulated- and A-values for the combining levels as the start \glube
recorded hyperfine structure was mathematicalteditusing the fitter program. A best fit
situation of the recorded structure was obtainedifb= 0 atJ, = 7/2,J, = 7/2,A, = 125
MHz andA, = 162 MHz, see Figure 7.1B, andB, are assumed to be zero which is usual
for praseodymium.
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Figure 7.10:Best fit situation of the recorded hyperfine stasetof the line 5624.178

With an assumption that the upper level in thetexiciransition is unknown, the best fitted
J-values for the combining levels and the besAfitalue of the lower level are used for
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searching a known lower level in the data base rawhn levels. A lower level with
parameters 8013.088m*, even parity,d = 7/2 andA, = 165 MHz combining with a
possible new upper level was found. This possildes mpper level explained all the
observed fluorescence lines. Assuming this to bergect combination of involved levels,
the recorded structure was again fitted but nowpkegfix the A value of the lower level.
The energy of the assumed newly found upper lewd walculated by the center-of-
gravity wave number of the excited line and thergyeof the lower level. The
spectroscopic parameters of the upper leveP&#88.548 cril, odd parity, J = 7/2 and

A, = 131.14 MHz The level is introduced in the database of kndewels and after
reloading the levels from the data base the claasiin program generates a transition list
for the newly found upper level. All the observéubfescence wavelengths are present in
the transition list of the newly computed uppereleand as seen in the FT-spectrum
fluorescence lines were fully explained. As an epl@nthe simulation of line at 5501.713
A'is shown in Figure 7.11. The simulation shows greement of the predicted hyperfine
pattern of the line with the line profile in FT-geim. At the first approximation the
existence and the assignment of the newly foun@uepergy level is confirmed.

& T Spectrum Q@E‘
Increase 8561527150030 bt Luft el T L]
7l Vac 03307
Decrese
M 160  Sinuatn-Called ol Vindoy d
Draw Prnt Exax:LineFrcfle Cate Conparsen Wichou: Savivg - Peimanent Setion [ntensk Scele
Ewand b S50 €06 4E 1=25 ] K

Select 1 gy ‘ L S R ]

ange tobe i
erliacted ; T o,
it right | ' ¥ E=A 0 I
] EY
mouse !
bulton .
(¥ bg n [ —0
. m J WJM\ J UU S
Grid
B A E Y TR
L I A\«.M M]} ST IRt \JUJJL_:lJ
RROT T3 05700735 675 12187 41 1551L4:es'a7g‘1 i 1’1’&1’31;’1 i vidh Lol L300
T8 62975 RNy KNG I

4

RidH 5025 2l ;Lppﬂ,:\? Eipoer_=0 Aol =68 Blower_ =0
i Coppler MAeh 100N cW/=-19740 ¥Hz 492 mi H[[I i 15[|[|[|

Figure 7.11 Comparison of the observed anddicted hyperfine structure pattern
the fluorescence line 5501.743

A second laser excitation was performed at ondn@fobserved fluorescence wavelengths
i.e. at center-of-gravity wavelength 5831.080The LIF signal at all previously recorded
fluorescence wavelengths was observed and the firygstructure of the line at center-of-
gravity wavelength 5831.088 was recorded, see Figure 7.12. The recorded higperf
structure of the excited line at 5831.080s in full agreement with the hyperfine pattern
calculated with the now already known hf constahtsfurther substantiate the agreement
the recorded structure of line at 5831.@8®as fitted keeping fix thé value of the newly
discovered upper level (Figure 7.13), the fittimgqess reproduce thevalue of the lower
level at this line. This confirmed beyond doubt éxéstence of the newly discovered upper
energy level. As a final step in the analysis,léwel energy is corrected at various spectral
lines whose hyperfine structure is clearly visibieFT-spectrum. Provided the energy of
the lower level is correct, the energy of the ugpegel can be corrected with an accuracy
governed by the recorded resolution limit of thedpEctrum of praseodymium which is
typically 0.03cm*
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Figure 7.13:Best fit situation of the recorded hyperfine stase of the line 5831.088

Table 7.2: Lines classified by the level 25788.5d8i", J = 7/2, odd parityA = 138(6)

MHz

Wavelength (A, air)

Lower levels

Energy (cmi”)  J A (MHz) B (MHz)
5007.20 5822.890 9/2 861.3(5) -
5192.56 6535.572 712 979.0(8) 26(16)
5501.713 7617.440 712 868 -
5624.172 8013.089 7/2 165 -
5831.080 8643.824 9/2 797.1(11) -
5863.14 8737.556 5/2 1149(5) i
6215.714 9704.744 712 779.1(6) _52(6)
7590.434 12617.701 712 883(2) i
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7.1.3 New Pair of Pr-l1 Energy levels via Laser Excitation

In the vicinity of 5700.92%, the structure in the FT-spectrum apparently ssigge blend
of more than one lines with weak signal-to-noiderhaving a relative intensity of 13, see
Figure 7.14. The classification program suggesty tew transitions with a small wave
number difference. Furthermore for these few ttaonss the predicted hyperfine pattern is
in poor agreement with line profile in FT-spectruf8o the line or lines in the
neighborhood of 5700.92 A cannot be classified eitHaser excitation.
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Figure 7.14: FT spectrum for the line 5700.92 A

Laser excitation wavelength was set to 5700002nd LIF signal was observed on a
number of fluorescence lines at wavelengths 4828978A, 5293A, 5340A, 5363A,
5446 A, 5578A. Now the hyperfine structure was recorded on b#leoved fluorescence
wavelengths and two different hyperfine structuagtgrns with good signal-to-noise ratio
were recorded. One of the hyperfine structure onsed at fluorescence wavelengths
4928 A, 5363A (Figure 7.15) and the other on 49%85293A, 5340A, 5578A (Figure
7.16). At fluorescence wavelength 5446 a mixture of both hyperfine structures were
recorded suggesting a possible fluorescence blgndtisn. A blend situation occurs in
case the laser may have excited two or three transito two or three different levels
which by chance have almost the same wave numfferatice. The recorded structure
would then be a convolution of two or three hypefstructures apparently depicting an
excitation and fluorescence blend situation. Frbm éxperimentally recorded hyperfine
structures center-of-gravity wavelengths were estinh as 5700.9& and 5700.94. Once
again the suggestion list in the classificationgpam for both lines was inspected but none
of the listed suggestions explained the recordepetiye structure patterns. It was
concluded that either the upper or lower level lbimaolved levels for both lines are not
yet known. Pre-fit analysis using a simulation perg give an approximate estimateJof
and A-values of the combining levels for both recordedcures. Taking these estimated
values as start values, the recorded hyperfinectsties were mathematically fitted by
using the fitter program.
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Figure 7.16:Recorded hyperfine structure of the line 5700894

The best fit situation for the hyperfine structueeorded at center-of-gravity wavelength
5700.90A is shown in Figure 7.17 with fitted parametdss= 3/2,J, = 3/2,A, = 985.08
MHz and A, = 712 MHz. For the hyperfine structure recordedcahter-of-gravity
wavelength 5700.9A the fit result is shown in Figure 7.18 with fittpdrameters, = 5/2,

Ju = 3/2,A, = 704.55 MHz and\, = 712 MHz. It is noticeable that for both struesithe
fitter program gave the samé and A values for the lower level. Center-of-gravity
wavelengths were inserted in the classificatiorgpam and it was assumed that for both
lines the upper levels are unknown. Taking the bedtvalues and A value of lower level
the data base of known levels is searched for afdewvel using the searching routine in
classification program. This was done separately Hoth lines. In each case the
classification program generated a number of suguesfor possible new upper levels.
Two possible new upper levels explained all theeole=d respective fluorescence
wavelengths.
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Figure 7.18: Best fit situation for the line 57004

Interestingly, the same lower level at each excifieohsition combines with the two
different upper levels. The parameters for thisdplevel are 12464.368m", even parity,
Ju = 3/2 andA, = 712(4) MHz. The energy of the two upper levalsenter —of-gravity
excitation wavelengths 5700.9% and 5700.94A were calculated by using center-of-
gravity wave numbers for each line and the energyhe common lower level. The
spectroscopic parameters for the upper level wathtar-of-gravity excitation wavelength
5700.92A are 30000.532(2@m*, odd parity,J, = 3/2 andA, = 1000(15) MHz and for the
upper level at center-of-gravity excitation wave/tn5700.94A are 30000.493(20m?,
odd parity,J, = 5/2 andA, = 708(8) MHz. Both newly discovered upper levekrevthen
introduced in the database of known levels and afleading, the classification program
generates a transition list for both newly foungerplevels. Both upper levels were then
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confirmed separately at other excitation wavelesgthe. 30000.532(20km* was
confirmed by a second excitation at 6121/8@nd 30000.493(2®)m* was confirmed at
6121.88A. Interestingly here again at second excitationekewths for both closely lying
upper levels, a common lower level combines. Theglipted hyperfine structures for both
lines are in complete agreement with the recordgeetiine structures, see Figures 7.19
and 7.20. This confirms the existence and energthefnewly discovered upper levels
beyond any doubt.
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The level scheme for both spectral lines is shawRigure 7.21. A fluorescence blend is
observed in the original excitation at fluorescem@velength 5446\ where both level
decay to a common fluorescence lower level.
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Figure 7.21:Level scheme for the excitation of 30000.532(@@)' and 30000.493(2@n*

It is important to note that although the two newlgcovered upper levels are in a close
proximity with each other i.e. with an energy sepian of only 0.03%m?, the intensity
distribution of hyperfine components for both stuwe show a normal behavior.
Furthermore, at the initial center-of-gravity eatibn wavelengths 5700.92 A and 5700.94
A a hyperfine structure was recorded at the flumeese line 5446 A. The recorded
structure show a mixture of both lines which is du¢he fact that 5446 A is appearing in
the transition list of both the newly discoveredpep levels 30000.532(20) ¢mand
30000.493(20) cth A center-of-gravity wave number difference of 4DOcmi* was
obtained from a two line fit of the recorded sturet (Figure 7.22). This is in agreement
with the difference, calculated from level energiéshe newly discovered levels.
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7.1.4 Discovery of Pr-1 Levels 33264.21cm”, 16180.20Q,,cm™ and
16865.034,,.cmi*via Laser Excitation

15/ 2

The laser excitation of the spectral line 5851480as performed. In the FT -spectrum, the
line has a weak signal-to-noise ratio with a rgktintensity of 6, see Figure 7.23. The
listed suggestions for the line in the classifizatwere inspected for a possible match.
Since none of the suggestions has any coincideitbethve hyperfine structure of the line,
so possibly one or both the combining levels ateknown and yet to be discovered.

The laser excitation wavelength was set to 58588&Md LIF signals were searched. A
number of fluorescence lines with good signal-tiseaatio at wavelengths 3440 5001
A, 5414A, 6096A, 6153A were observed. Now the hyperfine structure oflihe was
recorded by setting the monochormator at 3A60hich has the best signal-to-noise ratio
and scanning the laser frequency across the hygperimponents of the line (Figure 7.24).
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Figure 7.23:FT-spectrum of the line 5851.80
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The recorded LIF spectrum shows a widely splittgdenfine structure with appreciable
separation between diagonal components. The suggdst was again inspected for a
possible match but proved unsuccessful. Using ithelation program, the spectroscopic
parameters for the lower and upper combining lewekhe formation of the spectral line
were estimated. Taking these parameters as aralimjtiess, the recorded hyperfine
structure was fitted to a mathematical functiomgghe fitter program. A best fit situation
is obtained (Figure 7.25) which gave the followisgectroscopic parameters for the
combining levels:
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Figure 7.25: Best fit situation of the recorded hyperfine stane of the line 5851.88

As is usual, initially assuming that the upper comity level is unknown, a known lower
level is searched in the database of known levatedb on best fittedvalues for upper
and lower levels and-value of the lower level. The search routine ia ttassification
program computes a number of suggestions bothen end odd parity but none of the
suggested upper levels explain the observed fluere® lines. The procedure was again
repeated but this time assuming an unknown lowesl lend searching for a known upper
combining level. In searching for an unknown lowearel, best fitA-value of the assumed
upper level is given to the searching routine. @ute again the computed suggestions for
a possible new lower level combining with a knowpper level do not explain the
observed fluorescence lines. It was thus conclukdadboth the lower and upper levels in
the formation of the excited line were yet to becdvered.

Two of the observed fluorescence lines i.e. 68%thd 6151A lie in the wavelength range
of our dye laser, if the same upper level combiwdgk the known lower levels at these
lines then the unknown upper level can be idemtifiene exact fluorescence wavelengths
were measured for the excitation of these liness Thdone by setting the laser frequency
to the highest hyperfine component of the origieatitation line and chopping the
fluorescence light intensity coming from the holloathode lamp. The monochromator is
automatically scanned across the fluorescence wagt#l and discharge emission
spectrum along with laser induced signal is reabrdd& computer program called
‘Comparison’ is used to determine the exact fluceaese wavelengths which takes as input
the wavelength range containing the fluorescenceelgagth, the recorded file and the FT
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spectrum file corresponding to the specified wawglle range. The exact values
determined with the help of the program were 60P&2nd 6151.54 (Figures 7.26 &
7.27).
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In the FT spectrum the spectral line profile in theinity of 6096.21A appears to be a
mixture of more than one line with a good signahtiase ratio having a relative intensity
of (065, see Figure 7.28. The line at center-of-grawifiyelength 6096.34 belongs to a
transition  with known combining lower and upper dBy ie.
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Figure 7.28:FT-spectrum for the line 6096.%8

To investigate the line at 6096.4] the monochromator was set to 346@hich has the
strongest LIF signal. Now by scanning the laseyuiency around 6096.24 LIF signal at
this wavelength was observed. The intensity ofltHe signal increases to maximum at
6096.11 A corresponding to the largest hyperfine diagonahmmnent of line. The
fluorescence signal was also observed on all ofireviously recorded fluorescence
wavelengths as well as on the original excitati@velength i.e. 585A. This indicates to
some extent that the same upper level is excittderexcitation of this line. The hyperfine
structure of the line was then recorded by scannirey laser wavelength across the
hyperfine components of the line. A hyperfine stwmoe with good signal-to-noise ratio and
well resolved diagonal components was recordedllgoreviously observed fluorescence
wavelengths, see Figure 7.29. The suggestiondligie the line in the classification
program were inspected but none show any coincel@edther in terms of shape nor in
terms of positions of hyperfine components.
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The recorded hyperfine structure for this line witbst signal-to-noise ratio was fitted
using fitter program and a best fit situation wégamed on the sam& andA-values of

the upper level as obtained for the fitting of hyipe structure of the line at 5851.40
see Figure 7.30.
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Figure 7.30: Best fit situation of the recorded hyperfine staue of the line 6096.18

The best fit situation gave the center-of-gravitpvelength as 6096.18 and the
spectroscopic parameters of the combining lower wgpper level ag, = 17/2,J3, = 15/2,

A, = 541.91 MHz and\, = 287.79 MHz. Using the same procedure, the coimgpilevels
for the line were searched independently by fissuaning an unknown upper level and a
known lower level and vice versa. For this lineaiagneither of the combining levels can
be identified. It is then again concluded that bibin lower and upper levels combining at
this line are unknown. If the same upper leveldmbining with different lower levels at
lines 5851.8A and 6096.18 then all together three levels are unknown.

In FT-spectrum the line profile in the vicinity 61.51.54A again appears to be a blend of

more than one line. Here the signal-to-noise natiweak with a relative intensity of only 1
(Figure 7.31).
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Figure 7.31:FT-spectrum for the line 6151.%4
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The laser excitation wavelength was set at 6158 2d again the monochromator was
set at 34608. A strong LIF signal was observed when the lasavelength was set to
6151.52A on all previously observed fluorescence wavelengthplying that possibly the
same upper level has been excited but now fromird tlifferent lower level at this line.
The hyperfine structure of the line was recordedsbiting the monochromator to the
strongest fluorescence wavelength which in thie das3460A and scanning the laser
frequency across the hyperfine components of tiee Mgain the recorded LIF spectrum
has a good signal-to-noise ratio, see Figure 7.32.
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Figure 7.32:Recorded hyperfine structure of the line 6151453

The same hyperfine structure was recorded on dflerotobserved fluorescence
wavelengths. The suggestions for the spectral imehe classification program was
inspected for a possible match with the recordgaeHine structure but again none of the
suggestions show any coincidence with the recohgeeérfine structure.

The recorded hyperfine structure with best signatdise ratio was independently fitted
using fitter program. Best fit situation was obtin(Figure 7.33) giving a center-of-
gravity wavelength at 6151.5% with spectroscopic parametels= 17/2,J, = 15/2,A, =
539.09 MHzandA, = 492.06 MHz.
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Figure 7.33:Best fit situation of the recorded hyperfine stane of the line 6151.58
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Based on the fluorescence information obtainedhénexcitation of this line and previous
two lines (5851.80% and 6096.18Y), it was assumed that this same newly found upper
level is involved in the excitation of lines at 3880A and 6096.1& and further assuming
that lower combining levels at both these lineswarknown, the energy of these unknown
lower levels were determined using the energy & mlewly discovered upper level
33264.21cmi* and the respective wave numbers of the lines %t .B8A and 6096.18.

The group of these three newly calculated levels is

16180.20cm™, odd parity, J, = 15/2andA, = 883.26 MHz
16865.034m™, odd parity, J, = 15/2andA, = 290.96 MHz
33264.21cm*, even parity, Jo = 17/2andA, = 544.65 MHz

In order to confirm the energies and existencéefrtewly found levels, the levels must be
confirmed at some other lines from FT-spectrum withir hyperfine structure profile in
agreement with the hyperfine structure predictedhgy classification program. It would
further consolidate if laser excitation at thesethrer lines could be performed where the
newly discovered levels combine with known lowed ampper levels and the resulting
hyperfine structure is in agreement both in termssltape and hyperfine component
positions with the predicted hyperfine structurettuy classification program.

7.1.4a Confirmation of 33264.2tm™:

The upper level in the group is confirmed from FEstrum at lines 3461.238& and
5414.331A. The hyperfine structures of the lines as preditig classification program are
in good agreement with the hyperfine structure fmefile in FT-spectrum (Figure 7.34
and 7.35). Experimentally, the level was confirnbgda laser excitation at line 6066.488
where it combines with a known lower lev&b784 80, ,. Figure 7.36 shows the

experimentally recorded hyperfine structure of tme and the simulation with the

predicted hyperfine structure as given by classiion program. This confirms the level
energy and existence of the level beyond doubt. [&hel energy was corrected and the
lines were then classified.
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Figure 7.26: Comparison of the recorded hyperfine structured(Bearve) of theline
6066.498A with the predicted hyperfine structure (Blue cyrve

7.1.4b Confirmation of 16180.20@m:

In order to confirm the lower level 16180.2661", laser excitations were performed at
lines 5651.35%, 6399.5624 and 6429.22@. The lines at 5651.34 and 6429.2& in FT-
Spectrum appear in a mixture of more than one Wtk partially resolved hyperfine
components whereas line at 6399.86 FT-spectrum has good signal-to-noise ratio with
resolved hyperfine components. The level 16180c266 combines with different already
known upper levels at the respective lines (Figugy, 7.38 & 7.39) i.e.

cogA =5651.35A_ 33870 1§6,- 16180 200,
cogA =6399.562A - 31801 9%1,- 16180 20
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cogA =6429.23A - 31729874 ,- 16180 200,

w. Simulation - Called from Main Window

Draw Print  Export Line Profle  Data  Comparison Without Saving  Permanent Simulation  Intensity  Scale

Lamhda: 565136 AE |= 25 )| 5336
5?554 BE 40 = 5000 0 5000
| 0
10 AT, 4 Y -
g 7A -
7
fis

G Tadl2 FSRMM [T
Tack3.4

: AL

T T T T T T T ey
-10000 -3000 -6000 -4000 2000 d 2000 4000 6000

et |

f - v m
8000 10000 12000 14000 16000
9 & 7 8 & & 5 7 4 6 94 5 & 7 &

m s § 8 7 & &6 7 5 6 & 5 7T 6 3

100 871 756 34 B654 53 56558 439 52 04 33 01 01 04

1 4 7 2 10 5 13 8 15 M 3 14 & 89 12

Aupper L =5936 BupperL. =0 Alower L = B83.26 B lower L =0

Daoppler Wicth 500 MHz o = 14555 MHz [ -486 mk

T 01 G2 6z e 65 6s o7 68 3 1 11 12 {3 14 15

Figure 7.57: Comparison of the recorded hyperfine structured(Berve) of thdine
5651.35A with the predicted hyperfine structure (Blue cyrve

w| Simulation - Called from Main Window

Draw Print  Expart Line Profile  Data  Comparison Without Saving  Permanent Simulation  Intensity  Scale

Laméda: 639956 AE I= 25 E03.42
i)
%
57, 85
g
g
7
b5

G Taki2 FRMHY 573
Tock 3.4

Save Curer Dieciy nd FER. ¥ CeselmptFie o "

Y

2000

A LW

-16000 14000 -12000 -10000 -3000 -600

9 & 107 & M & & WO 7 98 6 & 7 8
o9 10 & 9 40 7 & &8 7 8 6B T B 5
0 01 27 01 43 100 0 45 BE6 42 75327 691 608 538 f

A
4 7 2 105 1 13 & 3 M 8 148 12 15 | J
Aupper L = 503.42 B upperL. =0 Alower L =833.26 BlowerL =0 WMMM Wl J mﬂmmmm

Doppler Width 500 MHz o = 12677 MHz [-423 mk

CBenerts P ExpeineDa OGS G5B SEI0E it

Figure 7.28: Comparison of the recorded hyperfine structured(Rerve) of theine
6399.562A with the predicted hyperfine ucture(Blue curve)

', Simulation - Called from Main Window =3

Draw Print  Export Line Profile  Data  Comparison Without Saving  Permanent Simulation  Intensity  Scale

Lamhda: 542921  AE I=25

43296

& Twkl2 FAMH) [E3
34

£ Tak3,

oottt | o] cotmaeirmer |

9 & 9 v & & 7 9 5 &6 8 4 5 7 B

(-
Mm99 8 & § 7 7 &8 6 B 7 5 5 B 5 1 |
00 B71 34 V36 53 B54 58 04 96552 01 49 33 04 04 \ I / ( q
1 4 2 7 5 0 &8 3 13 11 B 15 14 9 12
AupperL = 43286 BupperL =0 Alower L = 88325 BlowerL =0 MJMW MM m MMQ

Doppler Yicth 500 MHz o= -20181 MHZ [ 673 mk

i 2

Figure 7.29 Comparison of the recorded hyperfine structured(Rerve) of theline

6429.23A with the predicted hyperfine structure (Blue cirve 104



7.1.4c Confirmation of 16865.034 cih

The level 16865.034 cmwas also confirmed experimentally at three ottesitipns i.e.
5953.48A, 6546.12A and 6583.66A as a lower level for the respective transitionse T
lines in FT-Spectrum appear with a very weak sigoaloise ratio but contrary to this,
recorded LIF spectrum for all three lines show adysignal-to-noise ratio. At the
respective lines, the level combines with alreadgvin upper levels (Figure 7.40, 7.41 &
7.42) i.e.

cogA =5953.48A - 33657 265, 16865 034,
cogA =6546.12A -, 32137040 ,- 16865 034
cogA =6583.65A - 32049984 ,—- 16865 034,
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A set of three levels were discovered with a higgudar momentum values. All the three
levels were independently confirmed by excitationot from already known upper and
lower levels. The hyperfine interactighiconstant and level energies were corrected. All
the excited lines were then classified. The entrggl diagram is shown in Figure 7.43.

7.5, e, 33264.2tm*, 545(5) MHz
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Figure 7.43:Energy level diagram for the set of newly discoddevels
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7.1.5 Doublet Hyperfine Structure: Excitation from a Pafil.ower Levels to

a New Upper Level
Continuing the systematic investigations of thecspen of praseodymium, the FT-
spectrum in the vicinity of 5594.56was investigated. More than one line appears o be
a close proximity with each other with their hypeef components mixed together, see
Figure 7.44. The signal-to-noise ratio is not geath a relative intensity of 8. Although
the classification program shows a number of suggesbut due to the mixed appearance
of hyperfine structure components, the lines is #egment of FT-spectrum could not be
explained without laser excitation. Laser excitat\was performed by tuning the laser
frequency to each hyperfine component in FT-spattand searching for fluorescence
lines.
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Figure 7.44:FT-spectrum for the line 5594.46

Initially laser excitation wavelength was set t098%6 A and fluorescence lines were
searched by tuning the monochromator. LIF signa olaserved on 4714, 4827A, 5823

A with best signal-to-noise ratio at 4847 LIF spectrum was then recorded by scanning
the laser wavelength starting from 5594&8own to a 45 GHz length. The recorded LIF
spectrum (Figure 7.43) shows two groups of hyperfstructure components with an
approximate center-of-gravity separation of 0.2060". The appearance of two hyperfine
structures in a single scan can be attributed texartation or fluorescence blend situation
due to the fact that praseodymium has high linesitienTo clarify the observed behavior,
LIF spectrum was recorded on all observed fluonesedines. Interestingly, the same two
groups or doublet was recorded on all other obseflumrescence lines. In both groups
intensity ratios of the diagonal hyperfine compdeeare in agreement with the intensity
rule for a normal hyperfine structure pattern. Tingt group of hyperfine components at
lower frequency with an approximate center-of-grawvavelength 5594.5@ gives an
impression of a narrow peak structure with clodgigg diagonal components. The off-
diagonal components appear on one side and arewelbtseparated from diagonal
components. The second group of hyperfine strucomeponents at higher frequency with
an approximate center-of-gravity wavelength 55943¢hows a hyperfine structure with
six diagonal hyperfine components, the last twonbich are very close to each other.
Comparatively faster decrease in spacing betweemgodal hyperfine structure
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components is observed. The off-diagonal comporeppear only on the high frequency
side.

B pata Viewer, E@g|

|=e | [pr433035. dat ~
prd 39039, dat
= prdga040. dat

L : prd39041 dat
% P?men = r499042. dat

Experiment_Data pra35044. dat
= 10013 pe_prd39 prd9A045. dat
pr43904E. dat
pr439047 dat
pr433043. dat
pr439049. dat
pr433050. dat
pr439057 . dat
pr433052. dat
pr433053.dat
pr439054. dat

pr43a055, dat ¥ Track 1.2 FSR [MHz] IW
pr4 39056, dat ~ Track 3. 4

g r433057. dat
Save Current Directory and FSR EréiSSDEB dat 3 Create Input File for "Fitter |

C:AElementeFriE=periment_Datah100131 po_prd334pr43904.3. dat

cogl = 5594.368

cogi = 5594.568
\

S LB

a a1 0z 0z

|

5 0s 07 0s 0g 1 1.1 1.2 1.3 1.4 15

Figure 7.45:Recorded hyperfine structures of the lines 559A56d 5594.3&

Since the same two groups appear on all observesteBcence lines so a model is
proposed (Figure 7.46) in which two lower levels axcited to a single upper level in a
single scan range of laser.

° Observed
i fluorescence lines
823A
5594.57A 4827A
4716A
5594.36A

*/

?

Figure 7.46 Suggested model scheme for the combining levels

Since the intensity ratios of the hyperfine compudsen the recorded structure follow the
normal intensity ratios for hyperfine pattern, tleeorded structure is fitted by using a
multiline fitting procedure in the Fitter prograd .best fit situation with a quality fact@
=11 (Figure 7.47) was obtained &3 = -1 for hyperfine structure at lower frequencytwi
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center-of-gravity excitation wavelength 5594.56and4J = +1 for the hyperfine structure
at higher frequency with center-of-gravity excibativavelength 5594.38. As a result of
fitting process, thé- andJ-values for the upper level i.8¢ = 647 MHz,J, = 5/2, turn out
to be same for the hyperfine structure of bothdibat for lower levels in both cases the
values were different i.e. for the hyperfine stumet of the line at 5594.564 the
interaction constamd, = 905 MHz and], = 3/2 and for the hyperfine structure of the line
at 5594.36A the interaction constam, = 892 MHz andJ, = 7/2. The samé-values for
the upper levels and differeAtvalues for the lower levels of the two hyperfitieustures

of the lines give an indication to a first approation that two different lower levels are
excited to a single upper level as initially suggdsn the proposed model.
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Figure 7.47 Multiline fitting for two Pr | lines 5594.564 and 5594.3&

Now with an initial assumption that an unknown upjewel is involved in the excitation
of both lines, the two lower levels were searchedhe data base of known levels using
fitted A-values of lower levelsA, (5594.5624) = 905 MHz andA, (5594.36A) = 892
MHz] and corresponding-values J, = 5/2,J, = 3/2,J, = 5/2,J, = 7/2]. The search for
lower levels was done successively for both linegagi the searching routine in the
classification program. First the line at 5594.582was inserted in the classification
program and a known lower level is searched. Nunolbesuggestions was computed for
the line and an even parity lower level was foutids lower level combines with a
possible new odd parity upper level which explaiaddhe observed fluorescence lines,
(Figure 7.48). The spectroscopic parameters foldiver level arel3033.280cm™, even
parity , J, = 3/2andA, = 905(4) MHz Next the line at 5594.3& is inserted and a known
lower level is searched at this line. Again fromosg the listed suggestions, a known even
parity lower level was found combining with an qolarity upper level with approximately
the same energy. This new odd parity upper levghlagxed the same observed
fluorescence lines (Figure 7.49). The spectroscppirameters for the lower level in this
case ard3032.634m™, even parity, J, = 7/2andA, = 892.6 MHz
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Figure 7.48: Possible suggestions for the line 559446 possible new odd pari
upper level 30902.8em*

& Possible new pr-| Levels basedion A and J E”E]
Possible Mew Even Atoric Levels A A
& [MHz] of Lower/Upper Level ] = ||Lower Level 13032634 35 & 8926w i
= "w'avenumber of Line: 1787018
Lower Level 136214 35 o 8794 -7 Hew Upper Odd Level 3090282 25 o
Accuraey (MH2Z of A JED Wavenumber of Line: 1787018
Mew Upper Even Level 3149158 25 & Fluarescence lines from Mew L pper Level:
Flurezcence lines from Hew Upper Level 408865
410271
R 12-5 43799 10342
444218 429333
J of Lower Level 13_5 4557 11 4367.54
4ER5.EG 45103
4751.16 470394
4757.37 471603 &—
4773159 4773
4797.69 4764.08
831263 48R <——
457657 438024
046,34 505034 =
Seek for New Upper Level | g} g;gg ggg%}g
520318 B11601
Seek for New Lower Level I B33 F14514
528339 51916
h2833 197,67
362,88 h2n2.42
476,43 5264.06
548229 2T er
5594.36 Ba02E3
70392 530319
571847 531083
575086 53804
79009 542194
B8 B427.05
002,22 B4E7.41
500,14 ¥ |547E18 ¥

Figure 7.49: Possible suggestions for the line 559486 possible new odd pari
upper level 30902.8em*

110



The recorded hyperfine pattern was fitted againgusaultiline fit procedure but this time
keeping fix theA-values of the known lower levels at both linesbést fit situation was
obtained with the same quality faciQr= 11. TheA-value obtained for the upper level is
A, = 639 MHz, the center-of-gravity wavenumber andvelength of the recorded
hyperfine structure at lower frequency are 17868 &8*, 5594.562A and for hyperfine
structure at higher frequency are 17870.488, 5594.36A.

The energy of the upper level at both lines wasasply determined by using the
respective center-of-gravity wavenumbers of thediand the energy of the corresponding
lower levels, at both lines i.e. 5594.582and 5594.364, the energy of upper level
determined is 30902.8&mi*. Corresponding to the lower level, the parity pper level is
taken to be odd, total electronic angular momentlgns 5/2 and magnetic hyperfine
interaction constan®, = 647 MHz. The fit gives us the possibility to elehine more
accurately the energy difference of the two lovesels, since they combine with the same
upper level. From the multiline fit of the recordstiucture (Figure 7.47) the estimated
difference of the cg. is 19200 MHz 0.640 cnt which is in close agreement with the
wave number difference of the two lower levels ined in the excitation of lines.

In order to confirm the existence and energy ofrteely found upper level more than one
laser excitation from a different lower level wasrfprmed. At one of the observed
fluorescence lines i.e. 5828, the newly found upper level was excited from agoth
known lower level. This line also exists in thensdion list of the upper level. The
hyperfine structure profile of the line at 5823 &4redicted by the classification program
does not appear in FT-spectrum (Figure 7.50) saiplysa blend of more than one lines
exist in FT -spectrum.

Laser excitation was performed by tuning the ldssquency at 5823.3A and setting the
monochromator transmission wavelength to previoablserved strongest line i.e. 4887
LIF signal was observed not only on 48%but also on 4718 and 5594A. LIF spectrum
was then recorded on all observed fluorescence bygescanning the laser frequency.
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Figure 7.50:FT-spectrum for the line 5823.34

The recorded hyperfine structure of the line isgopd agreement with the hyperfine
pattern of the line predicted by classification graom (Figure 7.51). This confirms the
existence of the upper level and the level schetoptad earlier in the first excitation. The
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upper level energy and the value of A constant eeaected which give830902.82(3cm
! odd parity, J, = 5/2 andA, = 636(6) MHz.
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Figure 7.E1: Comparison of the recorded hyperfine structuréefline 5823.34 (Red
curve) with the predicted hyperfine pattern of |{Béue curve).

The two closely spaced lower set of levels areahwtiys excited simultaneously but only
dipole allowed transitions occur from both lowerdks to a single upper level. This similar
behavior was also observed in the investigatiolines at 5764.3% and at 5764.17A in
which the two levels were excited to a known ugpgel in a single scan range of laser
(Figure 7.52).

EX pata Viewer

Se ~| [prd39037.dat -
| J pr4990338.dat
[l prd39039 dat

ZH Elemente pr499040. dat

S prd33041.dat

_ 1499042, dat
(A Experiment_Data Er489043.dat

& 1001 31 pe_pr433 prda9044. dat
prd499045. dat
pr499046. dat
pr499047 dat
pr435048.dat
pr435049.dat
pr435050.dat
pr499051. dat
pr499052. dat

Er499053.dat fv Track1,2 FSR [MHz] [367.3

prd 33055, dat " Track 3. 4
pr433056. dat . .
pr499057 dat v Create |nput File for "Fitter" |

Save Current Directary and FSH

C:AElementesPriExperiment_Datat100131 pc_prd934prd 99054 dat

4 05 06

0 0.1 0.2 ER!

1 1.1 1.2
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Furthermore despite of the fact that the two lolegels are in a close proximity with each
other, the intensity distribution of hyperfine coomgnts for both structure show a normal
behavior. This is contrary to an investigation aactdd in our group [74] where three
closely lying lower levels simultaneously excitesagle upper level. The recorded
hyperfine structure profile in this case show tramss from all three lower levels but the
intensity distribution of hyperfine components agsedisturbed.
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7.1.6 Discovery of a New Pr-I Level with a Low Angular khentum Value
Le.J=1/2

In order to systematically classify the spectraéd in FT-spectrum, the spectral region in
the neighborhood of 5756.58 was experimentally investigated. A trace of FTespen
showing the region of investigation is shown inUfe7.53.
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Figure 7.53: FT-spectrum for the region around 575663

Initially the laser wavelength is set to 57564and fluorescence lines were searched. LIF
signal was observed on fluorescence lines at wagtie 40674, 4151A, 4189A, 4388A,
4635A, 46954, 4823A, 51294, 5141A, 52024, 5251A, 5351A, 5395A and 5448A.
Two different hyperfine structures were recordedhaise fluorescence wavelengths i.e.
one hyperfine structure was recorded at 5443251A and 5448 and the other on 4067
A, 4151A, 4189A, 4388A, 46354, 46954, 4823A, 51294, 52024, 5351A, 5395A. The
hyperfine structure (Figure 7.54) at center-of-gsawavelength 5756.54 was identified

as a transition between known levels 38399 423,,cm*-13032 634,,cm® The line

was then classified.
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The recorded structure of the line at fluorescemaeelengths 5144, 5251 A and 5448
reveal (Figure 7.55) a smaller number of hyperfo@mponents suggesting that the
combining levels have small angular momentum vallibe recorded hyperfine structure
at fluorescence lines 5144, 5251 A and 5448A is not visible in FT-spectrum and is
completely masked by the hyperfine structure corepts of the other line involving
levels with angular momentutiipper = 9/2 andJiower = 7/2. In order to ascertain the shape
of recorded structure and to filter out any blerdagion (convolution of more than one
line) which is common in praseodymium, entrance exitslit sizes of the monochromator
is reduced and the hf structure of the line ismgacorded. No change was observed and
same hyperfine structure pattern was recordedldluatescence lines.
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Figure 7.55: FT-spectrum for the line 5756.43

To evaluatel andA values of the involved lower and upper levels,rdwrded structure is
fitted by using Fitter program. Table 7.3 gives #handB values determined by the Fitter
program for different pair of values of the combining lower and upper levels.

Table 7.3 Possible A and B values for different pairs afalues of the combining levels.
The quality (inverse proportional to the error sggasum) of the fit result indicates the
best pair of J values.

Upper Level Lower level  Quality of Upper level Lower level
Jup Jio fit Aup Bup Alo Bio
(MH2z) (MHz) (MHz) (MH2z)
1/2 3/2 7.97 1881.82 0.00 910.21 3.24
1 2 2.65 1668.74 -52.40  799.03 4.24
15 2.5 1.81 1549.10 -646.54 745.27 -534.66

The highest quality of fit is obtained fd§ = 1/2 and), = 3/2.J, = 1/2 impliesL = 0 i.e.S
orbit for which B = 0. Assuming an unknown upper level is involvedtihe excited
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transition, a known lower level is searched using\ and B values in the database of
known levels. A level with energy 13033.2861%, J = 3/2, even parity anéd = 905(4)
MHz was found. The recorded structure is agaieditiakingJ andA values of the known
lower level. This gives a best fit with, = 1881.82 MHz of the upper level, the best fit
situation is shown in Figure 7.56. The energy @f tipper level is determined by adding
the center-of-gravity wavenumber of the recordedicstire. A newly discovered fine
structure level with parameteB9400.04cm™, J, = 1/2 odd parity and A, = 1881.82
MHz is obtained. This level is then introduced int@ ttlassification program which
generates a transition list.
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Figure 7.56: Best fit situation of the recorded hyperfine stase of the line 5756.58

The correct assignment of the energy of the nealgutated upper level is only ensured if
it explains all the observed fluorescence linedager excitation at 5141.708 which is
one of the observed fluorescence line, is perfornibd recorded hf structure of the line at
5141.703A is in full agreement with the predicted hf struetpattern of the excited line,
see Figure 7.57.
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Figure 7.57: Comparison of the recorded hyperfine structurghef line 5141.703
(Red curve) with the predicted hyperfine structiréhe line (Blue Curve)
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The lines at 5141.703 A and 5251.114 A have s@t&\R (4 and 15, respectively) to
determine finally the level energy to be 30400.882(cni*. The observed fluorescence
line at 5448.506 A appears in a blend situation igtf structure is not visible, and the
line was classified on the basis of observed flsceace wavelength.

Thus the following lines are then classified:

5756.529 A (wavelength calculated from level eres}i30400.042, - 13033.280,,
5448.506 A (wavelength calculated from level eres}i30400.042, — 12051.488,,
5251.114 A (wavelength from FT): 30400.042— 11361.746,,

5141.703 A (wavelength from FT): 30400.042—- 10956.651,,

For the A constant the average of all recordingbah excitation wavelengths were
determined, this gives A = 1890(10) MHz.

The energy of the upper level is correct and itsterce is beyond all doubts. A level
scheme for the involved levels is shown in FiguiB7

30400.042 cr, 0, J= 1/2, A= 1890(10) MHz

5756.530 A 5251 11

5141.703 A 5448.506A

/

3/2, e, 13083.280 ¢

3/2.%¢. 12051.488c*

3/2, e, 11361.762 ¢t

1/2, e, 10956.651 ¢

Figure 7.58:Level scheme for the excitation of 30400.042 (@)
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7.1.7 Discovery of Pr-I Level 29341.96

The hyperfine structure profile appearing in FTetpen at 5854.17A cannot be explained
by any of the listed suggestions of the line inssification program (Figure 7.59).
Therefore laser excitation was performed in ordenvestigate the line.
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Figure 7.59: FT-spectrum for the line 5854.%7

The laser wavelength is set 58544 and fluorescence lines were searched by tuning the
transmission wavelength of the monochromator. litfhals were observed on 5560
5720A, 5781A. LIF spectrum was then recorded on all observeatéiscence wavelengths
showing a hyperfine structure with small numbehyberfine components (Figure 7.60).
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Figure 7.6Q Hyperfine structure of the line 5854.47

Using simulation program a hyperfine structure peofs simulated showing a nice
agreement with recorded structurelat 1/2 for the combining levels ag = 900 MHz
andA, = 1530 MHz. Fod <, the statistical weight of a fine structure leigegiven by2J
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+ 1 which means that a fine structure |eVEEm
splits into 2 hyperfine structure levels. Thls “““““
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components. This shows that the intensity ru,l_q ure 761 Simulation of the
is different for a transition with combining
levelsJ <.

record(-:
line profile

The recorded hyperfine structure is then fittedngkd- andA-values from the simulation
program. The best fitted valuds= 1/2,J, = 1/2,A, = 911 MHzandA, = 1543 MHzare
obtained with a quality factd = 2.4 (Figure 7.62).
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Figure 7.62: Best fit situation of the hyperfine structure iniel 5854.17A

In a similar manner assuming one of the combingwgls are known, say, the lower level
of the excited transition is known, a possible ngwer level was found which explained
all the observed fluorescence lines. The known tdeeel has the parametet2264.864
cm?, even parity, J, = 1/2and A, = 1534 MHz The energy of the possible new upper
level was determined by the center-of-gravity wauenber of the line and the energy of
the lower level. This gives the new upper |e2@841.96cm*, odd parity, J, = 1/2andA,

= 915.26 MHz.The newly determined level is then introducedhe tatabase of known
levels and is loaded in the classification progkanich generates a transition list from this
level.

Usually the correct assignment of energy of a rexellis only guarantied if the transition
list of the upper level explains all the observagbifescence lines and their hyperfine
structure predicted by the classification prograsnin agreement with the hyperfine
structure of these lines in FT-spectrum.

In case of lines involving levels with low angulamomentum valuesJ(= 1/2 or 3/2),
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usually the hyperfine components are overlappethéyhyperfine structure components of
the nearby lines involving levels with angular martuen values J > 3/2. This is common
in praseodymium which has high line density. Ttesone of the reasons that lines
involving levels with low angular momentum value® anost times not visible in FT
spectrum and laser excitation must be performedrder to confirm their energy and
existence.

Two of the observed fluorescence lines i.e. at 5X28781A lie in the emission spectrum
of Rhodamine 6G, further the line at 5735M4lso exist in the transition list of the newly

found upper level so laser excitations were peréatrat lines 5735.44 and 5781.93\.

At both lines, a LIF signal was seen on the presiypwbserved fluorescence line at 5560
A. The detection of LIF signal is not possible ahear 5854.17A due to laser stray light.
The recorded LIF spectrum at lines 57354nd 5781.93 are in full agreement with the
predicted hyperfine structure of lines by the dfasstion program both in terms of shape
and hyperfine component positions (Figure 7.63 @4Y..
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This confirms the existence of the newly discovarpger level. The level energy was then
corrected and the lines were then classified asitians between

29341 96, - 12264 864,
29341 96,— 11911 35p,
29341 96, - 12051 488,

It should be noted that at each of the excited lihe hyperfine structure of the line is not
visible in FT-spectrum and appears in a blend pédi In each case, the hyperfine
components of the line are overlapped by the hyperfomponents of the neighboring
lines involving levels with large angular momentuatues.
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7.1.8 Discovery of New Pr-I Level at Line 5636.940

A very prominent line in FT-spectrum at 5636.940was investigated using laser
excitation. The line has a very good signal-to-aaistio with a relative intensity of 140

and has clearly visible hyperfine components, dgargé 7.65. The suggestions listed for
the line in the classification program were exardibet none of the suggestion coincides
with the hyperfine structure profile given in FTesgprum.
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Figure 7.65:FT-spectrum of the line 5636.940

Laser excitation was performed by tuning the lagavelength to the highest hyperfine
component which in this case is 5636 A2A single fluorescence line at 5228 was
observed in the transmission range of the monochramirom 30004 to 7000A. This can
happen if the upper level has a few number of detaynels or has a very low transition
probability for other lines. It could also happémttthe upper excited level is a low lying
level, excited either from the ground level or framery low lying level.

Ele]E

In this case two decay channels are apparent,cotietsame lower level from where it is

excited and the second is the fluorescence lowal.lén any case hyperfine structure of

the line is recorded by scanning the laser frequeecoss the hyperfine components of the
line. As expected the recorded LIF spectrum hagl gdgnal-to-noise ratio with the same

hyperfine structure pattern as displayed in FT-8pet (Figure 7.66).
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Figure 7.66: Recorded hyperfine structure of the 5636.94@&
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The recorded structure was then fitted and a litesitdation was obtained fdg = 13/2, J,
=11/2,A, = 762 MHz and A, = 733 MHz with quality factorQ = 8 (Figure 7.67). The
center-of-gravity wavelength obtained from fittetogram is 5636.94@. Inserting the
center-of-gravity wavelength in the classificatijpmogram, a known lower level is initially
searched in the database of known levels. Thisme dby giving the J-values of the lower
and upper levels and the A-value of the lower ldgehe searching routine. A number of
suggestions for the possible new upper levels thigir fluorescence lines were displayed.
But none of the suggestion neither of even parityaf odd parity could explain the only
observed fluorescence line at 5248 Once again fitting procedure was revised with
different values of angular momentum (includingicomalues) for lower and upper levels
but in each case the quality of fit was not good.
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Figure 7.67:Best fit situation of the recorded hyperfine stuwe of line 5636.948

As a next step assuming an unknown lower levehanwk upper level was searched in the
database of known levels using fitted J valuehefdombining levels and A-value of the
upper level. This gives again number of suggestiongpossible unknown lower level
combining with known upper level. Again none of tisted suggestions could explain the
only observed fluorescence wavelength.

It can then be concluded that possibly both theeloand upper combining levels at the
excited line 5636.94@ are still unknown and yet to be discovered. Inagibns like this
another method is used which require fluorescemfogmation for the identification of the
lower combining level at the fluorescence line. Floe method to work successfully,
atleast three fluorescence lines with exact meastitbeir wavelength must have been
observed experimentally with known lower combinlagels. But in this case only single
fluorescence line at 5228was detected which means that the method is micaple. In
any case the exact value of the fluorescence wagtilavas determined. This was done by
using a second lock-in amplifier in our experimémsetup. Modulated fluorescence light
from hollow cathode lamp is given to the monochrtamand the LIF signal together with
the emission spectrum of the hollow cathode in dbsired spectral range is recorded.
Exact value of the fluorescence wavelength is dated using a computer program called
“Comparison” which turns out to be 5227.987This program takes as input the recorded
file and the FT-spectrum file of the desired spatange, see Figure 7.68.
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Figure 7.68: Exact measure of fluorescence wavelength 52273967

The line at 5227.968 was inserted in the classification program whigplhys number
of suggestions for the line. A classified line diglgly different center-of-gravity
wavelength i.e. 5227.968 with a transition from ground to a known low lyingper level

19122.567,,, was seen in FT-spectrum. The line has a very gapthl-to-noise ratio with
a relative intensity of 5171 (Figure 7.69).
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Furthermore the predicted hyperfine structure eflihe by the classification program is in
extremely good agreement with the hyperfine stmectprofile seen in FT-spectrum.
Assuming an unknown lower level is involved in thecitation of line at 5636.944, the
recorded hyperfine structure of the line was adéted but now takingJ-values in

accordance with thé-value of the assumed known upper level 186122.567,,. For

fitting, the hyperfine interactioA constant of the known upper level was taken asdfix
and letting free the hyperfine interacti@inconstant of the assumed unknown lower level.
The fit of the recorded structure gave a very pasult for the pair ofl-values andA-
values of upper and lower levels. This indicateat tthe upper level involved in the
excitation of line at 5636.940 A is not 19122.56%" and again one could say that both
the combining levels may not be known till now.

There could now be two possible models (i) bothdbmbining levels at 5636.940 are
unknown and the lower level at the fluorescence §827A is also unknown or (i) lower
combining level at the excited line 5636.9A40s known and the observed fluorescence
signal at 5227 is an indirect fluorescence i.e. not originatingnfi the excited upper level
but in the hollow cathode glow region, collisior@upling had occurred between the

excited unknown upper level at the line 5636.848nd 19122.567,,,. This results in the

excitation of level 19122.56&m" which then decay via fluorescence line at 52250
might be a low lying unknown upper level with energpmparable to the energy of
19122.56%mi’ is involved.

For the first model to be true requires more flsoemce lines possibly in the infrared
region. Since our monochromator works best in #ggon from 30004 to 7000A and so
fluorescence lines in IR were not observed. If sficbrescence lines exist one can then
investigate those lines to solve the problem. Asfasecond model is concerned one could
inspect the list of possible suggestions for newenpevel at the line 5636.940based on
A-value of the lower combining level adealues of both combining levels and look for a
level with low energy and having hyperfideconstant of lower known level to be nearly
of same value as determined by the fitting procsss, Figure 7.70.
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Figure 7.70: Possible suggestions for the line 5636.840
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The first even parity suggestion has exactly thmesdyperfine interaction constant as
determined by the fitting process of the experiraiyntrecorded file. The suggestion show
a known lower level i.€1376.602cm*, odd parity, J, = 11/2andA, = 730.393 MHz,B,

= -11.877 MHz.The possible new upper combining level determinsthg this lower
level and center-of-gravity wave numberlig111.80cm?, even parity, J, = 13/2,A, =
761.83 MHz.The level was introduced in the database of knl@wals and is uploaded in
the classification program. The transition list gexted by the classification program does
not explain the single observed fluorescence Ili2275A but at the line 6146.44K the
hyperfine structure calculated by classificationgram appears to have some coincidence
with the hyperfine structure profile shown in FTesprum. Laser excitation at the line
6146.447A was performed and an LIF signal was observed a7 32 The recorded
hyperfine structure of the line at 6146.447s in excellent agreement with the predicted
hyperfine structure by the classification prograathbin terms of hyperfine pattern and
wave number (Figure 7.71). This confirms the exisgeof the newly found upper level
first excited at the line 5636.948. The center-of-gravity wavelength determined by the
fitting process is 6146.44%. The energy of the newly found level was then ected and
the excited lines were then classified.
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Figure 7.71: Comparison of the recorded hyperfine structured(Rearve) of theline
6146.447A with the predicted hyperfine structure (Blue cyrve

It can now be said beyond doubt that the singleréiscence line observed at 522% an
indirect fluorescence line occurred as a resuttallisional coupling between newly found
upper level with energ$9111.800cm™ and known level with energi9122.567cm* as
depicted in Figure 7.72. The observed fluorescéineeoriginates from the known upper
level 19122.567cm™.

126



Collisional

20000cm™* | coupling
19111.80Gm. ——, 19122.56%m"
1376.605cmi*
0cm

Figure 7.72: Level scheme showing collisionally coupled upgels
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7.1.9 Discovery of a New Pr-1 Level at Line 4660.82ising FT-Spectrum

The line at 4660.918 in FT-spectrum show clearly resolved hyperfine ponents with a

good signal-to-noise ratio and has a relative sitgrof 192 (Figure 7.73). None of the
suggestions listed in the classification prograntcmayperfine structure profile in FT
spectrum.
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Figure 7.73:FT-spectrum for the line 4660.9%6

This motivated the investigation of the spectnaé by extracting the line profile from FT-
spectrum and fitting it to a mathematical functiosing fitter program. Provided the
hyperfine components of a line in FT-spectrum dearty resolved, this method of
investigation could give a reasonable estimatéefspectroscopic parameters of the levels
involved in the formation of the line even if thed is not experimentally investigated. The
disadvantage in this approach of investigation he tnavailability of fluorescence
information which is very important in the identiition of the involved levels. This can be
avoided by using a search routine in classificapomgram based on the A- and J-values
which generate possible number of suggestions apendling on the reliability and
authenticity of the estimated spectroscopic fifpedameters of the combining levels, one
of the suggestion can be selected.

The line profile comprising the hyperfine comporseott the line at 4660.914 is extracted
from the FT-spectrum. This gives a set of datatgoivhich is stored in the form of a data
file. A program converts the data file in to linegad data file in a format acceptable to the
fitter program. Best fit situation with theoreticabupling between intensities of all
components was obtained for spectroscopic valyes9/2,J, = 11/2,A, = 564 MHz and

Ay = 728 MHz with a quality factoiQ = 38 (Figure 7.74). Assuming an unknown upper
level is involved in the formation of the line adwn lower level is search in the database
of known levels. TakingA-value of the assumed known lower level ahealues of the
both upper and lower levels the searching routivesga number of suggestions for
possible new upper levels with their fluoresceniced (Figure 7.75). In the absence of the
fluorescence information, the key to a reliablentifecation of the combining levels is to
look for the known lower level witi-value nearly the same as determined by the fitter
program. In case more than one suggestion hasyrtbarsameA-value then from all such
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suggestion the possible (new) upper levels aretseleand introduced in the database of
known levels. For each possible upper level clasgibn program generates a transition
list.

{2 gnuplot graph !Eﬂ

tart in A = 4B662.305243 Gte = 38.0596
luores. in A = Bestfitsituation: ChFitterspekiarb®660_8. bf Skalierung =1.5633

1.0
I=5/2, Jo=9/2, Ju=11/2, L—Luﬁ=4EEiD.912A
| A0 =563.03, Bo=000, Au=72 ||97, Eu=0.00 {in MHz) 7

09+ |

ns | I tl,

a
~
T

L

P

2

Snomigjte Integsitt
g i .
T
L

w
T
L

a
)
T

L

ul TTT\@\_ f

/\\v/\—/\,\ P ant— [P
T

o
T

Y A

—_ — — ————

g

a s000 10000 15000 20000 28000 30000
Offsetfrequenz in MHz

Figure 7.74:Fitted line profile from FT-spectrum of the lin66D.916A
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Figure 7.75: Possible suggestions for the line 4660.816
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Those suggestions in which none of the fluorescénes could be explained from the FT
spectrum are rejected. There is a certain margierm@ir in this process because it might
happen that the involved upper level has a low sionisprobability although this is not
true in this case. The first even suggestion Hasvar level with parameters376.602cm’

! odd parity, J, = 11/2andA, = 730.393 MHz,B, = -11.877 MHz The A-value of this
lower level is almost the same as the fittedalue. Assuming this as a known lower level
involved in the formation the line at 4660.82 the line profile from FT-spectrum was
again fitted keeping fix th& andB values of the lower combining level. The possiixev
upper level with paramete2825.61cm*, even parity, J, = 9/2andA, = 566.83 MHzis
obtained. This newly found upper level is introddiae the database of known levels and is
reloaded in the classification program which getesra transition list. At two lines i.e.
4379.81A and 7145.84\ the predicted hyperfine structure of lines arelpan agreement
with the hyperfine structure profile of the respeetines in FT-spectrum.

In order to confirm the existence of this upperelelaser excitation is performed at
7145.88A. A strong LIF signal was observed on 4680The hyperfine structure of the
line is then recorded by scanning the laser frequ@gross a certain range. The recorded
hyperfine structure of the line at 7145.88s in excellent agreement with the hyperfine
structure of the line predicted by classificationgram (Figure 7.76).
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Figure 7.76. Comparison of the recorded hyperfine structured(Rearve) of theline
7145.88A with the predicted hyperfine structure (Blue cjrve

This confirmed the existence of the upper leveloider to have a good estimate of the
hyperfine interactio constant of the new upper level, the recorded tiypgestructure of
the line at 7145.84\ is fitted using fitter program. The best fit siioa with a quality
factorQ = 14 was obtained. The corrected energy of theuygver level together with best
fit values are22825.611cm™, even parity, J, = 9/2 and A, = 570(5) MHz. The lines
4660.916A and 7145.8& were then classified.
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7.1.10Discovery of a New Pr-1l Level at Line 4328.42 A

During the systematic investigation of the spectafrpraseodymium, a number of singly
ionized praseodymium levels were also discoveretk €uch example is presented in this
section. Due to discharge conditions inside thdololcathode lamp, the population of
singly ionized Pr ions is not very large and ameuntonly 10 % of plasma. This may be
the reason that in most cases the ionic lines areigible in FT-spectrum. One such line
in FT-spectrum at 4328.4% with a very weak signal-to-noise ratio and havingelative
intensity of only 1 is shown in Figure 7.77. Sinthe hyperfine components of the line are
not visible in FT-spectrum, an optogalvanic sigwals first recorded to have some idea
about the hyperfine component positions of thestigated line.
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Figure 7.77:FT-spectrum for the line 4328.42

Laser excitation wavelength was set to 4328&2vhich is the strongest hyperfine
component position obtained from the optogalvaei&ns LIF signal was observed on a
number of fluorescence line i.e. 388039124, 4156A, 4517A. Hyperfine structure was
then recorded by scanning the laser frequency sceoscertain range and setting
successively the transmission wavelength of the adlmromator to all the observed
fluorescence wavelengths. On all observed fluoresedines, same hyperfine structure
was recorded with best signal-to-noise ratio at0382(see Figure 7.78). The recorded
hyperfine structure was then linearized and fitisohg the Fitter program. Table 7.5 gives
the A andB values determined by the Fitter program for déferpair ofJ values of the
combining lower and upper levels. The highest quali fit with Q = 26 was obtained for
an ionic transition i.e. betweel3 = 3 andJ, = 3. Assuming an unknown upper level is
involved in the excited transition, a known lowewél is searched in the database of
known levels. A number of suggestions for a possit@w upper level are displayed with
their calculated fluorescence lines. One of the paldty suggestions for a possible upper
level explained all the observed fluorescence lifée known lower connecting level was
discovered by Furmann et. al.[35] with level parter®10289.48cm?, J, = 3, even
parity and A, = 2114 MHz.The energy of the possible new upper level wasrdehed
using the center-of-gravity excitation wave numaed the energy of the lower level. The
recorded hyperfine structure was again fitted lmw keeping fix thel andA values of the
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known lower level. A best fit was obtained wib = 1348.21 MHz of the upper level see
Figure 7.79.
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Figure 7.78:Recorded hyperfine structure of the line 432842

Table 7.5: For different pair of] values the possibl& and B values of the combining
levels are obtained. Quality of fit indicates tlesbpair of] values.

Upper Level  Lower level ((J)fufﬁllty Upper level Lower level
Jo Ju A(MHZ) B(MHZ) AMHZ) _ B(MHZ)
712 712 5.25 1197.18 0.00 1880.59 0.00
3 3 26 1352.98 0.00 2123.02 0.00

5/2 5/2 3.26 1547.33  0.00 2416.23 0.00
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Figure 7.79: Best fit situation of the line 4328.42
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The spectroscopic parameters of the newly foundeupgvel are33386.2cm*, odd
parity, Jo, = 3 and A, = 1348 MHz The level is introduced in the database of known
levels and is then uploaded in the classificatiomgmm. Besides the observed
fluorescence lines, the hyperfine structure of the at 4241.249A in FT-spectrum
sufficiently explains the hyperfine structure prtdd by the classification program. In any
case for the confirmation of the energy of the yefiwlind ionic upper level a second laser
excitation from some other known lower level netxlbe performed. A line at 4361.&1

is selected which is present in the transitiondisthe newly found upper level. Although
at this position FT-spectrum the line is not visildut in any case laser excitation was
performed for this line and a hyperfine structurghwgood signal-to-noise ratio was
recorded. The recorded hyperfine structure waggieeanent with the hyperfine structure
of the line predicted by classification programgiitie 7.80).
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Figure 7.8C. Comparison of the recorded hyperfine structured(Rearve) of theline
4361.81A with the predicted hyperfine structure (Blue cirve

The energy of the newly found upper level and itpdnfine interactiorA constant was
then corrected. The corrected spectroscopic pasamate 33386.216m*, odd parity,Jo
= 3 andA, = 1352(5) MHz. Both the excited lines were theasslfied.
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7.2 Tables

Table 7.4 lists the data of new atomic levels sbiecording to J value and energy.
Column 1 gives the angular momentum J, in colunemé&gy values are given in ¢min
column 3 values of hyperfine structure constanti\ NIHz) are given for the newly
discovered levels. Column 4 presents the waveleafjthe excitation lines in A (in air)
and column 5 lists the observed fluorescence limds(in air). In all cases B value is very
small and is neglected. In most cases the existeheelevel is checked by one or two
further laser excitations, from other known lowevdls. In some cases a newly discovered
level is confirmed by analyzing up to now unclassiflines in the FT spectrum, the
wavelength of such lines is given in brackets ilugm 4. This happens in cases where the
wavelengths for further laser excitations do netiti the available spectral range of our
laser dyes.

The energies of the newly discovered levels areutated using the center-of-gravity wave
number of the excited lines and the energies ofatready known levels involved in the
transitions. Therefore the energy accuracy of nalidgovered levels not only depend on
the energy accuracy of the already known levelha é&xcited transition but also on
whether or not the excitation and fluorescenceslinppear in FT spectrum with good
signal-to-noise ratio (SNR). Since the FT spectrsionly roughly intensity calibrated, the
given SNR is only an indication for the line intépsin cases where a line is excited and
neither excitation nor fluorescence lines appeaheFT spectrum with good SNR, then
the accuracy of the determined level is limitedtbg reading accuracy of our lambda
meter (+0.01 A). This limits the accuracy of thécatated level to +0.05 cih

Table 7.5 contains a list of spectral lines ingied by laser excitation in the

discovery/confirmation of the newly found levelsoldmn 1 gives the center-of-gravity

excitation wavelengths in A (in air), column 2 givthe SNR of the line observed in FT
spectrum. The designation ‘nl’ means a new line apgearing in published wavelength
tables. The accuracy in center-of-gravity wavelkrfgt lines with SNR > 3 is better than

0.003 A. The SNR of a line which does not appeafinspectrum but nevertheless was
successfully observed with LIF method is set as.‘€br lines appearing in a blend

situation in which the SNR cannot be estimated ftbenFT spectrum, SNR is indicated by
‘-’ In such cases the center-of-gravity wavelengted in column 1 is calculated from the

level energies and has an estimated uncertair®y0df A. Columns 3 and 5 gives the J and
columns 4 and 6 give the energies for the evencaddevels, respectively, explaining the
line.

Table 7.6 lists spectral lines classified by obedrluorescence and has the same structure
as table 7.5 except that column 1 gives the obddtuerescence wavelength in A (in air).

Table 7.7 lists additional lines in which the newdls are involved, classified by means of
their hyperfine patterns and wave numbers.

Table 7.8 lists the newly discovered lower levelmbining with already known levels.

Table 7.9 list new levels of Pr | found by the as@ of hyperfine patterns in the FT
spectrum.

Table 7.10 lists the newly found ionic levels.
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Table 7.4:Up to now unknown Pr | energy levels discoverethinithis work

J | Energy (cm?) | A (MHz) Lex. (A, air) M. (A, air)
Even Parity
3/2 | 27983.773(10) 723(5)  5935.823, 6297.509 5421 .8P52.794
3/2 28067.892(20) 588(5) 5906.33, 6264.314, 536.3
3/2 28986.540(20) 637(4) 5923.35, 5882.885, 5602.2
3/2  29234.227(10) 1038(4) 5837.68,5798.372, HIb.
5/2 | 22959.928(10) 1231(5) 7154.439 14640, (8650.457)
5/2  27251.230(10) 335(6)  7143.366, 7334.836473.50, 6308.113,
6676.713,
5/2 27471.606(10) 755(4) 6121.994, 6458.657 540&@39.78, 5944.57,
6579.870
5/2 27573.343(20) 747(3) 5908.776, 6084.088416.478, 6536.10,
7165.483, (7370.361)
5/2 28055.421(10) 887(3) 5745.08, 6003.473, 5818869.21,
6926.166, 7117.40
5/2 28890.950(15) 765(4) 5916.17, 6259.369 5022.5881.87,
5957.086
5/2 29216.845(20) 522(3) 5901.932, 6134.198 4941.56327.06,
5530.88, 5612.06
5/2 | 30454.610(15) 755(3)  5938.992, 6079.050 4837 .8022.27
5/2 31158.848(20) 767(5) 5814.30, 6124.573 4668.641
5/2 | 31245375(20) 586(3)  5785.19, 5800.15,  48(077.41
5/2 32050.34(5) 594(4) 4334.56, 5807.40 4628.25
712 22486.816(20) 948.34 7022.178 4445.802, (84983.8
712 26121.378(15) 805(5) 5594.030,6792.357 55@4.68392.357
712 27123.623(15) 684(3) 6070.12, 6255.292, 3685.3296.965,
6494.68, (7209.096),
(7273.985)
72 27231.854(15) 773(2)  7153.27, 7217.149  5266.8BB3, 6449.336
712 27381.794(15) 662(3) 6256.568, 6387.556976.44, 5668.50,
6545.725 (7968.417)
712 27679.200(20) 654(5) 5802.49, 6045.15 514%504.49,
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J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
6991.366
7/2 | 27998.766(20) 520(4)  6145.299, 6586.785 6145.8986.785
7/2  28311.416(20) 624(5)  6147.799, 6453.839 5335884.67,
5753.877, 5912.58,
6029.42, 6495.04, 6683.8
(7550.905)
7/2 | 28375.220(20) 863(4)  5890.35,6123.771  5366.22
7/2 | 28822.147(20) 693(5)  7186.228, 7270.445240.51, 5441.51, 5502.6
5589.570, 5654.36,
(7865.265)
7/2 | 28865.800(25) 740(2)  6269.24,6230.842  6444.5834.35
7/2 | 29308.235(20) 713(2) =~ 5870.260, 6099.994  58&10).8099.994
7/2 | 29327.656(20) 827(3)  5681.214,5863.573 5E®5Y86.20,
(5805.996)
7/2 | 29499.235(25) 882(2)  5748.71, 7467.49 5060.878
7/2  29583.69(3) 990(4)  5776.82,5999.16 5776.8295%
7/2 | 29674.025(25) 1005(3) 5746.82,6125.763, BB H672.48, 5746.8]
5932.02, 5966.82, 6846.3
7/2 | 30654.508(20) 599(3) = 5869.291, 5778.594781.251, 5173.255,
6551.97 5373.53, 5605.88,
6006.045
7/2  30920.300(25) 420(5)  6101.124,6439.79  4684.884.761,
5103.06
7/2 | 31079.962(25) 498(3)  5841.10, 6071.44 4649.8845.964
712 31292.93(3) 620(4)  5657.25, 5769.31 4604.22686448
7/2 | 31355.053(25) 696(3)  5943.423,6051.829 31881382.28, 5393.99
5422.74, 5637.43
7/2 | 31531.30(5) 619(4) | 6195.93, 5987.94 3170531589 5881.791
7/2  31593.97(5) 641(4) = 6050.73,6171.956  5670.395466
712 | 31664.74(5) 732(4) = 6145.11, 5940.46 4916.248
7/2  31817.13(5) 752(2) = 5887.15, 5599.90 4529.40846 , 4879.68
7/2 | 32248.10(4)  599(3)  5820.30, 5643.78 4779.144
9/2 | 22825.611(20) 570(5)  7145.88 4660.915, 4379.813
9/2 | 22996.562(20) 779(5)  7059.610 4624.060
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J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)

9/2 | 24606.934(10) 777(2)  6111.977,7052.620 43®3.50

9/2 | 25744.156(10) 823(2)  5659.740,5912.451 38%3.8912.451,
(6751.467)

9/2 | 26231.182(10) 645(3)  6327.578,6705.624 63B].6894.405,
(8762.130)

9/2  27109.741(15) 783(3)  6075.244, 6181.403687.661, 5253.579

6500.543 ,5300.862, 6181.40,

6500.543, (7631.188)

9/2 | 27251.615(15) 741(3)  5943.69,6023.313, 5&R|.8276.05,
6307.96, 6441.122,
6576.41, 6643.862

9/2 | 27282.000(15) 750(38)  5647.454,6630.474 5&89.6266.953,
6428.537

9/2 | 27913.895(15) 496(3)  6025.531,5888.603 3765240.04,
6363.744

9/2 | 28042.800(25) 796(4)  6809.044,6251.06  62559%9.08

9/2 | 28375.291(25) 739(3)  6006.28, 5890.33 5571.8380.33

9/2 | 28605.413(15) 615(3)  5811.530, 5784.438658.13

5658.13

9/2  28840.315(15) 768(2)  6009.385,6262.898 519).5306.87,
(7131.339)

9/2 | 29123.494(15) 733(3)  5641.621,6132.350 3432877.62, 5412.84
5348.46, 5496.953,

9/2 | 29370.862(15) 758(2)  5823.66,6076.770  3404.3581.141,
5051.384, 5278.599,
5541.34, 5563.95,
6040.687, 6076, 6347.67,
6871.28

9/2 | 29600.360(20) 659(4)  6409.279, 6502.639 499%882.639,
6635.64

9/2 | 29624.447(20) 549(3)  5984.527,6399.395 4985H482.36,
6399.395, 6492.36,
6625.05

9/2 | 29682.07(3) 995(2) = 7366.87, 5669.89 5198.20959,
5949.178
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J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)

9/2 | 29865.350(20) 740(3)  5660.602, 6054.777 514%281.51, 5391.40
5414.93, 5512.76,
5884.990, 5899.45

9/2 | 30144.181(20) 923(2)  5803.95,5595.593  (33189,48361.43,
5076.223

9/2 | 31368.505(15) 526(2)  5759.010, 5938.674 4588.289.12, 4988.93
5390.07, 5551.547,
6008.07

9/2 | 31721.60(5)  574(4)  6123.70, 5644.20 4901.5428BY7, 5523.27

9/2 | 32247.808(20) 592(2)  5820.397,5706.514 441(5:2%8.59,
5643.872

11/2  23654.406(10) 613(2)  6419.18,6489.916  6489.G700.129),
(7156.112), (8615.006)

11/2  23865.973(15) 752(2)  6997.854, 7049.349  4445.2

11/2 25357.817(10) 669(3)  6050.701, 6336.198942.441, 4168.755,

6697.82 (8346.322)

11/2 = 25855.320(10) 683(2)  5838.861, 5873.834 3®EB(6481.778),
(6879.053),(7077.868),
(7085.725)

11/2 26222.282(15) 590(3)  5749.862, 6007.068023.706, 4276.771,

6044.970 6540.284, (7140.794),
(7131.724)
11/2 26467.248(15) 857(2)  5669.98, 7326.027  3984.89256.74
11/2 | 26937.739(15) 720(5) = 5794.30, 7359.74, 3711.208, 5491.678
7363.24
11/2 27888.407(20) 570(4)  5726.871, 6193.275 3B(®874.11,
(7800.123)

11/2 27985.186(15) 618(2)  5688.50, 5695.298  357.2862.66,
6156.364

11/2 28323.602(20) 570(2)  5880.320, 6208.876 6212.6448.764,
6678.37, (6681.265)

11/2  28485.173(20) 702(3)  5966.89, 6082.804  3687.8288.038,

5537.568, 5696.909,
6147.196, 6405.410,
6599.140
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J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
11/2 28522.075(20) 734(3)  5953.78, 6133.279  527%7.6390.30
11/2 = 28680.018(20) 919(2)  5903.75, 6011.536  5035234.09, 6525.87
11/2 28818.13(4) = 498(4)  5714.11, 5850.62, 3469.043, 3643.07,
5962.02 5196.52, 5437.29
11/2  29323.690(20) 656(4)  5682.494, 6078.823409.235, 5291.782,
6253.032
11/2 | 29565.016(20) 603(2) = 6423.831, 6640.565  =I2.
11/2  29993.26(5) @ 800(3)  5625.53, 5841.01 3493.334%56, 5474.15]
11/2 @ 30645.242(30) 473(2)  5775.611,6006.89 5783 .8185.74,
5426.45
11/2 30869.567(25) 577(3)  6120.065, 6193.79  4886G:504.42, 5707.64
11/2 30968.412(25) 447(3)  5892.48,5971.282  33733.3890.56,
5200.901, 5269.653,
5508.91, 5675.61
11/2 = 31083.29(4) 620(2) | 5638.83, 6041.03 3216.385279,
5170.000, 5060.960,
5930.585, 6353.15
11/2 31222.52(5) @ 596(7)  5803.37, 6297.43 5200.025%4, 5433.84}
6169.445
11/2 31332.402(25) 628(2)  5844.22, 6761.49 3337395.870,
4997.932, 5104.245,
5555.084
11/2  31591.14(38)  515(4)  5681.79,6051.767  5485826.141,
5342.262
11/2  31641.39(4) @ 587(8) = 5835.687,5665.61  3303.249]1.50,
5024.97
13/2  19111.800(10) 760(2)  5636.940, 6146.4475228
13/2  22592.830(15) 500(5)  6888.745 5062, (5489,434)
(8384.228)
13/2 | 24722.464(15) 703(2) @ 4914.712, 6252.560 4% {A113.696)
13/2 27020.835(15) 632(3)  6026.379, 6368.318898.408, 4135.493,
6747.350, 4415.767, 5754.13,
6755.464, (7305.278)
13/2  27150.550(15) 536(2)  5711.488, 6065.693878.79, 4113.422,

6688.793

5428.225, 6696.766
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Q)

NJ

J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
13/2 27340.868(15) 557(2)  5662.00, 5996.449,  5EBY).6438.937,
(6612.468)
13/2  27519.089(15) 487(3)  5933.025, 6172.411 38B4.4051.976,
5593.71, (6365.865),
(7048.643)
13/2 27626.232(15) 443(3)  6836.085, 6489.976131.846, 6295.526,
7007.878, (8922.973)
13/2  27821.680(25) 644(5)  6745.932 5828.36, 6213.98
6408.65
13/2 | 28315.140(20) 687(2) @ 6528.545, 6674.05,  GHBEB.
13/2 28351.711(15) 633(3)  5870.615, 6020.478 3H16.5122.49,
(5344.713), 5355.506,
6198.058, 6512.989
13/2  28840.756(20) 667(3)  6015.660, 6262.728501.503, 5848.24,
6458.064 6311.89
13/2  29523.411(20) 622(2)  5623.659, 5772.368747.529, 5039.114,
6185.298, 6264.76 = 5236.42, 5302.309,
6438.418,
13/2  29909.117(20) 535(3)  5652.29, 5869.87, 3503.770, 5525.015
7412.60
13/2 30013.473(25) 580(4)  5834.121, 6078.089 3495619.14,
6003.273, 6241.43
13/2  30371.975(20) 613(3)  5876.76,6191.866  (3488),83631.995),
5008.312, 5387.207,
6107.159, 6302.73
13/2 | 30722.337(20) 679(4) = 5826.961, 6266.758586.34, 4927.01, 5338.9
6502.304 5602.365
13/2 30896.129(20) 526(4)  5915.451, 6219.288  33%5.5239.223,
5353.54, 5548.33, 6296.2
13/2  30953.27(4) 791(3)  5749.58, 5674.647,3380.073, 5223.58,
5976.692 5273.87, 5569.10, 5895.5
13/2 = 31049.456(20) 438(2)  5717.94, 6044.55 3369.4187.461,
5247.22, 5309.94,
6160.530
13/2 | 31238.225(30) 1023(3) 5656.87,5800.225, 3L%656.87
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Ul

J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
13/2 31333.26(5) @ 576(3)  5766.30, 6054.65, 5453.65, 5554.83
6253.81
13/2  31535.09(5) = 509(3)  5702.014, 5775.788314.86, 3486.74, 3681.6

5872.13, 6195.54,  5069.47,5116.817,
5394.26, 5962.96, 6052.6
13/2 31693.804(25) 498(5)  5892.86, 6058.29 (32%),58075.586
13/2  32302.560(25) 571(3)  5688.738, 5701.938393.941, 5896.28
5783.94
13/2 | 32384.45(5) | 590(5) @ 5662.351,5975.56  490%(87.87,
5505.620,
13/2 32726.84(4) = 565(3) %5701.1035701.31, 5337.28, 5403.72,
%5701.37, 6050.93 | 5554.632
13/2 33015.19(5) @ 570(2)  5867.70, 6025.00 5655468.45, 5949.14
15/2 24987.630(15) 716(2)  6150.557, 6516.764 4%158851.468,
(6532.670), 6858.285,
(7550.048), (7589.206)
15/2 | 26191.727(15) 478(2) @ 6334.990, 6440.366 &B5726.351,
6042.485, 6920.710
15/2 27904.945(20) 570(2)  5714.60, 5817.5654249.803, 6193.793,
6186.936 6213.21, 6708.241,
(6835.934), (7187.606),
(8628.120)
15/2 28252.321(15) 403(3)  5702.284, 6063.2908  3%BEH.6236.487,
(7414.819)
15/2 | 28474.736(15) 437(2) @ 5614.592,5630.850 TWR2.6579.583,
6705.396, (8223.709)
15/2 28661.560(15) 550(2)  5910.190, 5916.448872.645, 5572.214,
5477.684 , (8009.741),
(8417.492), (8474.743)
15/2 28791.510(15) 437(2)  5871.296, 6565.889  H3RR.(7609.835)
15/2 29287.637(25) 510(3)  7092.05, 7092.47, 3780.946, 5705.063,
7005.999 (6358.696)
15/2  29620.381(20) 525(4)  6139.106, 6616.234 5B8.5275.178,
6015.78, 6226.910,
6542.61
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Q)

J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
15/2  30577.00(5) 628(5) = 7360.88, 5798.48 6222.30
15/2 © 30959.764(25) 573(5)  6077.5608399.981, 5747.42, 6242.05, 6271.1
%6340.26%6340.33 | 6424.668, 6531.782
15/2 31270.29(5) @ 579(2)  5964.898, 5787.32,(3517.205), 5248.38,
6625.04 5557.14, 5574.32,
6123.328, 6298.97
15/2 31536.710(30) 619(2)  5699.421, 6052.100 IB&H492.73,
5562.907, 5871.57
15/2 | 31887.920(20) 563(4) = 5900.125, 5840.053442.400, 3634.422,
6063.021, 6044.092 5293.48, 5372.677,
5697.16, 5752.1, 6158.32
6374.62, 6420.91
15/2 32383.385(25) 574(2)  5732.499, 5868.310 (38K, 5886.15,
5975.935, 6179.38,
6410.22
15/2 | 33808.50(4) | 480(6) & 5679.13,6197.13 5506.8495.298,
5430.487
15/2  34000.50(50)  462(2)  5807.04, 6124.242, 33SH084.97, 5359.55
6157.77
17/2 = 29552.460(20) 515(2)  5636.109, 6019.90  39M1.6843.378)
17/2 31055.361(20) 568(4)  5716.01, 5980.9275195.86, 5520.31,
6138.608 6205.019
17/2  32925.14(4) = 562(2)  5704.20, 6193.94 55068%9.785
17/2 | 33114.40(4) = 422(2) = 5643.260, 6208.778 347).23801.874
17/2 33264.21(4) = 544(4)  6066.498, 6151.543  346].2802.66,
5414.331, 5851.804,
6096.18
17/2  33997.515(30) 477(3)  5879.995, 6170.0683375.533), 4825.58,
6125.364 5207.51, 6447.86,
19/2 27999.623(15) 505(2)  7318.926, 6640.853  @BB}.6791.964,
6157.67
19/2 33534.065(30) 544(2)  6646.53, 6304.38 5208644.767
19/2 | 34225.35(5) = 478(2) = 6041.031,5802.241 5025446.44, 5184.87
6354.49
19/2 34580.89(5) @ 475(2)  5913.97, 5684.93 505%934.050
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Q)

J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
21/2 32243.14(5) 385(5)  7415.509,5731.270 A0%.5731.270
Odd Parity
1/2 | 27453.746(20) 781(7)  7016.879, 7546.55  5615.227
1/2 | 27599.95(3) 2039(6)  6006.76, 6353.48, 5569.489
6429.72
1/2 | 29341.96(3) 915(7)  5735.44,5781.93, 5560.13, 5720.195
5854.17
1/2  30400.042(20) 1890(10) 5141.703,5756.53 3231 .5448.51
3/2 | 25947.350(10) 929(8)  5809.035, 6854.190 6HEY.1
3/2  25986.120(10) 727(4)  5795.98,6719.285  5117.77
3/2 | 27383.021(20) 571(4)  5656.96, 6039.18 5361.743
3/2  28323.695(15) 522(3)  5714.46, 6074.09, 4570.798
6399.23
3/2 | 29350.190(15) 584(4)  5779.18, 6135.45 509(.8387.74,
5557.586, 5646.92
3/2 | 29499.10(3) 260(5) = 4337.685,5729.86  5354.69
3/2  29750.67(3) 1112(4) 5657.08, 5717.34, 4757.60, 4988.61, 5319.3
6216.99
3/2 | 29944.814(15) 1375(5) 5654.555, 6352.081 494).3379.75
3/2  30000.532(20) 1000(15) 5700.92, 5848.56, 4927.177, 5363.671,
6121.87 5446.82
3/2  30166.356(20) 1106(4) 5842.79, 6170.56 4872887.23, 5476.43
5518.794
3/2 | 30371.08(3) 535(4)  5657.75, 6052.04 4838.81555,
5402.094, 5415.69,
5457.12, 5521.43
3/2  30706.200(20) 1077(6) 5712.74,5890.81 4747861.57, 5061.99
5101.010, 5168.005,
5306.01
3/2  30778.71(3) 1063(5) 5768.51, 6111.26 4109.32548, 5225.28
5285.67, 5463.860
3/2 | 31260.067(25) 618(5) =~ 5704.63,5742.98, 4029.78, 4438.76,
6029.61 5263.022, 5386.74
3/2 | 33248.19(3) 860(8)  4236.42, 4459.23, 45674766.39, 4988.16
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J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
5/2 | 22863.048(10) 502(4)  6732.167 14640, (6091.698),
(8504.428), (9246.821),
5/2 | 24388.693(10) 1116(5) 5960.932,6810.994 THR3.5599.708,
(6782.978), (9110.822)
5/2 | 24675.173(10) 485(4)  5860.82, 6272.7285511.269
6680.601
5/2 | 25191.854(10) 925(4)  5688.51, 5819.5265334.682, 6457.639,
6075.756, 6432.445 6545.41, (7183.152)
5/2 | 25859.364(20) 1033(5) 7145.95 5151.197
5/2 | 27613.57(3)  548(6)  6349.76, 5739.33, 4999.573
6537.74
5/2 | 27897.591(15) 1287(5) 5647.248, 6045.804661.616, 5027.640,
6237.24, 5217.742
5/2 | 28106.771(15) 664(8)  5939.23,6391.111  4879935.300
5/2 | 28219.904(20) 781(4)  5969.39, 6040.218, 5462.4
5/2 | 28292.560(20) 1070(3) 5874.387,6165.82  45®4.8840.851
5/2 | 28351.325(20) 470(3)  5797.64, 7491.60 45@5.03
5/2 | 28617.067(10) 1184(3) 5709.646,5764.47  5028.8970.821
5/2 | 29404.602(15) 962(6)  5636.746,5770.078 43535d8.573,
5074.76, 5514.07
5/2 | 29726.88(3) 763(4) = 5046.88, 5791.29, 4295.2993.08,
5118.35, 5290.15, 5369.3[L
5/2 | 29851.062(20) 922(7)  4272.44,5801.11 5255.6383.74,
5616.551
5/2 | 30000.493(20) 708(8)  5700.94, 5848.58, 4978.12, 5291.55, 5338.6]L,
6121.88 5578.225
5/2 | 30568.035(20) 735(3)  5758.20, 5828.51 4355.989]1.77,
5181.57, 5289.75,
5527.508
5/2 | 30868.400(20) 1115(10) 5738.81,5812.94 4TR%5025.032
5/2 | 30902.82(3) 636(6) = 5594.36, 5594.562 4827.69
5823.34, 6419.14
5/2 | 33205.09 (5) 533(3) 5627.26, 5681.53 40851294.06
7/2  20012.862(15) 1133(5) 7045.286 %4976, (8793.404),
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J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
(9903.501)
7/2 | 21975.458(10) 344(3)  6440.004,5698.62  6189.¢B®W8.891),
(7551.988), (8604.437),
(9588.908)
7/2 | 22451.973(15) 1125(4) 6248.204, 7240.10%4743, (5547.926),
7490.283 (7289.586) (7976.244),
(8156.221), (8265.447),
(8943.890), (9169.796),
(9637.438)
7/2 | 23293.356(15) 759(3)  5722.36, 5936.0525300.434,(8256.077),
5965.723, (8457.236), (8751.047),
(9834.368)
7/2  23628.220(10) 560(3)  5820.324, 5848.84%207.970, (7810.871),
6408.919, (7984.691), (8033.905),
(8033.635),(8655.932)
(9789.258)
7/2 | 24443.790(10) 1046(2) 7016.088, 7496.388582.478, (7591.178),
(8357.456), (8477.849),
(9091.907)
7/2  25350.082(15) 1074(3) 5984.12, 6478.297  471).8890.019,
5313.57 (7057.366),
(7307.241), (7872.786)
7/2 | 25788.548(15) 138(6)  5624.172,5831.080 55@1.5007.20,
5192.56, 5863.14,
6215.714
7/2  26915.490(15) 1122(3) 5613.118, 5808.714446.504, 4739.674,
6547.336 4905.42, 5288.863,
(7853.831)
7/2 | 27852.358(15) 868(4)  5661.72, 7469.521  4268.6W¥1.468),
(5043.218)
7/2 | 27890.013(15) 877(5) = 5649.664, 6504.25  4261330.358,
4663.263, 4681.55,
4931.41, 503.57, 5219.81
7/2  28565.989(15) 1077(6) 6536.973,6319.40  414R.4895.704,

4520.717, 4864.13,

5018.135
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.56,

Q)

B,

J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
7/2  28757.902 (15)950(4) = 5688.81, 5718.04 4358.92, 4822.90, 4891
4970.255, 5086.89,
5432.93
7/2 | 29233.565(15) 780(3)  5684.359, 6123.314388.244, 4714.71,
6547.53 4855.43, 4966.682,
5119.209, 5250.971
712 29450.41(3) 783(6)  5622.22,5939.19, 3995.96, 4231.161,
5949.52, 4346.871, 4826.57,
5062.992, 5192.837
7/2 | 29651.540(20) 967(3)  5913.605, 5685.61  5413.5181.300,
5011.938
7/2  29728.713(20) 867(5)  5842.57, 6458.45 4294.8950.407,
4762.579, 4847.439,
4992.62
7/2 | 29827.87(3) = 845(3)  5763.37,5852.56 5262.0244812
7/2 | 30183.72(4) 600(4) = 5659.66, 5700.74, 4212.55, 4661.53,
5702.23 5042.225, 5261.88,
5286.88, 5458.66
7/2  30709.41(4) 698(2)  5615.68, 5935.81 4121.2867B1,
5365.97
7/2  30818.62(4) 797(3) = 5620.843,5802.79  4386187.53, 5326.40
5404.892, 5502.95
712  31478.935(20) 731(6)  5676.45, 5802.38 5273.5808.651,
5382.988
7/2  32010.763(25) 804(5)  5649.740, 5796.684364.49, 4740.17, 4821.0
5841.88 5012.99, 5164.07,
5267.757, 5385.64,
5510.06
712 32077.74(4) 651(6)  6111.89, 6328.71 3616.101392,
4351.77, 4909.13, 4998.8
5214.85, 5356.99, 5431.04,
5856.26
9/2 | 21063.222(15) 1093(2) 6967.185, 7055.076011.20, (8171.588)
7435.22
9/2  22395.493(15) 724(4)  7269.896, 7369.16  5703.8896.346,

6303.498, (8194.017),
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Energy (cm?)

A (MHz)

rex. (A, air)

M. (A, air)

(8304.292), (8917.363),
(8996.381), (9839.580)

9/2

22524.055(10)

1129(2)

6706.579, 6252.7

73 6283,.(7542.062),

(7666.289), (8603.474),
(8816.190), (8893.417),
(9045.943), (9109.571),
(9247.454), (9449.344)

9/2

23008.838(10)

1227(2)

6673.919, 6666.7

15, H3%].5510.442,
(7275.959), (8525.734),
(8850.571), (9035.326),
(9278.867), (9531.064)

9/2

23934.491(10)

785(3)

5673.386, 5745.8
6126.862

)8242.94, 5673.386,
5745.890, 6618.31,
(7672.215), (8337.793),
(9846.492)

9/2

24196.152(10)

714(4)

5058.313, 5660.7¢
6177.590

55058.313, 5171.962,
5441.178, 6297.108,
6428.128, (8561.896),
(9273.537)

9/2

24485.172(10)

1105(3)

6069.198, 6570.0

> 498%@95.768,
5569.608, (8453.073),

(9176.124), (9511.740),
(9339.919), (9699.660)

9/2

24830.361(10)

940(4)

5807.98, 5944.62:

> 4901.5289.627,
5398.903, 6055.21,
(6176.266), (8476.085)

9/2

26035.395(10)

877(2)

5962.563, 6121.7¢

5 4946.0%22.595,
4627.654, 5069.024,
5174.218, 5427.976,
(7819.677)

9/2

26748.510(15)

912(5)

5865.622, 6423.2(

5 4568.4890.040,
5034.96, 5340.614,
5424.938

9/2

27292.757(20)

768(2)

5684.117, 5613.5

)4 46561898.07,
5360.746

9/2

27659.987(15)

927(2)

5966.37, 6411.85

4303.9835.986,
4683.240, 4987.99,
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Energy (cm?)

A (MHz)

rex. (A, air)

M. (A, air)

5257.221, 5567.857

9/2

27980.556(15)

768(3)

5987.19, 6871.86
7418.838

4245.390, 4512, 4661.78§,
474.793, 4909

9/2

28328.419(15)

889(9)

5862.04, 6537.25

)

4441 .0841.044,
4626.285, 4827.008,
4996.562, 5368.08

9/2

29040.590(20)

620(4)

5598.743, 5690.5:

3

4062.8305.85,
4513.885, 4758.01,
5014.761, 5056.285,
5111.82, 5162.37, 5304.74,
5351.73

9/2

29518.913(20)

900(3)

6193.338, 5960.3¢

58  46%2.4P18.928,

5173.43, 5352.55, 5452.6B

9/2

30372.918(15)

830(3)

5962.35, 6550.29:

(4199,91700.61,
5234.50, 5139.28, 5599.6,
5643.53

9/2

30576.811(20)

766(6)

5699.31, 5984.74

47891855.97,
5155.219, 5179.21,
5254.166

9/2

31234.656(25)

665(8)

5670.90, 5615.73

3934.8077.072,
4517.560, 4788, 4902.213,
4917.315

9/2

31500.25(5)

787(4)

5803.11, 6410.40

3693.38338, 4033.38
4496.85, 5189.14, 5581.9

Ul

9/2

31604.60(4)

742(2)

5846.50, 6195.97

3738.9207488

9/2

31693.821(15)

733(5)

5816.14, 5738.62

3973.4152.277,
4874.445, 4898, 5089.104

9/2

31955.363(15)

757(3)

5860.85, 5740.11

38253932.829,
4178.361, 4448.76,
4493.00, 4899.21, 5069.3p,
5351.04, 5392.35,
5704.123

9/2

32343.24(5)

654(3)

5698.84, 5908.75,
5811.23

4108.96, 4218.32, 4410.2p
4513.72, 4835.54, 4900.8p,
4971.60, 5068.16, 5385.8B

9/2

32631.71(3)

687(5)

5664.08, 5706.11,

37983996.588,
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J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
5809.68 4587.91, 5288.35
9/2 | 33958.36(3) 718(3)  5822.75, 6086.89 3385.8863W, 3553.22
3616.242, 3693.703,
3795.30, 3949.18, 4566.9
4827.78, 5244.95
11/2  21926.369(10) 882(3)  5714.613,6992.918 57B4.67898.193),
(8022.233),(8640.942),
(8691.213), (9634.268)
11/2  23042.780(10) 891(4)  7033.518, 7362.643 53M1.8500.152,
5805.63, (6122.530),
(7172.779), (7824.854),
(8430.534), (9500.322),
(9620.895), (9709.175)
11/2 24816.383(10) 744(2)  5927.775, 5955.302904.40, 5402.980,
6060.343 5522.655,(6363.059),
(6602.604), (8643.863),
(8660.299)
11/2 = 25009.019(10) 983(3)  5860.83, 5990.3915347.309, 5464.505,
6439.24 (7709.545)
11/2 25746.884(10) 784(2)  5617.818, 5845.294690.294, 4787.849,
6544.17 5017.675, 5144.278,
5222.310, 5252.653,
5909.289
11/2 = 26848.512(15) 590(5)  5634.305, 5686.773  44591347.902,
4965.254, 5395.657,
5290.319
11/2 27944.838(15) 654(4)  5964.78, 6537.026  4519.4821.168,
5352.94, 5415.225
11/2  28713.780(25) 694(2)  5618.50, 6023.98, 4192.172, 4462.92,
6224.08 4521.53, 4544.26, 4581.4
5027.59, 5098.342,
5419.347, 5465.91
11/2 | 28895.833(15) 643(2) = 5763.34,5897.504  40865.5332.863,

4426.94, 4506.97,
4773.186, 4791.017,
5051.441, 5093.57,
6154.321, 6389.980
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Energy (cm?)

A (MHz)

rex. (A, air)

M. (A, air)

11/2

29089.508(20

595(5)

5830.88, 5890.61

4658&689.060,
5149.360

11/2

29354.638(15

908(4)

5614.83, 5839.49

5985.273

54011.32, 4415.63, 4450.7
4687.94, 4977.226,
5262.27

11/2

29775.190(20

802(3)

5699.49, 5838.27

4514.4336.54,
4922.13, 5297.618,
5377.51, 5406.15

11/2

30320.091(20

730(5)

5688.64, 6025.11

3861.3927.61,
4215.287, 4406.00,
4469.265, 4484.89,
4985.25, 5024.624,
5036.44, 5148.94,

11/2

31129.206(20

435(6)

5591.744, 5801.7

4573.18, 4618.56, 4828.2
5037.31, 5210.96, 5525.3

/ 4028.323.24, 4539.19,

L

11/2

31319.42(5)

593(4)

5801.59, 7422.95(

4618.84, 5060.17, 5099.0
5185.88, 5223.40

) 3718189.23, 4044.89,

L,

11/2

31396.143(25

667(3)

5079.13, 5704.92
5775.875, 6024.08

3707.605, 3909.228,
3985.645 4032.33,
5037.26, 5217.34

11/2

31449.773(25

606(7)

5758.03, 6039.87

3700.2460.70,
3901.045, 4041.62,
4254.40, 4507.09, 4551.1
4754.66, 5023.68, 5318.1
5899.91

Q)

A

11/2

31677.187(30

807(3)

5599.21, 5958.01

3669.3866.73,
3941.486, 4504.526,
5111.28

11/2

32444.655(30

697(2)

5654.423, 5777.1

3 3868.333.961,
4390.582, 4918.29,
5052.61, 5180.42, 5208.5
5258.32, 5367.99, 5390.2

(o9

11/2

32588.71(4)

507(5)

5620.20, 6465.07

3606.3890.57,
3847.26, 4070.606,
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J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
4257.08, 4510.34, 4610.2p
4788.97, 4842.55, 4883.6B
11/2  33149.53(5) 613(3) = 5753.14, 5939.05 3766.9684, 4997.87,
5056.11
11/2 33857.14(5) @ 533(2)  5699.46, 5701.29, 3397.51, 3629.53, 4562.2/4
5833.79 4611.89, 5119.19, 5306.3]L,
5408.33
13/2 @ 25443.665(15) 491(2)  5715.20,5994.217  5225.8306.358,
5389.124, 5612.150,
6655.946, 6675.071,
(7577.605), (7909.719)
13/2 25765.460(15) 582(3)  5902.808, 6140.074 4B33.5217.246,
5297.23, 5512.568,
5612.568, (6132.88),
(6232.154), (7284.603),
(7325.375)
13/2  26810.061(15) 860(3)  5699.239, 5763.544877.439, 4947.529,
5769.892, 5301.107, (5212.333)
(5419.676), (5540.310),
(6100.929)
13/2  27139.468(15) 776(3)  5662.24, 5747.48, 5124.323, (5440.982),
7264.132, 7413.66  5459.858, 5594.186
7535.314,
13/2  27500.400(25) 883(2)  5608.43, 5800.91 44%5.9948.813
13/2 28731.611(20) 578(4)  5822.890, 6017.51  41891859.37, 4908.36
5007.100, 5588.10
13/2  29123.747(15) 868(4)  4910.653, 6298.229  4781.3721.803,
5085.23, 5140.295
13/2  30011.992(15) 686(4)  4915.783, 5628.602270.768, 5063.04,
5888.937 5115.847, 5586.931,
5623.567
13/2 30135.234(20) 587(6)  5720.274, 5846.494591.91, 4640.860,
6597.21 (5071.747), 5082.844,
13/2  31377.435(20) 568(2)  5664.164,5912.93  40531@83.6, 4267.54(
4521.84, 4735.46,
4781.727, 5190.825,
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Ul

J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)

5573.08,

13/2 31754.678(25) 753(5)  4388.66, 7219.86 371%0%1.37, 5372.51
5458.293, 5523.29

13/2 31906.825(25) 561(2)  5888.73, 5952.38 4511 .0663.635,
5081.90 , (5906.671)

13/2  32283.572(20) 724(2)  5623.21,5808.863  3849168.611,
4179.48, 4573.30, 4806.3
4990.359, 5252.60,
5429.94

13/2  32498.59(5) 653(8)  5707.12, 5837.35 475702624

13/2  32906.84(4) = 545(3)  5617.88, 5658.16, 37582080.73,
4823.345, 5312.22

13/2 ' 32909.62(4) 256(5) = 5716.13, 5833.68, 3758.840

6961.32,

13/2  32966.30(4) 656(2)  5916.78, 6004.40, 3996.4063.50,
4130.94, 4257.24, 4305.2
4443.993, 4653.57,
4777.72, 4958.48, 5119.6
5196.377, 5363.874,
5437.14, 5503.38, 5682.1

15/2 | 24685.348(15) 349(2) = 5861.684, 6125.212 5528.%9Y4.210)

15/2 25370.585(15) 814(2)  5739.179,5635.27  5327.6237.304,
(6707.801), (7198.917),
(7619.816), (7912.995),
(8378.818), (9053.560)

15/2 25853.590(15) 885(2)  6413.79, 5716.07 5193.3585.908

15/2 26430.800(15) 560(3)  5659.258, 5991.595042.168, 5317.480,

6184.761 (5409.904), 6245.480,

(7336.711), (8188.073),
(8435.496)

15/2 = 28577.388(15) 780(2)  5841.379,6123.177 4B4%846.879,
5046.077, 5315.657,
5506.978, 5520.086,
(6963.749), (7742.845)

15/2 29886.515(15) 657(2)  6381.80, 5626.38 4557 .6963.576,

5147.943, 5165.301,
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NJ

e

O

J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
5426.307, 5501.394

15/2 30283.462(25) 524(3)  6011.96, 6150.34 4863.6@45.752,
5317.66,

15/2 32502.962(20) 618(6)  5688.947,5835.858  38&).8019.314,
4550.174, 4936.297,
5373.38, 5468.43, 5500.6

15/2 = 34031.358(30) 520(2)  5744.06,5782.57 3833.2834.88,
4694.68, 5073.92

15/2 34678.30(5) @ 543(2)  5641.133,5821.10  374(1421.75, 5961.21

15/2 34785.20(5) @ 479(3)  5961.87, 6094.05 3842.1833%5, 3992.51]
4880.90, 4997.53, 5406.5
5228.82

15/2 | 34926.79(5) | 448(2) = 5801.66, 5911.95 3706.08349, 5035.49
5190.39, 5240.65, 5280.5
5365.51, 5402.56

17/2 28224.462(15) 888(2)  7326.637,5629.778417.315 , (7960.439)

17/2  28694.480(15) 432(2)  5808.608, 5698.686291.519

6079.576
17/2 28951.616(15) 596(3)  5985.973, 6191.336211.948, 5408.309,
7524.748 5427.471, (6786.832),

(8725.714)

17/2  29373.942(15) 785(2)  5661.073,5838.334 (5, 5099.665,
5287.503, 5588.002

17/2  29471.666(15) 438(2)  5998.147,5629.92  506.9860.315,
5278.341, 6590.663

17/2 30546.666(15) 638(2)  5634.717,5613.25  45@5.4889.847,
5308.545

17/2 | 31125.712(15) 680(4) = 5913.967, 6531.40  43921681.34, 5005.04
5150.188, 5296.485,
5456.628

17/2  31397.849(20) 591(2)  5820.268,5944.20  46157.5866.742

17/2  33475.43(5) 634(3) = 5941.95, 6255.68 4212.64890.631),
5214.336

19/2  30260.968(20) 539(2)  5704.764,5681.470 53%1.6158.868

19/2 34473.61(3) @ 580(5)  5638.334,6015.84 5315
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J | Energy (cm%) | A (MHz) dex. (A, air) M. (A, ain)
21/2  26826.517(20) 341(5)  7059.326, 7573.761 (=R, 6377.79,

7095.327
21/2  26994.346(25) 359(5) 6976.646, 7478.673 696;.8478.673
21/2  31825.917(25) 385(5) 6255.842 5217.443, 54093.2

“Indirect positive fluorescence due to collisiomahisfer of population from upper excited level to
22924.3§,, or/ and22921.344,, which decay via fluorescence channel 4640 A396.602,,,

19122.56%,,, which decay via fluorescence channel 5228 A&tound,
20089.2¢,,, which decay via fluorescence channel 4976 &tound),

22451.755, which decay via fluorescence channel 4743 A396.602,,,
%Excited from level triplet [74]
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Table 7.5: Lines classified via laser excitation. For hf pats not visible in the FT
spectrum or masked in blend situations (SNR <1)dhe calculated cg wavelength is
given (number of figures after decimal point depegan energy accuracy, see table 7.4).

Even Levels Odd Levels
Aair (A) SNR
J Energy (cmi?) J Energy (cmi®)

4236.42 nl <1 3/2 9649.970 3/2 33248.19
4272.44 nl - 5/2 6451.808 5/2 29851.062
4334.56 nl - 5/2 32050.34 3/2 8986.443
4337.685 nl 3 5/2 6451.808 3/2 29499.10
4348.66 nl1 15/2 8765.541 13/2 31754.678
4459.23 nl <1 5/2 10829.070 3/2 33248.19
4910.653 36 15/2 8765.541 13/2 29123.747
4914712 160 13/2 24722.464 15/2 4381.072
4915.783 20 11/2 9675.029 13/2 30011.992
5046.88 nl - 712 9918.190 5/2 29726.88
5058.313 108 9/2 4432.225 9/2 24196.152
5079.13 nl - 9/2 11713.236 11/2 31396.143
5141.703 nl 4 1/2 10956.651 1/2 30400.042
5591.744 nl 14 11/2 13250.662 11/2 31129.206
5594.030 nl 22 712 26121.378 9/2 8250.143
5594.36 nl - 712 13032.634 5/2 30902.82
5594.562 nl 8 3/2 13033.280 5/2 30902.82
5595.593 nl 11 9/2 30144.181 712 12277.935
5598.743 18 9/2 11184.396 9/2 29040.590
5599.21 nl - 9/2 13822.494 11/2 31677.187
5599.90 nl - 712 31817.13 5/2 13964.630
5608.43 nl - 11/2 9675.029 13/2 27500.400
5613.25 nl - 17/2 12736.621 17/2 30546.666
5613.504 nl 22 11/2 9483.518 9/2 27292.757
5614.592 nl 15 15/2 28474.736 15/2 10668.95
5614.83 nl - 9/2 11549.602 11/2 29354.638
5615.68 nl - 5/2 12907.057 712 30709.41
5615.73 nl - 9/2 13432.468 9/2 31234.656
5617.818 90 13/2 7951.323 11/2 25746.884
5617.88 nl - 11/2 15111.485 13/2 32906.84
5618.50 nl - 9/2 10920.365 11/2 28713.780
5620.20 nl - 11/2 14800.680 11/2 32588.71
5620.843 nl 8 712 13032.634 712 30818.62
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) J Energy (cmi)

5622.22 nl - 712 11668.794 712 29450.41
5623.21 nl - 11/2 14505.065 13/2 32283.572
5623.659 | 45 13/2 29523.411 13/2 11746.328
5624.172 75 712 8013.089 712 25788.548
5625.53 nl - 11/2 29993.26 13/2 12222.095
5626.38 nl - 13/2 12118.039 15/2 29886.515
5628.602 | nl 15 15/2 12250.519 13/2 30011.992
5629.774 | 60 15/2 10466.689 17/2 28224.462
5629.92 nl - 17/2 11714.352 17/2 29471.666
5630.850 | nl 16 15/2 28474.736 17/2 10720.359
5634.305 | 40 9/2 9105.020 11/2 26848.512
5634.717 | 95 15/2 12804.468 17/2 30546.666
5635.270 | 94 13/2 7630.132 15/2 25370.585
5636.109 52 17/2 29552.460 15/2 11814.647
5636.746 | 29 712 11668.794 5/2 29404.602
5636.940 | 140 13/2 19111.800 11/2 1376.602
5638.333 nl 15 17/2 16742.797 19/2 34473.61
5638.83 nl - 11/2 31083.29 9/2 13354.046
5641.133 nl 6 15/2 16956.282 15/2 34678.30
5641.621 31 9/2 29123.494 712 11403.011
5643.260 | 31 17/2 33114.40 15/2 15399.063
5643.78 nl - 712 32248.10 9/2 14534.393
5644.20 nl - 9/2 31721.60 712 14009.225
5647.248 nl 12 712 10194.768 5/2 27897.591
5647.454 | nl 16 9/2 27282.000 9/2 9579.832
5649.665 | nl 20 712 10194.768 712 27890.013
5649.740 nl 9 5/2 14315.745 712 32010.763
5652.29 nl - 13/2 29909.117 13/2 12222.095
5627. 26 nl - 712 15439.372 5/2 33205.09
5654.423 nl 10 9/2 14764.288 11/2 32444.655
5654.555 nl 7 1/2 12264.864 3/2 29944.814
5656.87 nl - 13/2 31238.225 15/2 13565.490
5656.96 nl - 5/2 9710.600 3/2 27383.021
5657.08 nl <1 5/2 12078.621 3/2 29750.67
5657.25 nl - 712 31292.93 712 13621.400
5657.75 nl - 3/2 12701.121 3/2 30371.08
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) Energy (cmi)

5658.13 nl - 9/2 28605.413 9/2 10936.650
5658.16 nl - 11/2 15238.143 13/2 32906.84
5659.257 | nl24 15/2 8765.541 15/2 26430.800
5659.570 nl 15 9/2 25744.156 11/2 8080.404
5659.66 nl - 9/2 12519.707 712 30183.72
5660.602 | nl 12 9/2 29865.350 11/2 12204.285
5660.757 27 712 6535.572 9/2 24196.152
5661.073 nl 16 17/2 11714.352 17/2 29373.942
5661.72 nl - 712 10194.768 712 27852.358
5662.01 nl - 13/2 27340.868 13/2 9684.184
5662.24 nl - 11/2 9483.518 13/2 27139.468
5662.351 | 8 13/2 32384.45 11/2 14728.846
5664.08 nl - 11/2 14981.500 9/2 32631.71
5664.164 nl 7 11/2 13727.482 13/2 31377.435
5665.61 nl - 11/2 31641.39 13/2 13995.931
5669.89 - 9/2 29682.09 9/2 12049.940
5669.98 - 11/2 26467.248 11/2 8835.383
5670.79 nl - 712 31593.97 5/2 13964.630
5673.386 | 118 11/2 6313.224 9/2 23934.491
5674.64 nl - 13/2 30953.27 13/2 13335.870
5676.45 nl - 712 13867.177 712 31478.935
5679.13 nl - 15/2 33808.50 13/2 16205.044
5681.214 | nl7 712 29327.656 9/2 11730.668
5681.470 | nl 10 21/2 12664.774 19/2 30260.968
5681.53 nl - 5/2 15609.10 5/2 33205.09
5681.79 nl - 11/2 31591.140 13/2 13995.931
5682.494 | nl24 11/2 29323.690 9/2 11730.668
5684.117 41 712 9704.744 9/2 27292.757
5684.359 nl 10 5/2 11646.312 712 29233.565
5684.93 nl - 19/2 34580.89 17/2 16995.410
5685.61 nl - 9/2 12068.17 712 29651.540
5686.773 | nl 14 11/2 9268.726 11/2 26848.512
5688.51 nl - 712 7617.440 5/2 25191.854
5688.64 nl - 9/2 12746.067 11/2 30320.091
5688.738 | nl 8 13/2 32302.560 11/2 14728.846
5688.81 nl - 9/2 11184.396 712 28757.902
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) Energy (cmi)

5688.947 | nl 14 15/2 14929.926 15/2 32502.962
5688.947 | nl 14 15/2 14929.926 15/2 32502.962
5690.53 - 712 11472.410 9/2 29040.590
5698.62 nl - 9/2 4432.225 712 21975.458
5698.68 nl - 19/2 11151.433 17/2 28694.480
5698.84 nl - 11/2 14800.68 9/2 32343.24
5699.239 | nl 17 11/2 9268.726 13/2 26810.061
5699.31 nl - 11/2 13035.697 9/2 30576.811
5699.421 nl 24 15/2 31536.710 13/2 13995.931
5699.46 nl - 11/2 16316.469 11/2 33857.14
5699.49 nl - 11/2 12234.616 11/2 29775.190
5700.74 nl - 5/2 12646.996 712 30183.72
5700.92 nl - 3/2 12464.369 3/2 30000.532
5700.94 nl - 3/2 12464.369 5/2 30000.493
5701.10 nl - 13/2 32726.84 13/2 15191.218
5701.29 nl - 9/2 16322.122 11/2 33857.14
5701.31 nl - 13/2 32726.84 13/2 15191.891
5701.37 nl - 13/2 32726.84 15/2 15192.075
5701.939 | nl7 13/2 32302.560 15/2 14769.532
5702.014 | 25 13/2 31535.09 11/2 14002.294
5702.23 - 9/2 12651.589 712 30183.72
5702.284 | 25 15/2 28252.321 17/2 10720.359
5704.123 nl 11 712 14429.047 9/2 31955.363
5704.20 nl - 17/2 32925.14 15/2 15399.063
5704.63 nl - 5/2 13735.298 3/2 31260.067
5704.764 | nl 20 17/2 12736.621 19/2 30260.968
5704.92 nl - 11/2 13872.266 11/2 31396.143
5706.11 nl - 11/2 15111.485 9/2 32631.71
5706.514 nl 7 9/2 32247.808 11/2 14728.846
5707.12 nl - 11/2 14981.500 13/2 32498.59
5709.646 | nl 3 5/2 11107.696 5/2 28617.067
5712.74 nl - 3/2 13206.325 3/2 30706.200
5714.46 nl - 5/2 10829.070 3/2 28323.695
5714.60 - 15/2 27904.945 13/2 10410.745
5714.613 175 9/2 4432.225 11/2 21926.369
5715.20 nl - 13/2 7951.323 13/2 25443.665
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) J Energy (cmi)

5716.01 nl - 17/2 31055.361 15/2 13565.490
5716.07 nl - 15/2 8363.901 15/2 25853.590
5716.13 nl - 13/2 15420.118 13/2 32909.62
5717.34 nl <1 1/2 12264.864 3/2 29750.67
5717.94 - 13/2 31049.456 15/2 13565.490
5718.04 nl - 712 11274.229 712 28757.902
5720.274 | nl9 11/2 12658.401 13/2 30135.234
5722.36 nl - 9/2 5822.890 712 23293.356
5726.871 nl 8 11/2 27888.407 11/2 10431.716
5729.86 nl - 3/2 12051.488 3/2 29499.10
5731.270 | 80 21/2 32243.14 19/2 14799.842
5732.499 | nl 12 15/2 32383.385 17/2 14943.825
5735.44 nl - 3/2 11911.350 1/2 29341.96
5738.622 | nl 10 9/2 14272.877 9/2 31693.821
5738.81 nl - 5/2 13448.016 5/2 30868.400
5739.179 nl 12 13/2 7951.323 15/2 25370.585
5739.33 nl - 712 10194.768 5/2 27613.57
5740.11 nl - 712 14538.930 9/2 31955.363
5742.98 nl <1 1/2 13852.32 3/2 31260.067
5744.06 nl - 13/2 16626.878 15/2 34031.358
5745.08 nl - 5/2 28055.421 712 10654.053
5745.890 | 50 11/2 6313.224 9/2 23934.491
5746.82 nl - 712 29674.025 712 12277.935
5747.48 nl - 15/2 9745.376 13/2 27139.468
5748.71 nl - 712 29499.235 5/2 12108.867
5749.58 nl 6 13/2 30953.27 15/2 13565.490
5749.862 | nl 12 11/2 26222.282 11/2 8835.383
5753.14 - 13/2 15772.545 11/2 33149.53
5756.53 nl - 3/2 13033.280 1/2 30400.042
5758.03 nl - 13/2 14087.545 11/2 31449.773
5758.20 nl - 3/2 13206.325 5/2 30568.035
5759.010 | nl 13 9/2 31368.505 712 14009.225
5763.34 nl - 9/2 11549.602 11/2 28895.833
5763.37 nl - 5/2 12481.714 712 29827.87
5763.547 nl 6 13/2 9464.440 13/2 26810.061
5764.47 nl - 712 11274.229 5/2 28617.067

159



Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) J Energy (cmi)

5766.30 nl - 13/2 31333.26 13/2 13995.931
5768.51 nl - 5/2 13448.016 3/2 30778.71
5769.31 nl - 712 31292.93 5/2 13964.630
5769.892 | nl7 11/2 9483.518 13/2 26810.061
5770.078 | nl5 5/2 12078.621 5/2 29404.602
5772.366 | 30 13/2 29523.411 11/2 12204.285
5775.611 nl 5 11/2 30645.242 13/2 13335.870
5775.789 nl 10 13/2 31535.09 11/2 14226.210
5775.875 nl 10 13/2 14087.545 11/2 31396.143
5776.82 nl - 712 29583.69 712 12277.935
5777.18 nl - 9/2 15139.967 11/2 32444.655
5778.59 nl <1 712 30654.508 9/2 13354.046
5779.18 nl - 3/2 12051.488 3/2 29350.190
5781.93 nl - 3/2 12051.488 1/2 29341.96
5782.57 nl - 17/2 16742.797 15/2 34031.358
5783.846 | nl 16 11/2 30645.242 11/2 13360.502
5783.94 nl - 13/2 32302.560 13/2 15018.088
5784.439 16 9/2 28605.413 11/2 11322.443
5785.19 nl - 5/2 31245.375 5/2 13964.63
5787.32 nl - 15/2 31270.29 13/2 13995.931
5791.29 nl - 3/2 12464.369 5/2 29726.88
5794.30 nl - 11/2 26937.739 13/2 9684.184
5795.98 nl - 5/2 8737.556 3/2 25986.120
5796.68 nl - 9/2 14764.288 712 32010.763
5797.64 nl - 5/2 11107.696 5/2 28351.325
5798.372 | nl 22 3/2 29234.227 3/2 11992.788
5798.48 nl - 15/2 30577.00 13/2 13335.870
5800.15 nl - 5/2 31245.375 712 14009.225
5800.225 | nl 10 13/2 31238.225 11/2 14002.294
5800.91 nl - 13/2 10266.501 13/2 27500.400
5801.11 nl - 712 12617.767 5/2 29851.062
5801.59 nl - 13/2 14087.545 11/2 31319.42
5801.66 nl - 17/2 17695.093 15/2 34926.79
5801.77 nl - 13/2 13897.874 11/2 31129.206
5802.241 | nl 13 19/2 34225.35 17/2 16995.410
5802.38 nl - 712 14249.395 712 31478.935
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) J Energy (cmi)

5802.49 - 712 27679.200 712 10449.997
5802.79 nl - 712 13590.315 712 30818.62
5803.11 nl - 9/2 14272.877 9/2 31500.25
5803.37 nl - 11/2 31222.52 13/2 13995.931
5803.95 nl - 9/2 30144.181 712 12919.316
5807.04 nl - 15/2 34000.50 15/2 16784.800
5807.40 nl - 5/2 32050.34 5/2 14835.699
5807.98 nl - 712 7617.440 9/2 24830.361
5808.609 nl 31 15/2 11483.427 17/2 28694.480
5808.863 | nl 9 13/2 15073.268 13/2 32283.572
5809.035 nl 4 5/2 8737.556 3/2 25947.350
5809.68 nl - 9/2 15423.841 9/2 32631.71
5811.23 nl - 9/2 15139.967 9/2 32343.24
5811.530 10 9/2 28605.413 712 11403.011
5812.94 nl - 5/2 13670.175 5/2 30868.400
5814.30 nl - 5/2 31158.848 5/2 13964.63
5816.14 nl - 11/2 14505.065 9/2 31693.821
5817.556 nl 30 15/2 27904.945 17/2 10720.359
5819.526 nl 4 712 8013.089 5/2 25191.854
5820.268 | nl 7 15/2 14221.272 17/2 31397.849
5820.30 nl - 712 32248.10 9/2 15071.618
5820.324 | nl 55 5/2 6451.808 712 23628.220
5820.397 | nl21 9/2 32247.808 9/2 15071.618
5822.75 nl - 712 16789.096 9/2 33958.36
5822.890 | nI5 13/2 11562.762 13/2 28731.611
5823.34 nl - 5/2 13735.298 5/2 30902.82
5823.66 nl - 9/2 29370.862 11/2 12204.285
5826.961 | nl 16 13/2 30722.337 15/2 13565.490
5828.51 nl - 712 13415.739 5/2 30568.035
5830.88 nl - 11/2 11944.207 11/2 29089.508
5831.080 | nl 11 9/2 8643.824 712 25788.548
5833.68 nl 13/2 15772.545 13/2 32909.62
5833.79 nl - 9/2 16720.373 11/2 33857.14
5834.121 | nl 16 13/2 30013.473 11/2 12877.682
5835.687 | nl 8 11/2 31641.39 13/2 14510.22
5835.858 nl 5 13/2 15372.271 15/2 32502.962
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) J Energy (cmi)

5835.858 nl 5 13/2 15372.271 15/2 32502.962
5837.35 nl - 13/2 15372.271 13/2 32498.59
5837.68 nl - 3/2 29234.227 5/2 12108.867
5838.27 nl - 9/2 12651.589 11/2 29775.190
5838.334 | nl 10 15/2 12250.519 17/2 29373.942
5838.861 nl 7 11/2 25855.320 13/2 8733.440
5839.495 nl 6 11/2 12234.616 11/2 29354.638
5840.05 nl - 15/2 31887.920 15/2 14769.532
5841.01 nl - 11/2 29993.26 11/2 12877.682
5841.10 nl - 712 31079.962 5/2 13964.630
5841.379 28 13/2 11462.895 15/2 28577.388
5841.88 nl - 9/2 14897.721 712 32010.763
5842.57 nl - 712 12617.701 712 29728.713
5842.79 nl - 1/2 13055.995 3/2 30166.356
5844.22 nl - 11/2 31332.402 11/2 14226.210
5845.29 nl - 9/2 8643.824 11/2 25746.884
5846.49 nl - 11/2 13035.697 13/2 30135.234
5846.49 - 11/2 14505.065 9/2 31604.603
5848.56 nl - 5/2 12907.057 3/2 30000.532
5848.58 nl - 5/2 12907.057 5/2 30000.493
5848.847 | nl 35 712 6535.572 712 23628.220
5852.56 nl - 9/2 12746.067 712 29827.87
5854.17 nl - 1/2 12264.864 1/2 29341.96
5860.82 nl - 712 7617.440 5/2 24675.173
5860.83 nl - 13/2 7951.323 11/2 25009.019
5862.04 nl - 712 11274.229 9/2 28328.419
5863.573 nl 15 712 29327.656 712 12277.935
5865.622 | nl9 712 9704.744 9/2 26748.510
5867.70 - 13/2 33015.19 11/2 15977.45
5868.310 | nl 12 15/2 32383.385 13/2 15347.425
5869.292 | 24 712 30654.508 712 13621.400
5869.87 nl - 13/2 29909.117 11/2 12877.682
5870.260 | 20 712 29308.235 712 12277.935
5870.615 100 13/2 28351.711 11/2 11322.443
5871.296 nl 35 15/2 28791.510 17/2 11764.216
5872.13 nl - 13/2 31535.09 13/2 14510.22
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) J Energy (cmi)

5873.834 | nl 30 11/2 25855.320 11/2 8835.383
5874.387 | nl4 712 11274.229 5/2 28292.560
5879.995 15 17/2 33997.515 17/2 16995.410
5880.320 | nl 10 11/2 28323.602 11/2 11322.443
5881.603 | 18 9/2 27913.895 9/2 10936.650
5882.885 | 24 3/2 28986.540 3/2 11992.788
5887.15 nl - 712 31817.13 5/2 14835.699
5888.73 - 15/2 14929.926 13/2 31906.825
5888.937 | 18 11/2 13035.697 13/2 30011.992
5890.33 - 9/2 28375.291 712 11403.011
5890.35 nl - 712 28375.220 712 11403.011
5890.61 - 13/2 12118.054 11/2 29089.508
5890.81 nl <1 5/2 13735.298 3/2 30706.200
5892.47 - 11/2 30968.412 11/2 14002.294
5892.87 - 13/2 31693.804 11/2 14728.846
5897.504 | nl 8 11/2 11944.207 11/2 28895.833
5900.125 4 15/2 31887.920 17/2 14943.825
5901.932 18 5/2 29216.845 712 12277.935
5902.808 | 33 11/2 8829.063 13/2 25765.460
5903.75 - 11/2 28680.018 13/2 11746.328
5906.33 nl - 3/2 28067.892 5/2 11141.576
5908.75 nl - 9/2 15423.884 9/2 32343.24
5908.776 27 5/2 27573.343 712 10654.053
5910.190 14 15/2 28661.560 13/2 11746.328
5911.95 nl - 13/2 18016.597 15/2 34926.79
5912.451 45 9/2 25744.156 11/2 8835.383
5912.93 nl - 13/2 14470.042 13/2 31377.435
5913.605 | nl2 9/2 12746.067 712 29651.540
5913.967 35 15/2 14221.272 17/2 31125.712
5913.97 nl - 19/2 34580.89 17/2 17676.472
5915.451 | nl 12 13/2 30896.129 13/2 13995.931
5916.17 - 5/2 28890.950 3/2 11992.788
5916.448 22 15/2 28661.560 17/2 11764.216
5916.78 nl - 13/2 16069.885 13/2 32966.30
5923.35 nl - 3/2 28986.540 5/2 12108.867
5927.775 17 13/2 7951.323 11/2 24816.383
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) J Energy (cmi)

5933.025 | 42 13/2 27519.089 15/2 10668.95
5935.81 nl - 712 13867.177 712 30709.41
5935.823 22 3/2 27983.773 5/2 11141.576
5936.052 | nl 50 5/2 6451.808 712 23293.356
5938.674 | nl 8 9/2 31368.505 9/2 14534.393
5938.992 | 11 5/2 30454.610 712 13621.400
5939.05 nl - 11/2 16316.469 11/2 33149.53
5939.17 nl - 712 12617.701 712 29450.41
5939.23 nl - 712 11274.229 5/2 28106.771
5940.46 nl - 712 31664.74 5/2 14835.699
5941.95 nl - 15/2 16650.602 17/2 33475.43
5943.69 nl - 9/2 27251.615 11/2 10431.716
5944.20 nl - 15/2 14579.390 17/2 31397.849
5944.622 | 132 712 8013.089 9/2 24830.361
5949.52 - 5/2 12646.996 712 29450.41
5952.38 nl - 11/2 15111.485 13/2 31906.825
5955.302 | 120 9/2 8029.275 11/2 24816.383
5958.01 nl - 9/2 14897.721 11/2 31677.187
5960.368 | nl 6 9/2 12746.067 9/2 29518.913
5960.932 | 110 712 7617.440 5/2 24388.693
5961.21 nl - 15/2 17907.816 15/2 34678.30
5961.87 nl - 13/2 18016.597 15/2 34785.20
5962.36 nl - 9/2 13605.667 9/2 30372.918
5962.563 | 14 11/2 9268.726 9/2 26035.395
5964.78 - 9/2 11184.396 11/2 27944.838
5964.905 | 17 15/2 31270.29 13/2 14510.22
5965.723 11 712 6535.572 712 23293.356
5966.37 nl - 11/2 10904.034 9/2 27659.987
5966.89 nl - 11/2 28485.173 9/2 11730.668
5969.39 nl - 712 11472.410 5/2 28219.904
5971.282 | 4 11/2 30968.412 11/2 14226.210
5975.56 - 13/2 32384.45 13/2 15654.235
5976.692 | nl 55 13/2 30953.27 11/2 14226.210
5980.927 nl 10 17/2 31055.361 17/2 14340.175
5984.12 - 9/2 8643.824 712 25350.082
5984.527 | nl4 9/2 29624.447 712 12919.316
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) J Energy (cmi)

5984.74 - 11/2 13872.266 9/2 30576.811
5985.273 | 10 9/2 12651.589 11/2 29354.638
5985.973 nl 27 15/2 12250.519 17/2 28951.616
5987.19 nl - 11/2 11282.865 9/2 27980.556
5987.94 nl - 712 31531.30 5/2 14835.699
5990.391 | 11 9/2 8320.240 11/2 25009.019
5991.595 | 120 15/2 9745.376 15/2 26430.800
5994.217 30 15/2 8765.541 13/2 25443.665
5996.449 | 28 13/2 27340.868 15/2 10668.95
5998.147 | 20 15/2 12804.468 17/2 29471.666
5999.16 nl - 712 29583.69 712 12919.316
6003.473 14 5/2 28055.421 712 11403.011
6004.40 - 11/2 16316.469 13/2 32966.30
6006.28 - 9/2 28375.291 9/2 11730.668
6006.76 nl - 1/2 10956.651 1/2 27599.95
6006.89 nl - 11/2 30645.242 11/2 14002.294
6007.065 | 9 11/2 26222.282 9/2 9579.832
6009.385 | nl6 9/2 28840.315 11/2 12204.285
6011.536 | 58 11/2 28680.018 9/2 12049.940
6011.96 - 13/2 13654.555 15/2 30283.462
6015.666 | 21 13/2 28840.756 13/2 12222.095
6015.84 - 17/2 17855.428 19/2 34473.61
6017.51 - 13/2 12118.039 13/2 28731.611
6019.90 nl - 17/2 29552.460 19/2 12945.474
6020.478 nl 25 13/2 28351.711 13/2 11746.328
6023.313 | 110 9/2 27251.615 712 10654.053
6023.98 nl - 13/2 12118.054 11/2 28713.780
6024.08 nl - 11/2 14800.680 11/2 31396.143
6025.00 nl - 13/2 33015.19 11/2 16422.282
6025.11 nl - 11/2 13727.482 11/2 30320.091
6025.531 19 9/2 27913.895 11/2 11322.443
6026.379 | 70 13/2 27020.835 11/2 10431.716
6029.61 nl - 1/2 14679.85 3/2 31260.067
6039.18 nl - 5/2 10829.070 3/2 27383.021
6039.87 nl - 9/2 14897.721 11/2 31449.773
6040.218 | 10 712 11668.794 5/2 28219.904
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) Energy (cmi)

6041.03 nl - 11/2 31083.29 9/2 14534.393
6041.031 | nl 38 19/2 34225.35 17/2 17676.472
6044.092 | 9 15/2 31887.920 13/2 15347.425
6044.55 nl - 13/2 31049.456 13/2 14510.22
6044.970 | 43 11/2 26222.282 13/2 9684.184
6045.14 nl - 712 27679.200 5/2 11141.576
6045.80 nl - 3/2 11361.762 5/2 27897.591
6050.701 25 11/2 25357.817 11/2 8835.383
6050.73 - 712 31593.97 9/2 15071.618
6050.93 nl - 13/2 32726.84 13/2 16205.044
6051.767 13 11/2 31591.140 9/2 15071.618
6052.04 nl - 1/2 13852.32 3/2 30371.08
6052.099 | 11 15/2 31536.710 13/2 15018.088
6054.64 - 13/2 31333.26 11/2 14821.565
6054.777 16 9/2 29865.350 9/2 13354.046
6060.343 | 44 9/2 8320.240 11/2 24816.383
6063.021 | nl 10 15/2 31887.920 15/2 15399.063
6063.298 14 15/2 28252.321 17/2 11764.216
6066.498 [ nl5 17/2 33264.21 15/2 16784.800
6069.198 | 19 712 8013.089 9/2 24485.172
6070.12 nl - 712 27123.623 712 10654.053
6071.44 nl - 712 31079.962 712 14613.96
6074.09 nl - 1/2 11864.887 3/2 28323.695
6075.244 134 9/2 27109.741 712 10654.053
6075.756 nl 7 5/2 8737.556 5/2 25191.854
6076.770 | nl 26 9/2 29370.862 712 12919.316
6077.508 nl 25 15/2 30959.764 13/2 14510.22
6078.089 | 9 13/2 30013.473 15/2 13565.490
6078.823 | nl12 11/2 29323.690 11/2 12877.682
6079.050 [ nl12 5/2 30454.610 712 14009.225
6079.576 | 80 15/2 12250.519 17/2 28694.480
6082.804 | 32 11/2 28485.173 9/2 12049.940
6084.088 13 5/2 27573.343 5/2 11141.576
6086.89 nl - 9/2 17534.157 9/2 33958.36
6094.05 nl - 17/2 18380.302 15/2 34785.20
6096.18 - 17/2 33264.21 15/2 16865.034
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6099.995 | 9 712 29308.235 712 12919.316
6101.124 | nl6 712 30920.300 9/2 14534.393
6111.26 nl - 3/2 14420.00 3/2 30778.71
6111.89 nl - 5/2 15720.838 712 32077.74
6111.977 | 64 9/2 24606.934 9/2 8250.143
6120.065 [ nl9 11/2 30869.567 9/2 14534.393
6121.76 - 712 9704.744 9/2 26035.395
6121.87 nl <1 5/2 13670.175 3/2 30000.532
6121.88 nl <1 5/2 13670.175 5/2 30000.493
6121.994 32 5/2 27471.606 5/2 11141.576
6123.177 nl 9 15/2 12250.519 15/2 28577.388
6123.31 nl - 5/2 12907.057 712 29233.565
6123.70 - 9/2 31721.60 9/2 15396.135
6123.771 | nl 19 712 28375.220 9/2 12049.940
6124.242 7 15/2 34000.50 17/2 17676.472
6124.573 nl 3 5/2 31158.848 5/2 14835.699
6125.364 10 17/2 33997.515 17/2 17676.472
6125.763 | 16 712 29674.025 9/2 13354.046
6126.862 | 27 712 7617.440 9/2 23934.491
6132.350 | nl5 9/2 29123.494 9/2 12821.043
6134.198 | 4 5/2 29216.845 712 12919.316
6135.45 nl - 1/2 13055.995 3/2 29350.190
6138.608 24 17/2 31055.361 15/2 14769.532
6139.106 | nl 20 15/2 29620.381 13/2 13335.870
6140.074 100 11/2 9483.518 13/2 25765.460
6145.11 nl - 712 31664.74 9/2 15396.135
6145.299 | nl8 712 27998.766 9/2 11730.668
6146.447 25 13/2 19111.800 13/2 2846.741
6147.798 | 8 712 28311.416 9/2 12049.940
6150.34 nl - 17/2 14028.707 15/2 30283.462
6150.557 78 15/2 24987.630 13/2 8733.44
6151.543 nl 4 17/2 33264.21 15/2 17012.626
6165.82 nl - 5/2 12078.621 5/2 28292.560
6170.063 12 17/2 33997.515 15/2 17794.708
6170.56 nl - 5/2 13964.855 3/2 30166.356
6171.956 nl 6 712 31593.97 9/2 15396.135
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6172.411 48 13/2 27519.089 11/2 11322.443
6177.590 | 130 712 8013.089 9/2 24196.152
6181.40 nl - 9/2 27109.741 9/2 10936.650
6184.761 | 22 13/2 10266.501 15/2 26430.800
6185.298 | 30 13/2 29523.411 11/2 13360.502
6186.936 | nl6 15/2 27904.945 13/2 11746.328
6191.330 | 70 15/2 12804.468 17/2 28951.616
6193.275 | 23 11/2 27888.407 13/2 11746.328
6193.34 nl - 11/2 13376.992 9/2 29518.913
6193.79 nl - 11/2 30869.567 11/2 14728.846
6193.94 nl - 17/2 32925.14 15/2 16784.800
6195.54 - 13/2 31535.09 15/2 15398.916
6195.93 nl - 712 31531.30 9/2 15396.135
6195.97 nl - 11/2 15469.547 9/2 31604.603
6197.13 nl - 15/2 33808.50 17/2 17676.472
6208.778 14 17/2 33114.40 15/2 17012.626
6208.876 | 5 11/2 28323.602 13/2 12222.095
6216.99 nl <1 5/2 13670.175 3/2 29750.67
6219.288 | 35 13/2 30896.129 11/2 14821.565
6224.08 nl - 9/2 12651.589 11/2 28713.780
6230.842 | nl13 712 28865.800 9/2 12821.043
6237.24 nl <1 712 11869.290 5/2 27897.591
6248.203 | nl 70 5/2 6451.808 712 22451.973
6252560 | 9 13/2 24722.464 13/2 8733.440
6252.773 | 82 712 6535.572 9/2 22524.055
6253.032 | nl11 11/2 29323.690 13/2 13335.870
6253.81 nl - 13/2 31333.26 13/2 15347.425
6255.292 nl 21 712 27123.623 5/2 11141.576
6255.68 nl - 17/2 17494.383 17/2 33475.43
6255.842 | 50 19/2 15845.280 21/2 31825.917
6256.568 | 30 712 27381.794 712 11403.011
6259.369 | 7 5/2 28890.950 712 12919.316
6262.729 | 23 13/2 28840.756 11/2 12877.682
6262.898 | 11 9/2 28840.315 11/2 12877.67
6264.314 | 10 3/2 28067.892 5/2 12108.867
6264.75 - 13/2 29523.411 15/2 13565.490
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6266.756 | 14 13/2 30722.337 15/2 14769.532
6269.24 nl - 712 28865.800 712 12919.316
6272.728 nl 5 5/2 8737.556 5/2 24675.173
6297.43 nl - 11/2 31222.52 13/2 15347.425
6297.509 | nl 10 3/2 27983.773 5/2 12108.867
6298.229 | 9 11/2 13250.662 13/2 29123.747
6304.38 nl - 19/2 33534.065 17/2 17676.472
6319.40 nl <1 9/2 12746.067 712 28565.989
6327.579 | nl 30 9/2 26231.182 11/2 10431.716
6328.71 nl - 5/2 16281.125 712 32077.74
6334.990 | 33 15/2 26191.727 13/2 10410.745
6336.190 | 19 11/2 25357.817 9/2 9579.832
6339.981 | 18 15/2 30959.764 13/2 15191.218
6340.26 nl - 15/2 30959.764 13/2 15191.891
6340.33 nl - 15/2 30959.764 15/2 15192.075
6349.76 nl - 712 11869.290 5/2 27613.57
6352.081 [ nl3 3/2 14206.294 3/2 29944.814
6353.48 nl - 1/2 11864.887 1/2 27599.95
6368.318 | nl50 13/2 27020.835 11/2 11322.443
6381.792 | 12 15/2 14221.272 15/2 29886.515
6387.550 | 6 712 27381.794 9/2 11730.668
6391.111 nl 4 3/2 12464.369 5/2 28106.771
6399.23 nl - 3/2 12701.121 3/2 28323.695
6399.395 | 15 9/2 29624.447 11/2 14002.294
6408.919 | 36 9/2 8029.275 712 23628.220
6409.279 | 12 9/2 29600.360 11/2 14002.294
6410.40 nl - 11/2 15904.915 9/2 31500.25
6411.85 nl - 9/2 12068.17 9/2 27659.987
6413.793 | 25 13/2 10266.501 15/2 25853.590
6419.14 nl - 5/2 15328.721 5/2 30902.82
6419.18 - 11/2 23654.406 11/2 8080.404
6423.26 nl - 9/2 11184.396 9/2 26748.510
6423.831 | - 11/2 29565.016 11/2 14002.294
6429.72 nl <1 3/2 12051.488 1/2 27599.95
6432.445 | nl 10 3/2 9649.970 5/2 25191.854
6439.24 - 11/2 9483.518 11/2 25009.019
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6439.79 nl - 712 30920.300 9/2 15396.135
6440.004 | nl28 5/2 6451.808 712 21975.458
6440.366 | 54 15/2 26191.727 15/2 10668.95
6444.941 25 712 28865.800 9/2 13354.046
6453.838 | 19 712 28311.416 9/2 12821.043
6458.064 | 20 13/2 28840.756 11/2 13360.502
6458.45 nl - 712 14249.395 712 29728.713
6458.657 | 9 5/2 27471.606 3/2 11992.788
6465.07 nl - 9/2 17125.257 11/2 32588.71
6478.297 | 15 712 9918.190 712 25350.082
6489.916 | 80 11/2 23654.406 9/2 8250.143
6489.97 nl - 13/2 27626.232 13/2 12222.095
6500.543 | 7 9/2 27109.741 9/2 11730.668
6502.304 | 6 13/2 30722.337 13/2 15347.425
6502.639 | nl 10 9/2 29600.360 11/2 14226.210
6504.25 nl - 9/2 12519.707 712 27890.013
6516.764 | 36 15/2 24987.630 15/2 9646.83
6528.545 11 13/2 28315.140 15/2 13002.023
6531.40 <1 15/2 15819.276 17/2 31125.712
6536.97 nl - 9/2 13272.613 712 28565.989
6537.026 | nl4 9/2 12651.589 11/2 27944.838
6537.250 | nl4 11/2 13035.697 9/2 28328.419
6537.74 nl - 712 12321.991 5/2 27613.57
6544.17 - 13/2 10470.329 11/2 25746.884
6545.725 nl 8 712 27381.794 5/2 12108.867
6547.53 nl - 5/2 13964.855 712 29233.565
6550.292 | nl5 712 15110.642 9/2 30372.918
6551.97 nl - 712 30654.508 9/2 15396.135
6565.889 | nl8 15/2 28791.510 15/2 13565.490
6570.02 nl - 11/2 9268.726 9/2 24485.172
6586.785 | 8 712 27998.766 9/2 12821.043
6597.21 nl - 11/2 14981.500 13/2 30135.234
6616.235 | nl 10 15/2 29620.381 15/2 14510.22
6625.04 nl - 15/2 31270.29 15/2 16180.200
6630.474 | 11 9/2 27282.000 11/2 12204.285
6640.565 | nl4 11/2 29565.016 13/2 14510.22
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6640.853 | 8 19/2 27999.623 19/2 12945.474
6646.533 | 10 19/2 33534.065 17/2 18492.78
6666.715 712 8013.089 9/2 23008.838
6673.919 | 41 9/2 8029.275 9/2 23008.838
6674.05 nl - 13/2 28315.140 13/2 13335.870
6680.601 | 5 5/2 9710.600 5/2 24675.173
6697.824 | 40 11/2 25357.817 11/2 10431.716
6705.023 | nl 10 9/2 26231.182 11/2 11322.443
6706.579 | 21 712 7617.440 9/2 22524.055
6719.285 | 10 5/2 11107.696 3/2 25986.120
6732.167 | 19 712 8013.089 5/2 22863.048
6747.350 | 35 13/2 27020.835 11/2 12204.285
6761.49 nl - 11/2 31332.402 11/2 16546.840
6792.357 nl 17 712 26121.378 712 11403.011
6809.044 | nl7 9/2 28042.800 11/2 13360.502
6810.994 | 18 5/2 9710.600 5/2 24388.693
6836.09 nl - 13/2 27626.232 15/2 13002.023
6854.190 | 13 3/2 11361.762 3/2 25947.350
6871.86 nl - 9/2 13432.468 9/2 27980.556
6888.745 | 28 13/2 22592.830 11/2 8080.404
6961.32 nl 15/2 18548.497 13/2 32909.62
6967.185 | nl7 11/2 6714.184 9/2 21063.222
6976.646 | 90 21/2 12665.074 21/2 26994.656
6992.918 | nl 28 13/2 7630.132 11/2 21926.369
6997.854 | 22 11/2 23865.975 9/2 9579.832
7005.999 | nl6 15/2 29287.637 13/2 15018.088
7007.878 | 6 13/2 27626.232 11/2 13360.502
7016.088 nl 8 712 10194.768 712 24443.790
7016.879 | 4 3/2 13206.325 1/2 27453.746
7022.178 55 712 22486.816 9/2 8250.143
7033.518 | 20 11/2 8829.063 11/2 23042.780
7045.286 | nl 10 9/2 5822.890 712 20012.862
7049.349 | nl6 11/2 23865.975 13/2 9684.184
7052.620 | nl7 9/2 24606.934 11/2 10431.716
7055.071 | 15 11/2 6892.934 9/2 21063.222
7059.060 | 76 9/2 22996.562 11/2 8835.383
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) Energy (cmi)

7059.326 | 24 21/2 12664.774 19/2 26826.517
7092.051 nl - 15/2 29287.637 13/2 15191.218
7092.470 nl - 15/2 29287.637 15/2 15192.075
7143.366 | nl8 5/2 27251.230 5/2 13256.082
7145.88 nl - 9/2 22825.611 11/2 8835.383
7145.96 nl - 712 11869.290 5/2 25859.364
7153.27 nl - 712 27231.854 5/2 13256.082
7154.439 | nl7 5/2 22959.928 3/2 8986.443
7186.228 | nl8 712 28822.147 9/2 14910.476
7217.149 nl 4 712 27231.854 9/2 13379.788
7219.86 nl <1 15/2 17907.816 13/2 31754.678
7264.132 | nl5 11/2 13376.992 13/2 27139.468
7269.896 | nl45 9/2 8643.824 9/2 22395.393
7270.444 14 712 28822.147 9/2 15071.618
7289.586 nl 5 5/2 8737.556 712 22451.973
7318.925 | 24 19/2 27999.623 17/2 14340.175
7326.027 | nl9 11/2 26467.248 9/2 12821.043
7326.637 | nl4 15/2 14579.390 17/2 28224.462
7334.830 | 10 5/2 27251.230 712 13621.400
7359.74 nl <1 11/2 26937.739 9/2 13354.046
7360.88 nl 3 15/2 30577.00 17/2 16995.410
7362.643 | nl22 13/2 9464.440 11/2 23042.780
7363.24 nl <1 11/2 26937.739 11/2 13360.502
7366.87 nl - 9/2 29682.09 712 16111.549
7369.16 nl - 11/2 8829.063 9/2 22395.393
7412.60 nl - 13/2 29909.117 11/2 16422.282
7413.66 nl - 13/2 13654.555 13/2 27139.468
7415.509 nl 4 21/2 32243.14 19/2 18761.608
7418.838 nl 7 11/2 14505.065 9/2 27980.556
7422.950 nl 3 13/2 17851.395 11/2 31319.42
7435.22 nl - 712 7617.440 9/2 21063.222
7442.26 nl - 11/2 13376.992 13/2 26810.061
7467.49 nl - 712 29499.235 712 16111.549
7469.521 | nl3 9/2 14468.303 712 27852.358
7478.673 | 52 19/2 13626.687 21/2 26994.361
7490.283 | 6 9/2 9105.020 712 22451.973
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Even Levels Odd Levels
dir A) | SNR
J Energy (cm?) J Energy (cmi)

7491.60 nl - 5/2 15006.728 5/2 28351.325
7496.383 | nl6 5/2 11107.696 712 24443.790
7520.75 nl - 13/2 27519.089 11/2 14226.210
7524.748 nl 3 17/2 15665.829 17/2 28951.616
7535.314 | nl4 11/2 13872.266 13/2 27139.468
7546.55 nl - 3/2 14206.294 1/2 27453.746
7573.761 78 19/2 13626.672 19/2 26826.517
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Table 7.6: Lines classified via laser-induced fluorescence

Even Levels Odd Levels

Aair (A) SNR

J Energy (cmi?) J Energy (cni®)
3170.53 nl - 712 31531.30 9/2 0.000
3216.23 nl <1 11/2 31083.29 9/2 0.000
3303.219 nl 3 11/2 31641.39 11/2 1376.602
3316.437 nl 4 9/2 30144.181 9/2 0.000
3337.29 - 11/2 31332.402 11/2 1376.602
3365.279 nl 8 11/2 31083.29 11/2 1376.602
3375.19 nl - 15/2 34000.50 15/2 4381.072
3375.533 nl7 17/2 33997.515 15/2 4381.072
3378.343 nl 3 11/2 30968.412 11/2 1376.602
3385.86 <1 9/2 4432.225 9/2 33958.36
3397.51 nl <1 9/2 4432.225 11/2 33857.14
3403.758 nl 6 9/2 29370.862 9/2 0.000
3409.235 nl7 11/2 29323.690 9/2 0.000
3432.67 nl <1 9/2 29123.494 9/2 0.000
3436.40 nl <1 11/2 4866.515 9/2 33958.36
3442.400 nl 15 15/2 31887.920 13/2 2846.741
3461.236 nl 12 17/2 33264.21 15/2 4381.072
3479.283 nl 17 17/2 33114.40 15/2 4381.072
3484.54 nl <1 15/2 31536.710 13/2 2846.741
3493.47 nl <1 11/2 29993.26 11/2 1376.602
3550.57 nl <1 9/2 4432.225 11/2 32588.71
3553.22 nl - 9/2 5822.890 9/2 33958.36
3571.141 nl 3 9/2 29370.862 11/2 1376.602
3606.189 nl 5 11/2 4866.515 11/2 32588.71
3616.19 nl <1 9/2 4432.225 712 32077.74
3616.242 nl7 11/2 6313.224 9/2 33958.36
3629.53 nl <1 11/2 6313.224 11/2 33857.14
3634.422 nl 8 15/2 31887.920 15/2 4381.072
3669.358 nl 9 9/2 4432.225 11/2 31677.187
3685.774 nl 3 712 27123.623 9/2 0.000
3687.661 nl 14 9/2 27109.741 9/2 0.000
3687.821 nl 6 11/2 28485.173 11/2 1376.602
3693.34 nl - 9/2 4432.225 9/2 31500.25
3693.703 nl 4 11/2 6892.934 9/2 33958.36
3700.245 nl 8 9/2 4432.225 11/2 31449.773
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Even Levels Odd Levels

Aair (A) SNR

J Energy (cm?) J Energy (cnmi)
3706.02 nl- 13/2 7951.323 15/2 34926.79
3707.605 9 9/2 4432.225 11/2 31396.143
3711.208 nl 30 11/2 26937.739 9/2 0.000
3718.18 nl- 9/2 4432.225 11/2 31319.42
3738.920 nl 4 11/2 4866.515 9/2 31604.603
3740.47 nl <1 13/2 7951.323 15/2 34678.30
3760.70 nl <1 11/2 4866.515 11/2 31449.773
3765.98 - 13/2 6603.591 11/2 33149.53
3767.21 <1 9/2 27913.895 11/2 1376.602
3770.83 nl <1 11/2 27888.407 11/2 1376.602
3779.23 nl <1 11/2 4866.515 11/2 31319.42
3780.946 nl 8 15/2 29287.637 13/2 2846.741
3783.75 nl- 15/2 8363.901 15/2 34785.20
3795.30 nl- 712 7617.440 9/2 33958.36
3798.53 nl <1 11/2 6313.224 9/2 32631.71
3825.571 nl <1 9/2 5822.890 9/2 31955.363
3833.263 nl 14 13/2 7951.323 15/2 34031.358
3842.16 nl- 15/2 8765.541 15/2 34785.20
3847.26 nl <1 13/2 6603.591 11/2 32588.71
3860.003 nl 31 13/2 6603.591 15/2 32502.962
3861.719 nl5 9/2 4432.225 11/2 30320.091
3866.580 nl 8 11/2 25855.320 9/2 0.000
3866.73 nl <1 9/2 5822.890 11/2 31677.187
3868.71 nl <1 13/2 6603.591 11/2 32444.655
3870.69 nl- 9/2 8029.275 11/2 33857.14
3872.646 nl 17 15/2 28661.560 13/2 2846.741
3883.276 nl 10 9/2 25744.156 9/2 0.000
3893.38 nl- 9/2 5822.890 9/2 31500.25
3894.88 <1 15/2 8363.901 15/2 34031.358
3901.045 nl 4 9/2 5822.890 11/2 31449.773
3901.192 nl 4 5/2 6451.808 712 32077.74
3909.228 nl7 9/2 5822.890 11/2 31396.143
3927.61 nl <1 11/2 4866.515 11/2 30320.091
3932.829 nl5 712 6535.572 9/2 31955.363
3934.071 nl 3 9/2 5822.890 9/2 31234.656
3935.029 nl 8 15/2 28252.321 13/2 2846.741
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Even Levels Odd Levels

Aair (A) SNR

J Energy (cm?) J Energy (cnmi)
3941.486 nl 3 11/2 6313.224 11/2 31677.187
3942.441 nl 8 11/2 25357.817 9/2 0.000
3949.18 nl <1 9/2 8643.824 9/2 33958.36
3971.64 nl- 17/2 29552.460 15/2 4381.072
3973.715 nl5 712 6535.572 9/2 31693.821
3984.422 nl7 11/2 26467.248 11/2 1376.602
3985.645 nl 6 11/2 6313.224 11/2 31396.143
3992.51 nl- 15/2 9745.376 15/2 34785.20
3995.96 nl- 9/2 4432.225 712 29450.41
3996.558 nl 6 712 7617.440 9/2 32631.71
4011.32 nl <1 9/2 4432.225 11/2 29354.638
4019.314 nl 4 13/2 7630.132 15/2 32502.962
4023.706 nl 13 11/2 26222.282 11/2 1376.602
4028.52 nl <1 11/2 6313.224 11/2 31129.206
4029.78 nl- 5/2 6451.808 3/2 31260.067
4032.33 nl <1 13/2 6603.591 11/2 31396.143
4033.38 nl- 11/2 6714.184 9/2 31500.25
4041.62 nl <1 11/2 6714.184 11/2 31449.773
4044.85 nl- 13/2 6603.591 11/2 31319.42
4062.510 nl 8 9/2 4432.225 9/2 29040.590
4070.606 nl 3 9/2 8029.275 11/2 32588.71
4077.072 nl 3 11/2 6714.184 9/2 31234.656
4085.89 nl- 5/2 8737.556 5/2 33205.09
4086.550 nl 8 9/2 4432.225 11/2 28895.833
4108.97 nl <1 712 8013.089 9/2 32343.24
4109.52 nl <1 5/2 6451.808 3/2 30778.71
4121.256 nl 9 5/2 6451.808 712 30709.41
4121.76 nl <1 13/2 10423.654 15/2 34678.30
4142.404 nl 47 9/2 4432.225 712 28565.989
4152.277 nl 16 712 7617.440 9/2 31693.821
4168.755 nl 11 11/2 25357.817 11/2 1376.602
4178.361 nl 4 9/2 8029.275 9/2 31955.363
4192.172 nl5 11/2 4866.515 11/2 28713.780
4193.916 nl 6 712 6535.572 9/2 30372.918
4212.55 nl <1 5/2 6451.808 712 30183.72
4212.878 nl 4 15/2 9745.376 17/2 33475.43
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Even Levels Odd Levels

Aair (A) SNR

J Energy (cm?) Energy (cnmi)
4215.287 nl5 13/2 6603.591 11/2 30320.091
4218.32 nl <1 9/2 8643.824 9/2 32343.24
4218.928 nl 3 9/2 5822.890 9/2 29518.913
4231.161 nl7 9/2 5822.890 712 29450.41
4245.390 nl 9 9/2 4432.225 9/2 27980.556
4249.803 nl5 15/2 27904.945 15/2 4381.072
4254.06 nl- 712 9704.744 5/2 33205.09
4254.40 nl- 13/2 7951.323 11/2 31449.773
4257.08 nl <1 9/2 9105.020 11/2 32588.71
4261.78 nl- 9/2 4432.225 712 27890.013
4268.629 nl 12 9/2 4432.225 712 27852.358
4276.771 nl 8 11/2 26222.282 13/2 2846.741
4282.37 nl- 15/2 26191.727 13/2 2846.741
4294.895 nl 3 5/2 6451.808 712 29728.713
4295.234 nl 2 5/2 6451.808 5/2 29726.88
4303.506 nl 41 9/2 24606.934 11/2 1376.602
4303.982 nl 11 9/2 4432.225 9/2 27659.987
4305.85 nl- 9/2 5822.890 9/2 29040.590
4310.407 nl 10 712 6535.572 712 29728.713
4313.24 nl <1 13/2 7951.323 11/2 31129.206
4332.862 nl 10 9/2 5822.890 11/2 28895.833
4346.871 nl 3 5/2 6451.808 712 29450.41
4351.77 nl- 9/2 9105.020 712 32077.74
4353.961 nl 6 11/2 9483.518 11/2 32444.655
4355.54 nl <1 5/2 6451.808 5/2 29404.602
4355.961 nl 2 712 7617.440 5/2 30568.035
4358.920 nl5 9/2 5822.890 712 28757.902
4364.49 nl- 9/2 9105.020 712 32010.763
4379.813 nl5 9/2 22825.611 9/2 0.000
4385.986 nl 11 11/2 4866.515 9/2 27659.987
4386.78 nl- 9/2 8029.275 712 30818.62
4388.244 nl7 5/2 6451.808 712 29233.565
4390.582 nl7 11/2 9675.029 11/2 32444.655
4392.09 nl- 15/2 8363.901 17/2 31125.712
4395.703 nl 10 9/2 5822.890 712 28565.989
4406.00 nl- 13/2 7630.132 11/2 30320.091
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Even Levels Odd Levels

Aair (A) SNR

J Energy (cm?) Energy (cnmi)
4408.09 nl <1 13/2 10470.329 11/2 33149.53
4410.22 nl- 11/2 9675.029 9/2 32343.24
4410.27 nl- 9/2 32247.808 9/2 9579.832
4415.63 nl <1 11/2 6714.184 11/2 29354.638
4426.94 - 11/2 6313.224 11/2 28895.833
4438.76 nl <1 5/2 8737.556 3/2 31260.067
4445.297 nl 45 11/2 23865.973 11/2 1376.602
4445.802 nl 9 712 22486.816 9/2 0.000
4448.76 nl- 11/2 9483.518 9/2 31955.363
4450.77 nl <1 11/2 6892.934 11/2 29354.638
4459.79 nl <1 9/2 4432.225 11/2 26848.512
4462.92 nl- 11/2 6313.224 11/2 28713.780
4469.265 nl5 13/2 7951.323 11/2 30320.091
4484.89 nl- 9/2 8029.275 11/2 30320.091
4493.00 nl <1 712 9704.744 9/2 31955.363
4496.855 nl <1 11/2 9268.726 9/2 31500.25
4504.526 nl 6 11/2 9483.518 11/2 31677.187
4506.740 nl7 15/2 8363.901 17/2 30546.666
4506.97 nl - 11/2 6714.184 11/2 28895.833
4507.09 nl <1 11/2 9268.726 11/2 31449.773
4510.34 nl <1 13/2 10423.654 11/2 32588.71
4511.84 nl- 9/2 5822.890 9/2 27980.556
4513.72 nl <1 712 10194.768 9/2 32343.24
4513.884 nl5 11/2 6892.934 9/2 29040.590
4514.414 nl 4 13/2 7630.132 11/2 29775.190
4515.26 nl- 15/2 24987.630 13/2 2846.741
4517.560 nl 6 9/2 9105.020 9/2 31234.656
4519.130 nl 18 9/2 5822.890 11/2 27944.838
4520.717 nl5 5/2 6451.808 712 28565.989
4521.53 nl <1 13/2 6603.591 11/2 28713.780
4529.40 nl <1 712 31817.13 5/2 9745.334
4530.358 nl 8 9/2 5822.890 712 27890.013
4531.50 nl- 11/2 31641.39 9/2 9579.832
4539.19 nl <1 9/2 9105.020 11/2 31129.206
4541.044 nl 52 11/2 6313.224 9/2 28328.419
4544.26 nl <1 11/2 6714.184 11/2 28713.780
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) Energy (cnmi)

4547.902 nl 2 11/2 4866.515 11/2 26848.512
4549.60 nl <1 13/2 6603.591 15/2 28577.388
4550.174 nl5 17/2 10531.951 15/2 32502.962
4551.16 nl- 11/2 9483.518 11/2 31449.773
4557.607 nl 4 13/2 7951.323 15/2 29886.515
4562.24 nl <1 11/2 11944.207 11/2 33857.14
4565.031 nl 10 5/2 6451.808 5/2 28351.325
4566.98 nl <1 9/2 12068.17 9/2 33958.36
4567.76 nl <1 3/2 11361.762 3/2 33248.19
4568.687 nl 9 11/2 4866.515 9/2 26748.510
4570.798 nl 24 5/2 6451.808 3/2 28323.695
4573.18 nl <1 11/2 9268.726 11/2 31129.206
4575.66 nl <1 712 31593.97 5/2 9745.334
4581.49 nl- 11/2 6892.949 11/2 28713.780
4587.91 nl- 11/2 10841.417 9/2 32631.71
4588.26 nl <1 9/2 31368.505 9/2 9579.832
4588.573 nl 4 712 7617.440 5/2 29404.602
4589.845 nl 8 15/2 8765.541 17/2 30546.666
4594.939 nl 3 712 6535.572 5/2 28292.560
4595.870 9 11/2 31332.402 9/2 9579.832
4604.226 nl5 712 31292.93 9/2 9579.832
4610.26 nl <1 11/2 10904.034 11/2 32588.71
4611.89 nl <1 11/2 12180.13 11/2 33857.14
4617.116 nl 16 15/2 9745.376 17/2 31397.849
4618.56 nl <1 11/2 9483.518 11/2 31129.206
4618.84 nl- 11/2 9675.029 11/2 31319.42
4624.060 nl 94 9/2 22996.562 11/2 1376.602
4625.285 nl 11 11/2 6714.184 9/2 28328.419
4627.654 nl 19 9/2 4432.225 9/2 26035.395
4628.25 nl- 5/2 32050.34 712 10449.997
4649.833 4 712 31079.962 9/2 9579.832
4652.103 nl 3 9/2 8029.275 9/2 29518.913
4655.97 nl- 9/2 9105.020 9/2 30576.811
4656.39 nl- 9/2 5822.890 9/2 27292.757
4660.915 260 9/2 22825.611 11/2 1376.602
4661.53 nl <1 5/2 8737.556 712 30183.72
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Even Levels Odd Levels

Aair (A) SNR

J Energy (cm?) J Energy (cnmi)
4661.616 nl 6 5/2 6451.808 5/2 27897.591
4661.788 nl 3 712 6535.572 9/2 27980.556
4663.26 nl <1 5/2 6451.808 712 27890.013
4668.641 8 5/2 31158.848 5/2 9745.334
4678.77 nl <1 712 31817.13 712 10449.997
4681.34 nl <1 17/2 9770.273 17/2 31125.712
4681.556 nl <1 712 6535.572 712 27890.013
4683.240 nl 22 11/2 6313.224 9/2 27659.987
4684.62 nl <1 712 30920.300 9/2 9579.832
4687.94 nl- 9/2 8029.275 11/2 29354.638
4690.294 60 9/2 4432.225 11/2 25746.884
4694.68 - 17/2 12736.621 15/2 34031.358
4700.61 nl- 9/2 9105.020 9/2 30372.918
4701.092 nll 13/2 7630.132 11/2 28895.833
4714.71 nl <1 9/2 8029.275 712 29233.565
4716.39 nl <1 3/2 12051.488 3/2 33248.19
4722.595 13 11/2 4866.515 9/2 26035.395
4725.07 nl <1 5/2 9710.600 5/2 30868.400
4740.17 nl- 9/2 10920.365 712 32010.763
4740.793 5 11/2 6892.934 9/2 27980.556
4745.18 nl <1 5/2 9710.600 3/2 30778.71
4747.86 nl <1 3/2 9649.970 3/2 30706.200
4754.66 nl- 13/2 10423.654 11/2 31449.773
4757.60 - 5/2 8737.556 3/2 29750.67
4758.01 nl- 9/2 8029.275 9/2 29040.590
4761.57 nl- 5/2 9710.600 3/2 30706.200
4762.579 nl 6 5/2 8737.556 712 29728.713
4773.186 4 13/2 7951.323 11/2 28895.833
4779.12 - 9/2 31368.505 712 10449.997
4779.144 40 712 32248.10 9/2 11329.696
4779.268 45 9/2 4432.225 712 25350.082
4781.251 nl5 712 30654.508 5/2 9745.334
4783.79 nl <1 17/2 14028.707 15/2 34926.79
4787.849 8 11/2 4866.515 11/2 25746.884
4788.41 nl- 9/2 10356.737 9/2 31234.656
4788.97 nl <1 9/2 11713.236 11/2 32588.71
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) J Energy (cnmi)

4789.75 nl <1 712 9704.744 9/2 30576.811
4791.017 10 9/2 8029.275 11/2 28895.833
4791.77 - 712 9704.744 5/2 30568.035
4796.448 10 712 31292.93 712 10449.997
4807.417 28 5/2 31245.375 712 10449.997
4815.039 4 13/2 7951.323 11/2 28713.780
4821.06 nl <1 712 11274.229 712 32010.763
4822.90 nl- 9/2 8029.275 712 28757.902
4824.242 6 9/2 9105.020 712 29827.87
4825.58 nl <1 17/2 33997.515 17/2 13280.404
4826.57 - 5/2 8737.556 712 29450.41
4827.008 nl 10 712 7617.440 9/2 28328.419
4827.405 nl 8 5/2 30454.610 5/2 9745.334
4827.69 - 712 10194.768 5/2 30902.82
4827.78 nl <1 11/2 13250.69 9/2 33958.36
4828.27 nl <1 13/2 10423.654 11/2 31129.206
4835.54 nl- 712 11668.794 9/2 32343.24
4836.54 - 9/2 9105.020 11/2 29775.190
4838.81 nl <1 5/2 9710.600 3/2 30371.08
4842.55 nl- 11/2 11944.207 11/2 32588.71
4845.964 50 712 31079.962 712 10449.997
4846.879 10 13/2 7951.323 15/2 28577.388
4847.440 5 9/2 9105.020 712 29728.713
4851.468 30 15/2 24987.630 15/2 4381.072
4855.43 nl <1 9/2 8643.824 712 29233.565
4858.07 nl- 11/2 6714.184 9/2 27292.757
4861.43 nl- 9/2 30144.181 9/2 9579.832
4864.13 nl <1 712 8013.089 712 28565.989
4867.643 nl 8 15/2 9745.376 15/2 30283.462
4872.79 nl <1 3/2 9649.970 3/2 30166.356
4879.23 nl- 712 7617.440 5/2 28106.771
4879.68 nl- 712 31817.13 9/2 11329.696
4880.90 nl- 17/2 14302.875 15/2 34785.20
4883.68 nl- 13/2 12118.054 11/2 32588.71
4883.761 17 712 30920.300 712 10449.997
4886.50 nl <1 11/2 30869.567 13/2 10410.745
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) J Energy (cnmi)

4887.23 nl <1 5/2 9710.600 3/2 30166.356
4891.56 nl <1 9/2 8320.240 712 28757.902
4899.21 nl <1 9/2 11549.602 9/2 31955.363
4900.82 nl- 11/2 11944.207 9/2 32343.24
4901.040 40 9/2 4432.225 9/2 24830.361
4902.212 6 11/2 10841.405 9/2 31234.656
4902.543 nl 3 9/2 31721.60 9/2 11329.714
4904.40 nl- 9/2 4432.225 11/2 24816.383
4909.13 nl- 9/2 11713.236 712 32077.74
4909.469 nl <1 712 7617.440 9/2 27980.556
4916.247 nl 3 712 31664.74 9/2 11329.696
4917.315 6 11/2 10904.034 9/2 31234.656
4917.38 nl <1 712 11274.229 9/2 31604.603
4918.29 nl- 13/2 12118.054 11/2 32444.655
4921.168 5 13/2 7630.132 11/2 27944.838
4922.13 nl <1 13/2 9464.440 11/2 29775.190
4927.177 8 5/2 9710.600 3/2 30000.532
4927.62 nl <1 9/2 29123.494 11/2 8835.383
4931.40 - 712 7617.440 712 27890.013
4936.297 15 15/2 12250.519 15/2 32502.962
4940.745 nl 4 5/2 9710.600 3/2 29944.814
4941.673 6 5/2 29216.845 3/2 8986.443
4946.052 22 9/2 5822.890 9/2 26035.395
4963.576 8 15/2 9745.376 15/2 29886.515
4965.254 11/2 6714.184 11/2 26848.512
4966.682 4 9/2 9105.020 712 29233.565
4970.255 15 9/2 8643.824 712 28757.902
4971.60 nl- 11/2 12234.616 9/2 32343.24
4975.300 nl 10 712 8013.089 5/2 28106.771
4977.226 16 11/2 9268.726 11/2 29354.638
4978.12 nl <1 712 9918.190 5/2 30000.493
4985.25 nl <1 13/2 10266.501 11/2 30320.091
4985.41 nl- 9/2 4432.225 9/2 24485.172
4987.48 nl- 9/2 29624.447 9/2 9579.832
4987.99 nl- 712 7617.440 9/2 27659.987
4988.16 - 3/2 13206.325 3/2 33248.19
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) Energy (cnmi)

4988.61 - 5/2 9710.600 3/2 29750.67
4988.93 nl <1 9/2 31368.505 9/2 11329.714
4990.040 14 11/2 6714.184 9/2 26748.510
4992.62 nl- 712 9704.744 712 29728.713
4993.08 nl <1 712 9704.744 5/2 29726.88
4993.48 nl- 9/2 29600.360 9/2 9579.832
4996.562 5 9/2 8320.240 9/2 28328.419
4997.54 nl <1 15/2 14780.94 15/2 34785.20
4997.87 nl- 13/2 13146.584 11/2 33149.53
4997.932 nl 4 11/2 31332.402 9/2 11329.696
4998.83 nl- 5/2 12078.621 712 32077.74
4999.573 nl 3 712 7617.440 5/2 27613.57
5002.311 55 11/2 29565.016 9/2 9579.832
5002.66 nl- 17/2 33264.21 17/2 13280.404
5005.04 nl- 19/2 11151.433 17/2 31125.712
5007.20 nl- 9/2 5822.890 712 25788.548
5011.938 nl 3 712 9704.744 712 29651.540
5012.99 nl- 9/2 12068.17 712 32010.763
5014.761 32 9/2 9105.020 9/2 29040.590
5017.675 66 9/2 5822.890 11/2 25746.884
5018.136 70 9/2 8643.824 712 28565.989
5022.27 nl- 5/2 30454.610 3/2 10548.845
5022.587 78 5/2 28890.950 3/2 8986.443
5023.68 nl <1 9/2 11549.602 11/2 31449.773
5024.624 nl5 13/2 10423.654 11/2 30320.091
5024.97 nl- 11/2 31641.39 13/2 11746.328
5025.54 nl- 11/2 31222.52 9/2 11329.696
5027.47 nl- 19/2 34225.35 17/2 14340.175
5027.59 nl- 11/2 8829.063 11/2 28713.780
5027.640 27 712 8013.089 5/2 27897.591
5028.902 nl 23 5/2 8737.556 5/2 28617.067
5033.66 nl- 9/2 8029.275 712 27890.013
5034.96 nl- 11/2 6892.934 9/2 26748.510
5035.49 nl- 13/2 15073.268 15/2 34926.79
5036.44 nl- 13/2 10470.329 11/2 30320.091
5037.26 nl- 9/2 11549.602 11/2 31396.143
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) J Energy (cnmi)

5037.31 nl- 11/2 11282.865 11/2 31129.206
5037.74 nl- 11/2 28680.018 11/2 8835.383
5042.168 60 13/2 6603.591 15/2 26430.800
5042.225 nl 8 9/2 10356.737 712 30183.72
5045.752 68 13/2 10470.329 15/2 30283.462
5046.078 105 15/2 8765.541 15/2 28577.388
5051.384 nl 2 9/2 29370.862 9/2 9579.832
5051.441 30 9/2 9105.020 11/2 28895.833
5052.61 nl <1 11/2 12658.416 11/2 32444.655
5053.93 nl- 19/2 34580.89 19/2 14799.842
5056.11 nl1 11/2 13376.992 11/2 33149.53
5056.282 19 11/2 9268.726 9/2 29040.590
5060.17 nl- 13/2 11562.762 11/2 31319.42
5060.880 nl 16 712 29499.246 5/2 9745.334
5060.960 45 11/2 31083.29 9/2 11329.696
5061.824 6 712 31079.962 9/2 11329.696
5061.99 nl- 1/2 10956.651 3/2 30706.200
5062.435 9 712 29327.656 9/2 9579.832
5062.992 nl 30 712 9704.744 712 29450.41
5067.964 28 15/2 9745.376 17/2 29471.666
5068.16 nl- 712 12617.701 9/2 32343.24
5069.024 60 11/2 6313.224 9/2 26035.395
5069.39 nl- 11/2 12234.616 9/2 31955.363
5073.92 nl- 13/2 14328.241 15/2 34031.358
5074.76 nl- 712 9704.744 5/2 29404.602
5076.223 23 9/2 30144.181 712 10449.997
5084.97 nl- 15/2 34000.50 17/2 14340.175
5086.89 nl- 9/2 9105.020 712 28757.902
5089.105 15 712 12049.480 9/2 31693.821
5090.336 24 5/2 9710.600 3/2 29350.190
5090.56 nl- 11/2 30968.412 9/2 11329.696
5093.57 nl- 11/2 9268.726 11/2 28895.833
5095.768 58 11/2 4866.515 9/2 24485.172
5098.342 18 9/2 9105.020 11/2 28713.780
5099.01 - 9/2 11713.236 11/2 31319.42
5099.060 nl 22 11/2 9483.518 11/2 29089.508
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) Energy (cnmi)

5099.664 25 17/2 9770.273 17/2 29373.942
5101.010 nl7 5/2 11107.696 3/2 30706.200
5103.06 nl- 712 30920.300 9/2 11329.696
5104.245 nl7 11/2 31332.402 13/2 11746.328
5111.28 nl- 13/2 12118.054 11/2 31677.187
5111.815 nl- 11/2 9483.518 9/2 29040.590
5114.42 nl- 11/2 30869.567 11/2 11322.443
5115.76 nl- 5/2 10829.070 3/2 30371.08
5117.771 38 5/2 6451.808 3/2 25986.120
5118.35 nl- 712 10194.768 5/2 29726.88
5119.19 nl- 13/2 14328.241 11/2 33857.14
5119.209 24 712 9704.744 712 29233.565
5125.032 nl 10 3/2 11361.762 5/2 30868.400
5139.28 nl- 9/2 10920.365 9/2 30372.918
5144.278 78 11/2 6313.224 11/2 25746.884
5145.50 nl- 712 27679.200 9/2 8250.143
5146.44 nl- 19/2 34225.35 19/2 14799.842
5147.943 nl 16 15/2 10466.689 15/2 29886.515|
5148.94 - 11/2 10904.034 11/2 30320.091
5149.13 nl- 9/2 29865.350 712 10449.997
5149.360 16 11/2 9675.029 11/2 29089.508
5150.188 nl 4 17/2 11714.352 17/2 31125.712
5151.197 nl 28 5/2 6451.808 5/2 25859.364
5155.219 nl 15 9/2 11184.396 9/2 30576.811
5162.37 nl- 11/2 9675.029 9/2 29040.590
5164.07 nl- 9/2 12651.589 712 32010.763
5165.301 39 17/2 10531.951 15/2 29886.515
5167.53 nl- 712 11472.410 712 30818.62
5168.005 nl7 3/2 11361.762 3/2 30706.200
5170.000 nl 9 11/2 31083.29 13/2 11746.328
5171.962 nl 18 11/2 4866.515 9/2 24196.152
5173.255 nl 25 712 30654.508 9/2 11329.696
5173.43 nl- 712 10194.768 9/2 29518.913
5174.218 nl 11 11/2 6714.184 9/2 26035.395
5175.74 nl- 11/2 30645.242 9/2 11329.696
5179.21 nl- 712 11274.229 9/2 30576.811
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) J Energy (cnmi)

5180.42 nl- 13/2 13146.584 11/2 32444.655
5181.300 nl 4 9/2 10356.737 712 29651.540
5181.57 nl- 712 11274.229 5/2 30568.035
5184.87 nl- 19/2 34225.35 17/2 14943.825
5185.88 nl- 13/2 12041.655 11/2 31319.42
5189.14 nl <1 11/2 12234.616 9/2 31500.25
5190.39 nl- 17/2 15665.796 15/2 34926.79
5190.530 53 9/2 28840.315 9/2 9579.832
5191.837 nl 4 712 10194.768 712 29450.41
5192.56 nl- 712 6535.572 712 25788.548
5193.360 48 13/2 6603.591 15/2 25853.590
5195.86 nl <1 17/2 31055.361 15/2 11814.647
5198.20 nl- 9/2 29682.07 712 10449.997
5200.01 - 11/2 31222.52 11/2 11997.137
5200.901 17 11/2 30968.412 13/2 11746.328
5207.51 nl- 17/2 33997.515 19/2 14799.842
5207.969 nl 13 9/2 4432.225 712 23628.220
5208.51 nl- 11/2 13250.662 11/2 32444.655
5208.54 nl- 19/2 33534.065 17/2 14340.175
5210.96 - 11/2 11944.207 11/2 31129.206
5211.948 nl 13 17/2 9770.273 17/2 28951.616
5212.79 nl- 712 12321.991 9/2 31500.25
5214.337 60 17/2 14302.875 17/2 33475.43
5214.85 nl <1 5/2 12907.057 712 32077.74
5217.34 nl- 11/2 12234.616 11/2 31396.143
5217.443 30 21/2 12664.774 21/2 31825.917
5217.742 nl 13 5/2 8737.556 5/2 27897.591
5217.81 nl- 9/2 11549.602 712 30709.41
5219.81 nl- 5/2 8737.556 712 27890.013
5222.310 nl 17 13/2 6603.591 11/2 25746.884
5223.40 - 11/2 12180.13 11/2 31319.42
5225.28 nl- 5/2 11646.312 3/2 30778.71
5228.83 nl- 17/2 15665.796 15/2 34785.20
5231.533 28 19/2 11151.433 19/2 30260.968
5234.09 nl- 11/2 28680.018 9/2 9579.832
5234.50 nl- 712 11274.229 9/2 30372.918
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) J Energy (cnmi)
5240.04 nl <1 9/2 27913.895 11/2 8835.383
5240.51 nl- 712 28822.147 5/2 9745.334
5240.65 nl- 13/2 15850.485 15/2 34926.79
5242.66 nl- 5/2 28055.421 3/2 8986.443
5242.94 nl- 11/2 4866.515 9/2 23934.491
5244.95 nl- 9/2 14897.721 9/2 33958.36
5248.38 nl- 15/2 31270.29 13/2 12222.095
5250.970 nl 10 712 10194.768 712 29233.565
5251.114 nl 13 3/2 11361.762 1/2 30400.042
5252.653 nl 8 11/2 6714.184 11/2 25746.884
5253.579 nl 15 9/2 27109.741 11/2 8080.404
5254.166 nl 9 9/2 11549.602 9/2 30576.811
5255.610 17 5/2 10829.070 5/2 29851.062
5257.221 60 9/2 8643.824 9/2 27659.987
5258.59 nl- 9/2 32247.808 9/2 11329.714
5259.627 62 9/2 5822.890 9/2 24830.361
5260.315 nl 10 15/2 10466.689 17/2 29471.666)
5261.283 18 9/2 27251.615 9/2 8250.143
5261.88 nl- 9/2 11184.396 712 30183.72
5262.02 nl- 5/2 10829.070 712 29827.87
5262.27 - 9/2 10356.737 11/2 29354.638
5263.022 17 1/2 12264.864 3/2 31260.067
5266.763 nl 14 712 27231.854 9/2 8250.143
5267.757 nl 15 712 13032.634 712 32010.763
5269.653 nl 4 11/2 30968.412 11/2 11997.137
5270.821 40 3/2 9649.970 5/2 28617.067
5273.007 nl 15 9/2 12519.707 712 31478.935
5275.178 nl 12 15/2 29620.381 15/2 10668.95
5278.442 24 17/2 10531.951 17/2 29471.666
5278.599 14 9/2 29370.862 11/2 10431.716
5280.59 nl- 15/2 15994.780 15/2 34926.79
5281.51 nl- 9/2 29865.350 9/2 10936.650
5285.67 nl- 1/2 11864.887 3/2 30778.71
5286.88 nl- 712 11274.229 712 30183.72
5287.504 25 15/2 10466.689 17/2 29373.942
5288.038 52 11/2 28485.173 9/2 9579.832
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) J Energy (cnmi)

5288.35 nl- 11/2 13727.482 9/2 32631.71
5289.75 nl- 712 11668.794 5/2 30568.035
5290.019 35 5/2 6451.808 712 25350.082
5290.15 nl- 5/2 10829.070 5/2 29726.88
5290.319 nl 8 13/2 7951.323 11/2 26848.512
5291.55 nl- 5/2 11107.696 5/2 30000.493
5291.782 16 11/2 29323.690 11/2 10431.716
5293.48 nl- 15/2 31887.920 15/2 13002.023
5296.485 16 15/2 12250.519 17/2 31125.712
5296.965 nl 20 712 27123.623 9/2 8250.143
5297.618 nl 14 11/2 10904.034 11/2 29775.190
5300.434 60 9/2 4432.225 712 23293.356
5300.862 42 9/2 27109.741 9/2 8250.143
5304.74 nl- 712 10194.768 9/2 29040.590
5306.01 nl- 1/2 11864.887 3/2 30706.200
5306.31 nl- 9/2 15016.889 11/2 33857.14
5308.545 nl 12 17/2 11714.352 17/2 30546.666)
5308.651 11 5/2 12646.996 712 31478.935
5312.230 nl 24 9/2 8029.275 11/2 26848.512
5313.57 nl- 712 6535.572 712 25350.082
5315.46 nl- 17/2 15665.796 19/2 34473.61
5315.657 nl 15 17/2 9770.273 15/2 28577.388
5317.480 35 13/2 7630.132 15/2 26430.800
5317.66 nl- 15/2 11483.427 15/2 30283.462
5318.18 nl- 9/2 12651.589 11/2 31449.773
5319.36 nl 3 1/2 10956.651 3/2 29750.67
5326.141 nl 10 11/2 31591.140 9/2 12821.043
5326.41 - 712 12049.480 712 30818.62
5327.022 nl 22 13/2 6603.591 15/2 25370.585
5327.06 nl- 5/2 29216.845 712 10449.997
5333.74 nl- 5/2 11107.696 5/2 29851.062
5334.682 80 5/2 6451.808 5/2 25191.854
5336.754 nl 6 9/2 10356.737 11/2 29089.508
5337.09 nl- 712 28311.416 9/2 9579.832
5338.61 nl- 712 11274.229 5/2 30000.493
5340.614 nl 28 9/2 8029.275 9/2 26748.510
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) Energy (cnmi)

5342.262 nl 4 11/2 31591.140 11/2 12877.682
5347.309 nl 28 11/2 6313.224 11/2 25009.019
5348.46 nl- 9/2 29123.494 11/2 10431.716
5350.73 nl- 9/2 10356.737 9/2 29040.590
5351.04 nl- 9/2 13272.613 9/2 31955.363
5352.55 nl- 11/2 10841.417 9/2 29518.913
5352.94 nl- 11/2 9268.726 11/2 27944.838
5354.46 nl- 11/2 29993.26 11/2 11322.443
5354.69 nl- 5/2 10829.070 3/2 29499.10
5356.99 nl- 712 13415.739 712 32077.74
5359.55 nl- 15/2 34000.50 13/2 15347.425
5360.746 68 9/2 8643.824 9/2 27292.757
5361.743 nl 15 5/2 8737.556 3/2 27383.021
5363.671 nl 8 3/2 11361.762 3/2 30000.532
5365.51 nl- 15/2 16294.40 15/2 34926.79
5365.97 nl- 5/2 12078.621 712 30709.41
5366.227 nl 16 712 28375.220 5/2 9745.334
5368.018 nl 20 712 9704.744 9/2 28328.419
5369.31 nl- 5/2 11107.696 5/2 29726.88
5371.801 92 9/2 4432.225 11/2 23042.780
5372.678 nl 10 15/2 31887.920 17/2 13280.404
5373.38 nl- 13/2 13897.874 15/2 32502.962
5373.53 nl- 712 30654.508 9/2 12049.940
5377.51 nl- 9/2 11184.396 11/2 29775.190
5379.75 nl- 3/2 11361.762 3/2 29944.814
5381.616 nl 106 9/2 4432.225 9/2 23008.838
5382.988 nl 9 5/2 12907.057 712 31478.935
5384.67 nl- 712 28311.416 5/2 9745.334
5385.64 nl- 5/2 13448.016 712 32010.763
5385.88 nl- 712 13781.35 9/2 32343.24
5386.74 - 3/2 12701.121 3/2 31260.067
5390.07 nl- 9/2 31368.505 9/2 12821.043
5391.40 - 9/2 29865.350 11/2 11322.443
5392.35 nl- 712 13415.739 9/2 31955.363
5395.657 nl 24 9/2 8320.240 11/2 26848.512
5397.74 nl- 5/2 10829.070 3/2 29350.190
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) Energy (cnmi)

5398.903 88 11/2 6313.224 9/2 24830.361
5402.094 nl 15 1/2 11864.887 3/2 30371.08
5402.56 nl- 13/2 16422.190 15/2 34926.79
5402.980 158 11/2 6313.224 11/2 24816.383
5404.892 19 712 12321.991 712 30818.62
5406.15 nl- 11/2 11282.865 11/2 29775.190
5406.59 nl- 15/2 16294.40 15/2 34785.20
5408.24 nl- 5/2 27471.606 3/2 8986.443
5408.309 nl 12 15/2 10466.689 17/2 28951.616)
5408.33 nl- 13/2 15372.271 11/2 33857.14
5412.84 nl- 9/2 29123.494 712 10654.053
5413.517 nl 10 9/2 11184.396 712 29651.540
5414.331 nl 15 17/2 33264.21 19/2 14799.842
5414.93 nl- 9/2 29865.350 712 11403.011
5415.225 nl 20 11/2 9483.518 11/2 27944.838
5415.298 10 15/2 33808.50 13/2 15347.425
5415.69 - 3/2 11911.350 3/2 30371.08
5417.316 85 17/2 9770.273 17/2 28224.462
5419.347 nl 8 13/2 10266.501 11/2 28713.780
5419.539 nl- 9/2 27282.000 11/2 8835.383
5424.938 nl 10 9/2 8320.240 9/2 26748.510
5426.307 42 13/2 11462.895 15/2 29886.515
5426.45 nl- 11/2 30645.242 13/2 12222.095
5427.471 80 17/2 10531.951 17/2 28951.616
5427.976 28 712 7617.440 9/2 26035.395
5430.487 nl 2 15/2 33808.50 15/2 15399.063
5431.04 nl- 5/2 13670.175 712 32077.74
5432.84 nl- 11/2 31222.52 9/2 12821.043
5432.93 nl- 9/2 10356.737 712 28757.902
5440.851 nl 20 712 9918.190 5/2 28292.560
5441.178 28 9/2 5822.890 9/2 24196.152
5441.51 - 712 28822.147 712 10449.997
5442.87 nl- 9/2 31721.60 9/2 13354.046
5446.82 - 5/2 11646.312 3/2 30000.532
5448.51 - 3/2 12051.488 1/2 30400.042
5452.68 nl- 9/2 11184.396 9/2 29518.913
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Even Levels Odd Levels

Aair (A) SNR

J Energy (cm?) Energy (cnmi)
5456.628 110 15/2 12804.468 17/2 31125.712
5457.12 nl- 3/2 12051.488 3/2 30371.08
5458.66 nl- 712 11869.290 712 30183.72
5462.45 nl- 712 9918.190 5/2 28219.904
5463.860 nl 6 5/2 12481.714 3/2 30778.71
5464.505 30 11/2 6714.184 11/2 25009.019
5465.91 nl- 13/2 10423.654 11/2 28713.780
5468.43 nl- 15/2 14221.272 15/2 32502.962
5473.50 nl- 5/2 27251.230 3/2 8986.443
5473.63 nl- 712 29674.025 9/2 11409.7
5474.15 nl- 11/2 29993.26 9/2 11730.668
5476.43 - 3/2 11911.350 3/2 30166.356
5477.684 42 15/2 28661.560 13/2 10410.745
5481.402 nl 13 3/2 27983.773 5/2 9745.334
5481.81 nl- 11/2 31591.140 9/2 13354.046
5481.87 nl- 5/2 28890.950 712 10654.053
5485.908 82 13/2 7630.132 15/2 25853.590
5491.679 95 11/2 26937.739 13/2 8733.440
5492.73 nl- 15/2 31536.710 13/2 13335.870
5493.207 nl 15 19/2 13626.672 21/2 31825.917
5496.953 24 9/2 29123.494 9/2 10936.650
5500.152 170 11/2 4866.515 11/2 23042.780
5500.62 nl- 13/2 14328.241 15/2 32502.962
5501.394 nl 10 17/2 11714.352 15/2 29886.515
5501.713 nl 40 712 7617.440 712 25788.548
5501.875 15 17/2 33114.40 17/2 14943.825
5502.63 nl- 712 28822.147 712 10654.053
5502.95 nl- 9/2 12651.589 712 30818.62
5506.41 nl- 17/2 32925.14 15/2 14769.532
5506.819 50 15/2 33808.50 13/2 15654.235
5506.978 11 13/2 10423.654 15/2 28577.388
5508.91 nl- 11/2 30968.412 9/2 12821.043
5510.06 nl- 712 13867.177 712 32010.763
5510.442 nl 21 11/2 4866.515 9/2 23008.838
5511.269 94 712 6535.572 5/2 24675.173
5512.76 nl- 9/2 29865.350 9/2 11730.668
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Even Levels Odd Levels

Aair (A) SNR

J Energy (cm?) J Energy (cnmi)
5514.07 nl- 712 11274.229 5/2 29404.602
5518.794 nl 14 3/2 12051.488 3/2 30166.356
5520.06 nl- 15/2 10466.689 15/2 28577.388
5520.31 nl- 17/2 31055.361 19/2 12945.474
5521.43 nl- 1/2 12264.864 3/2 30371.08
5522.655 120 11/2 6714.184 11/2 24816.383
5523.27 nl- 9/2 31721.60 712 13621.400
5525.31 nl- 11/2 13035.697 11/2 31129.206
5525.571 nl 21 3/2 29234.227 5/2 11141.576
5527.508 nl7 5/2 12481.714 5/2 30568.035
5530.88 nl- 5/2 29216.845 5/2 11141.576
5532.144 nl 20 15/2 28791.510 17/2 10720.359
5537.568 nl 26 11/2 28485.173 11/2 10431.716
5541.34 nl- 9/2 29370.862 9/2 11329.714
5551.547 nl5 9/2 31368.505 11/2 13360.502
5555.083 25 11/2 31332.402 13/2 13335.870
5557.14 nl- 15/2 31270.29 17/2 13280.404
5557.586 nl 13 3/2 11361.762 3/2 29350.190
5559.785 nl5 17/2 32925.14 17/2 14943.825
5560.13 nl- 3/2 11361.762 1/2 29341.96
5562.907 18 15/2 31536.710 15/2 13565.490
5563.95 nl- 9/2 29370.862 712 11403.011
5566.742 nl 18 15/2 13439.008 17/2 31397.849
5567.857 nl 20 712 9704.744 9/2 27659.987
5569.489 nl 16 3/2 9649.970 1/2 27599.95
5569.608 nl 33 712 6535.572 9/2 24485.172
5571.478 33 9/2 28375.291 11/2 10431.716
5572.214 nl 30 15/2 28661.560 17/2 10720.359
5573.558 nl 40 5/2 6451.808 5/2 24388.693
5574.32 nl- 15/2 31270.29 13/2 13335.870
5574.49 nl- 712 27679.200 5/2 9745.334
5578.225 nl 10 5/2 12078.621 5/2 30000.493
5581.95 nl- 712 13590.350 9/2 31500.25
5582.478 104 712 6535.572 712 24443.790
5588.002 80 15/2 11483.427 17/2 29373.942
5589.570 nl 24 712 28822.147 9/2 10936.650
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) J Energy (cnmi)

5599.68 nl- 9/2 12519.707 9/2 30372.918
5599.708 nl 46 712 6535.572 5/2 24388.693
5602.27 nl- 3/2 28986.540 5/2 11141.576
5605.88 nl- 712 30654.508 9/2 12821.043
5612.06 nl- 5/2 29216.845 712 11403.011
5615.227 nl 13 3/2 9649.970 1/2 27453.746
5616.551 nl7 3/2 12051.488 5/2 29851.062
5639.78 nl- 5/2 27471.606 5/2 9745.334
5643.53 - 11/2 12658.416 9/2 30372.918
5643.872 nl5 9/2 32247.808 9/2 14534.393
5646.92 nl- 5/2 11646.312 3/2 29350.190
5654.36 nl- 712 28822.147 5/2 11141.576
5668.50 nl- 712 27381.794 5/2 9745.334
5670.90 nl- 9/2 13605.667 9/2 31234.656
5672.48 nl- 712 29674.025 9/2 12049.940
5675.61 nl- 11/2 30968.412 9/2 13354.046
5691.02 nl- 712 31531.30 5/2 13964.630
5696.909 nl 10 11/2 28485.173 9/2 10936.650
5697.16 nl- 15/2 31887.920 17/2 14340.175
5703.289 nl7 11/2 4866.515 9/2 22395.393
5705.063 nl 9 15/2 29287.637 17/2 11764.216
5706.87 nl- 9/2 28840.315 11/2 11322.443
5707.64 nl- 11/2 30869.567 9/2 13354.046
5720.195 nl 8 1/2 11864.887 1/2 29341.96
5726.351 nl 22 15/2 26191.727 13/2 8733.44
5746.098 nl 22 15/2 29620.381 13/2 12222.095
5747.42 nl- 15/2 30959.764 15/2 13565.490
5752.91 nl- 15/2 31887.920 13/2 14510.22
5753.877 nl 10 712 28311.416 9/2 10936.650
5786.20 nl- 712 29327.656 9/2 12049.940
5805.63 nl- 9/2 5822.890 11/2 23042.780
5834.35 nl- 712 28865.800 9/2 11730.668
5851.804 nl5 17/2 33264.21 15/2 16180.200
5863.14 nl- 5/2 8737.556 712 25788.548
5871.57 nl- 15/2 31536.710 13/2 14510.22
5881.793 nl 3 712 31531.30 9/2 14534.393
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) J Energy (cnmi)

5884.990 9 9/2 29865.350 11/2 12877.682
5886.15 nl- 15/2 32383.385 15/2 15399.063
5899.45 nl- 9/2 29865.350 712 12919.316
5899.91 nl- 11/2 14505.065 11/2 31449.773
5909.289 23 11/2 8829.063 11/2 25746.884
5929.19 nl- 9/2 29682.07 9/2 12821.043
5930.585 nl7 11/2 31083.29 11/2 14226.210
5932.02 - 712 29674.025 9/2 12821.043
5944.52 - 5/2 27471.606 712 10654.053
5949.178 5 9/2 29682.07 11/2 12877.682
5956.74 nl- 11/2 26467.248 13/2 9684.184
5957.086 8 5/2 28890.950 5/2 12108.867
5966.82 nl- 712 29674.025 712 12919.316
5975.935 nl 6 15/2 32383.385 13/2 15654.235
5976.44 - 712 27381.794 712 10654.053
5979.08 nl- 9/2 28042.800 11/2 11322.443
5982.597 60 15/2 28474.736 17/2 11764.216
6006.045 nl 4 712 30654.508 712 14009.225
6008.07 - 9/2 31368.505 11/2 14728.846
6011.20 - 9/2 4432.225 9/2 21063.222
6015.78 nl- 15/2 29620.381 15/2 13002.023
6029.42 nl- 712 28311.416 9/2 11730.668
6040.687 - 9/2 29370.862 9/2 12821.043
6042.485 115 15/2 26191.727 15/2 9646.83
6044.767 26 19/2 33534.065 17/2 16995.410
6055.21 nl- 9/2 8320.240 9/2 24830.361
6123.328 nl 8 15/2 31270.29 17/2 14943.825
6147.196 16 11/2 28485.173 13/2 12222.095
6154.321 25 9/2 12651.589 11/2 28895.833
6157.164 nl 12 5/2 9710.600 3/2 25947.350
6157.67 nl- 19/2 27999.623 17/2 11764.216
6157.77 nl- 15/2 34000.50 13/2 17765.348
6158.326 26 15/2 31887.920 13/2 15654.235
6158.868 70 17/2 14028.707 19/2 30260.968
6169.445 nl 3 11/2 31222.52 13/2 15018.088
6179.39 - 15/2 32383.385 13/2 16205.044
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) Energy (cnmi)

6189.254 10 9/2 5822.890 712 21975.458
6193.793 35 15/2 27904.945 17/2 11764.216
6202.021 15 11/2 28323.602 11/2 12204.285
6205.019 17 17/2 31055.361 17/2 14943.825
6213.21 nl- 712 27231.854 5/2 11141.587
6213.21 nl- 15/2 27904.945 15/2 11814.647
6214.050 nl 20 19/2 34580.89 17/2 18492.78
6214.669 nl 20 19/2 27999.623 19/2 11913.115
6215.714 nl 15 712 9704.744 712 25788.548
6216.346 nl 10 11/2 6313.224 9/2 22395.393
6222.30 nl- 15/2 30577.00 13/2 14510.22
6226.910 nl 6 15/2 29620.381 15/2 13565.490
6236.487 nl 10 15/2 28252.321 13/2 12222.095
6242.05 nl- 15/2 30959.764 17/2 14943.825
6245.480 35 13/2 10423.654 15/2 26430.800
6251.06 nl- 9/2 28042.800 9/2 12049.940
6251.794 nl5 3/2 27983.773 3/2 11992.788
6266.953 4 9/2 27282.000 9/2 11329.696
6269.21 - 5/2 28055.421 5/2 12108.867
6271.13 - 15/2 30959.764 13/2 15018.088
6276.05 nl- 9/2 27251.615 11/2 11322.443
6291.519 23 15/2 12804.468 17/2 28694.480
6297.108 17 9/2 8320.240 9/2 24196.152
6298.97 nl- 15/2 31270.29 15/2 15399.063
6303.498 nl 21 712 6535.572 9/2 22395.393
6307.96 nl- 9/2 27251.615 712 11403.011
6308.113 10 5/2 27251.230 712 11403.011
6347.67 nl- 9/2 29370.862 712 13621.400
6353.15 nl- 11/2 31083.29 13/2 15347.425
6354.481 5 19/2 34225.35 17/2 18492.78
6363.744 22 9/2 27913.895 11/2 12204.285
6374.11 nl- 11/2 27888.407 11/2 12204.285
6374.62 - 15/2 31887.920 13/2 16205.044
6377.79 nl- 19/2 11151.433 19/2 26826.517
6389.980 nl 6 11/2 13250.662 11/2 28895.833
6405.410 3 11/2 28485.173 11/2 12877.682
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Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) J Energy (cnmi)
6410.22 nl- 15/2 32383.385 15/2 16787.601
6416.478 nl 6 5/2 27573.343 3/2 11992.788
6420.91 nl- 15/2 31887.920 13/2 16318.118
6424.668 nl 8 15/2 30959.764 15/2 15399.063
6428.128 21 9/2 8643.824 9/2 24196.152
6428.537 7 9/2 27282.000 9/2 11730.668
6441.122 nl 10 9/2 27251.615 9/2 11730.668
6447.86 nl- 17/2 33997.515 17/2 18492.78
6448.764 nl 13 11/2 28323.602 9/2 12821.043
6449.336 nl 9 712 27231.854 9/2 11730.668
6457.639 nl 6 5/2 9710.600 5/2 25191.854
6492.46 - 9/2 29624.447 11/2 14226.210
6494.68 nl- 712 27123.623 9/2 11730.668
6495.04 nl- 712 28311.416 712 12919.316
6525.82 nl- 11/2 28680.018 11/2 13360.502
6531.782 14 15/2 30959.764 13/2 15654.235
6536.10 - 5/2 27573.343 712 12277.935
6540.285 nl 15 11/2 26222.282 9/2 10936.650
6542.61 nl- 15/2 29620.381 17/2 14340.175
6545.41 nl- 712 9918.190 5/2 25191.854
6576.41 nl- 9/2 27251.615 9/2 12049.940
6579.583 17 15/2 28474.736 17/2 13280.404
6579.870 nl 13 5/2 27471.606 712 12277.935
6590.663 nl 6 17/2 14302.875 17/2 29471.666
6599.140 10 11/2 28485.173 13/2 13335.870
6618.31 nl- 11/2 8829.063 9/2 23934.491
6625.05 - 9/2 29624.447 9/2 14534.393
6635.64 nl- 9/2 29600.360 9/2 14534.393
6643.862 12 9/2 27251.615 11/2 12204.285
6676.713 nl7 5/2 27251.230 712 12277.935
6678.37 nl- 11/2 28323.602 9/2 13354.046
6683.82 nl- 712 28311.416 9/2 13354.046
6705.396 29 15/2 28474.736 15/2 13565.490
6708.241 38 15/2 27904.945 15/2 13002.023
6791.964 14 19/2 27999.623 17/2 13280.404
6846.30 - 712 29674.025 9/2 15071.618

196



Even Levels Odd Levels
Aair (A) SNR
J Energy (cm?) Energy (cni®)

6858.285 nl5 15/2 24987.630 13/2 10410.745
6871.28 nl- 9/2 29370.862 11/2 14821.551
6894.405 nl 29 9/2 26231.182 9/2 11730.668
6920.710 28 15/2 26191.727 13/2 11746.328
6926.166 18 5/2 28055.421 712 13621.400
6991.366 18 712 27679.200 9/2 13379.788
7095.327 nl 4 17/2 12736.621 19/2 26826.517
7117.40 nl- 5/2 28055.421 712 14009.225
7165.483 8 5/2 27573.343 712 13621.400
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Table 7.6: Lines classified by means of their hyperfine pateand wave numbers,
appearing in the FT spectrum, involving new lexg®n in the table7.4

Even Levels Odd Levels

Aair (A) SNR

J Energy (cm) J Energy (cm)
3517.205 nl 11 15/2 31270.29 13/2 2846.741
3570.114 nl 9 15/2 32383.385 15/2 4381.072
4671.467 8 5/2 6451.808 712 27852.358
5043.218 38 9/2 8029.275 712 27852.358
5093.196 13 15/2 9745.376 17/2 29373.942
5212.333 nl 16 13/2 7630.132 13/2 26810.061
5344.713 nl 6 13/2 28351.711 15/2 9646.83
5357.215 25 17/2 12736.621 17/2 31397.849
5390.632 12 15/2 14929.886 17/2 33475.43
5409.904 nl 15 13/2 7951.323 15/2 26430.800
5419.676 36 15/2 8363.901 13/2 26810.061
5440.982 nl 40 15/2 8765.541 13/2 27139.468
5489.434 nl 22 13/2 22592.830 15/2 4381.072
5540.310 nl 11 15/2 8765.541 13/2 26810.061
5547.926 nl 34 9/2 4432.225 712 22451.973
5805.996 6 712 29327.656 5/2 12108.867
5861.328 nl 7 17/2 9770.273 19/2 26826.517
5906.671 11 11/2 14981.500 13/2 31906.825
6091.698 10 5/2 6451.808 5/2 22863.048
6100.929 12 13/2 10423.654 13/2 26810.061
6122.530 nl 8 11/2 6714.184 11/2 23042.780
6132.888 11 13/2 9464.440 13/2 25765.460
6176.266 nl 8 9/2 8643.824 9/2 24830.361
6213.154 nl 52 11/2 9675.029 13/2 25765.460
6358.696 nl 6 15/2 29287.637 15/2 13565.490
6363.059 6 9/2 9105.020 11/2 24816.383
6365.865 13 13/2 27519.089 15/2 11814.647
6481.778 48 11/2 25855.320 11/2 10431.716
6532.670 15 15/2 24987.630 13/2 9684.184
6602.604 10 11/2 9675.029 11/2 24816.383
6612.534 12 13/2 27340.889 13/2 12222.095
6681.265 4 11/2 28323.602 11/2 13360.502
6700.129 nl 5 11/2 23654.406 13/2 8733.440
6707.802 3 15/2 10466.689 15/2 25370.585
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Even Levels Odd Levels

Aair (A) SNR

J Energy (cnm) Energy (cm)
6737.304 22 17/2 10531.951 15/2 25370.585
6751.467 21 9/2 25744.156 9/2 10936.650
6782.978 20 3/2 9649.970 5/2 24388.693
6786.832 nl 7 15/2 14221.272 17/2 28951.616
6835.934 20 15/2 27904.945 17/2 13280.404
6843.378 5 17/2 29552.460 17/2 14943.825
6879.052 22 11/2 25855.320 11/2 11322.443
6963.749 9 15/2 14221.272 15/2 28577.388
7048.643 7 13/2 27519.089 13/2 13335.870
7057.366 nl 6 9/2 11184.396 712 25350.082
7077.868 nl 7 11/2 25855.320 9/2 11730.668
7085.725 9 11/2 25855.320 13/2 11746.328
7113.696 9 13/2 24722.464 15/2 10668.95
7131.339 nl 6 9/2 28840.315 11/2 14821.565
7131.724 nl 5 11/2 26222.282 11/2 12204.285
7140.794 nl 5 11/2 26222.282 13/2 12222.095
7156.112 18 11/2 23654.406 13/2 9684.184
7172.779 11 9/2 9105.020 11/2 23042.780
7183.152 nl 4 712 11274.229 5/2 25191.854
7187.606 3 15/2 27904.945 13/2 13995.931
7198.917 12 15/2 11483.427 15/2 25370.585
7209.095 8 712 27123.623 5/2 13256.082
7240.105 45 9/2 8643.824 712 22451.973
7273.985 10 712 27123.623 9/2 13379.788
7275.959 nl 8 11/2 9268.726 9/2 23008.838
7284.603 nl9 13/2 12041.655 13/2 25765.460
7305.278 nl 5 13/2 27020.835 13/2 13335.870
7307.241 nl 3 712 11668.794 712 25350.082
7325.375 nl 15 13/2 12118.039 13/2 25765.460
7336.711 10 15/2 12804.468 15/2 26430.800

7370.361 nl 6 5/2 27573.343 712 14009.225

7414.819 nl 4 15/2 28252.321 15/2 14769.532
7498.891 nl 17 9/2 8643.824 712 21975.458
7542.062 15 11/2 9268.726 9/2 22524.055
7550.048 12 15/2 24987.630 13/2 11746.328
7550.905 nl 8 712 28311.416 9/2 15071.618
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Even Levels Odd Levels

Aair (A) SNR

J Energy (cnm) Energy (cm)
7551.988 nl 11 5/2 8737.556 712 21975.458
7562.373 9 5/2 28055.421 5/2 14835.699
7577.607 4 15/2 12250.519 13/2 25443.665
7589.206 13 15/2 24987.630 15/2 11814.647
7590.434 nl 5 712 12617.701 712 25788.548
7591.178 nl 6 712 11274.229 712 24443.790
7609.835 10 15/2 28791.510 13/2 15654.235
7619.816 10 15/2 12250.519 15/2 25370.585
7631.186 3 9/2 27109.741 712 14009.225
7666.289 nl 3 11/2 9483.518 9/2 22524.055
7672.215 3 11/2 10904.034 9/2 23934.491
7690.755 15 11/2 14981.500 9/2 27980.556
7709.545 nl 5 13/2 12041.655 11/2 25009.019
7742.845 nl 10 17/2 15665.796 15/2 28577.388
7800.123 nl 6 11/2 27888.407 9/2 15071.618
7810.871 nl 3 5/2 10829.070 712 23628.220
7819.677 5 11/2 13250.662 9/2 26035.395
7824.854 6 13/2 10266.501 11/2 23042.780
7865.266 nl 6 712 28822.147 712 16111.549
7872.786 nl 12 9/2 12651.589 712 25350.082
7898.193 13 11/2 9268.726 11/2 21926.369
7909.719 12 7.5 12804.468 13/2 25443.665
7912.995 35 17/2 12736.621 15/2 25370.585
7960.439 35 17/2 15665.796 17/2 28224.462
7968.417 nl 3 712 27381.794 5/2 14835.699
7976.244 nl 8 712 9918.190 712 22451.973
7984.691 nl 6 5/2 11107.696 712 23628.221
8009.741 nl 2 15/2 28661.560 15/2 16180.200
8022.233 nl 7 13/2 9464.440 11/2 21926.369
8023.198 nl7 9/2 27282.000 11/2 14821.565
8033.904 nl 2 9/2 11184.396 712 23628.220
8081.917 nl 5 11/2 13376.992 11/2 25746.884
8156.221 nl 8 712 10194.768 712 22451.973
8171.576 nl 8 11/2 8829.063 9/2 21063.22
8188.073 4 15/2 14221.272 15/2 26430.800
8194.017 nl 10 712 10194.768 9/2 22395.393
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Even Levels Odd Levels

Aair (A) SNR

J Energy (cnm) Energy (cm)
8223.709 4 15/2 28474.736 13/2 16318.118
8256.077 12 9/2 11184.396 712 23293.356
8265.447 24 9/2 10356.737 712 22451.973
8304.292 nl 7 9/2 10356.737 9/2 22395.393
8337.793 7 11/2 11944.207 9/2 23934.491
8346.322 nl 4 11/2 25357.817 9/2 13379.788
8357.456 8 5/2 12481.714 712 24443.790
8378.819 15 15/2 13439.008 15/2 25370.585
8384.228 9 13/2 22592.830 15/2 10668.95
8417.491 nl 3 15/2 28661.560 15/2 16784.800
8430.534 nl 5 9/2 11184.396 11/2 23042.780
8435.496 nl 3 15/2 14579.390 15/2 26430.800
8448.802 nl 4 712 22486.816 712 10654.053
8453.073 nl7 11/2 12658.416 9/2 24485.172
8457.236 8 712 11472.410 712 23293.356
8474.743 nl 2 15/2 28661.560 15/2 16865.034
8476.085 nl 5 11/2 13035.697 9/2 24830.361
8477.849 nl 5 9/2 12651.589 712 24443.790
8504.428 nl 6 5/2 11107.696 5/2 22863.048
8525.734 58 11/2 11282.865 9/2 23008.838
8561.896 11 9/2 12519.707 9/2 24196.152
8603.474 nl 12 11/2 10904.034 9/2 22524.055
8604.434 nl7 9/2 10356.737 712 21975.458
8615.006 nl 6 11/2 23654.406 9/2 12049.940
8628.120 nl 8 15/2 27904.945 13/2 16318.118
8640.942 nl 3 9/2 10356.737 11/2 21926.369
8643.863 nl 2 11/2 13250.662 11/2 24816.383
8650.457 nl 6 5/2 22959.928 712 11403.011
8655.932 9 5/2 12078.621 712 23628.220
8660.299 nl 7 9/2 13272.613 11/2 24816.383
8691.213 15 13/2 10423.654 11/2 21926.369
8725.714 nl 6 17/2 17494.383 17/2 28951.616
8751.047 nl 3 712 11869.290 712 23293.356
8762.130 22 9/2 26231.182 11/2 14821.565
8793.405 10 9/2 8643.824 712 20012.862
8816.190 nl 10 9/2 11184.396 9/2 22524.055
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Even Levels Odd Levels

Aair (A) SNR

J Energy (cnm) Energy (cm)
8850.571 15 9/2 11713.236 9/2 23008.838
8893.417 14 11/2 11282.865 9/2 22524.055
8917.363 nl 7 9/2 11184.396 9/2 22395.393
8922.972 nl 8 13/2 27626.232 11/2 16422.282
8943.890 34 712 11274.229 712 22451.973
8996.381 nl 21 11/2 11282.865 9/2 22395.393
8997.500 nl 7 13/2 13897.874 11/2 25009.019
9035.326 50 11/2 11944.207 9/2 23008.838
9045.943 nl 3 712 11472.410 9/2 22524.055
9053.560 nl 4 13/2 14328.241 15/2 25370.585
9091.907 9 5/2 13448.016 712 24443.790
9109.571 20 9/2 11549.602 9/2 22524.055
9110.822 nl 12 712 13415.739 5/2 24388.693
9169.796 19 9/2 11549.602 712 22451.973
9176.124 27 11/2 12658.416 9/2 24485.172
9246.821 13 3/2 12051.488 5/2 22863.048
9247.454 15 9/2 11713.236 9/2 22524.055
9273.537 13 712 13415.739 9/2 24196.152
9278.867 31 11/2 12234.616 9/2 23008.838
9339.919 5 712 13781.374 9/2 24485.172
9449.344 27 11/2 11944.207 9/2 22524.055
9500.322 7 9/2 12519.707 11/2 23042.780
9504.224 9 712 13415.739 9/2 23934.491
9511.740 16 9/2 13974.732 9/2 24485.172
9531.064 8 9/2 12519.707 9/2 23008.838
9588.908 13 9/2 11549.602 712 21975.458
9620.895 6 9/2 12651.589 11/2 23042.780
9632.786 6 13/2 19111.800 13/2 8733.440
9634.268 nl 17 9/2 11549.602 11/2 21926.369
9637.438 24 5/2 12078.621 712 22451.973
9699.660 nl 7 11/2 14178.365 9/2 24485.172
9709.175 14 9/2 12746.067 11/2 23042.780
9789.259 9 712 13415.739 712 23628.220
9834.368 nl 5 5/2 13127.722 712 23293.356
9846.492 7 712 13781.374 9/2 23934.491
9903.501 55 712 9918.190 712 20012.862
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Table 7.8: Newly discovered Pr | levels of even and odd pacdmbining with known

upper levels
New lower level File No.
- rex. (A, air) M. (A, air)
Energy(cm™) J | A(MH2) Comments
Even Configuration
14429.047 7/2|  912(3)| 5704.12 3825, 3933, 4138511001
4448, 4492, 4759| (31955.363 cril)
5069, 5180, 5350
5392, 6539
5667.41 5251, 5099, 4993,pr511023
4088, 3917 (32068.921 c)
Odd Configuration
15396.075 9/2| 719(8)| 5995.55 4820, 5701 , 5881 7031
(32070.498 cr)
6145.27 4916, 5904 pr356032
(31664.301 cn)
6551.96 4781, 5173, 5373,pr434041
5605, 5778, 5869| (30654.52 crif)
6006
5714.24 4784, 4635, 5437 pr244038
5593 (32891.402 cr)
17518.420 9/2| 847(4)| 7449.321| 4880, 5685, 5718568029
5905, 5982, 6094/ (30938.740 ci)
6167
7566.65 4727, 4930, 575%pr631018
6172 (30730.786 cn)
16180.200 15/2 883.26 5851.80 3460, 5001, 541348053
5851, 6096, 6153| (33264.21 crif)
6625.03 5248, 5558, 5574 pr440042
5965, 6124, 6298| (31270.281 cr)
16784.800 15/24  297(5)| 5925.18 3416, 5175, 53q4r330087
6303 (33657.265 cn)
5807.00 3375, 5083, 5359 ,pr471024
6156 (34000.50 crit)
6193.94 5505, 5559, 5704 pr374038
(32925.14 crit)
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New lower level

File No.

Energy(cm™) J | A(MH2) hex. (A, @i . (A, ain Comments
16865.034 15/24  291(4)| 6096.18 3460, 5001, 5418366081
5851, 6096, 6151 (33264.21 cnf)
5953.48 5301, 3416, 517%pr477008
6303 (33657.265 ci)
6546.12 5207, 5756, 5974 pr465025
6512 (32137.040 cn)
7340.31 3434, 5354 pr637003
(30484.724 cr)
17012.626 15/2  494(6)| 6006.28 5301, 3416, 5145330048
6303 (33657.265 ci)
6151.40 3460, 5001, 5414 ,pr366089
5851, 6096, 6151/ (33264.21 crif)
6208.78 3479, 5501 pr371024
(33114.40 cnit)
18492.78 17/2  104(4)| 6166.51 5870 pr3g87002
(34704.94 crit)
6214.04 5054, 5684, 5914 pr362078
(34580.89 cnit)
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Table 7.9: New levels of Pr | found by the analysis of hypefpatterns in the FT
spectrum

J Energy (cmi?) A (MHz) | Lines which can be explained (A, air)

Even Parity
7/2 | 21487.127(15) 820(10) | (7592.721), (7419.6Z5)08.503), (9788.856)
9/2 | 19042.997(15) 711(10) (9119.426), (9262.82%)98.869)
9/2 | 21159.184(15) 703(10) | (4724.758), (5053.548)1p.149)
Odd Parity

7/2 | 21722.562(15) 691(10) |  (6546.654), (7292.217950.340), (8469.107),
(9921.608)

9/2 | 20622.833(15) 635(10) |  (7928.195), (7938.33@8)76.724), (9738.130)
19/2 | 24751.739(15) 1010(10)  (7668.138), (8271.08820.561), (8986.242)

19/2 | 25487.571(15) | 392(10)| (7364.750), (8189.68)68.242), (9353.958),
(9481.693)
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Table 7.10:Up to now unknown Pr Il energy levels discoverathin this work

New energy level Excitation Fluorescence
. Wavelength Channels
E /cm A/ MH
nergy / cm z rai | A hair | A
Even parity
4473.84
32776.99(4) 1464(7) 4473.84, 4405.12
4405.12
4399.325
33473.73(5) 998 (10) 4273.91, 4498.98
4273.91
Odd parity
4361.81 3821.806, 3912.21,
33386.21(5) 1352(5) 4328.40 4156.75, 4517.81
4275.12 3755.09, 3842.328,
33850.96(5) 938(4) 4385.45 4243.02, 4343.88
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8 Conclusion

An experimental investigation of the hyperfine stuwe of a large number of spectral lines
of the praseodymium atoms has been carried ouguaser spectroscopy in a hollow

cathode discharge lamp. The investigated speetgibm lie in the range 4200 A -7500 A.

The main emphasis was directed to the discoverying structure levels using the

hyperfine structure of the investigated spectra.liExcitation wavelengths are extracted
from a high resolution Fourier transform spectrumpmaseodymium. The levels were

discovered by analysis of the recorded hyperfirteepas of the investigated transitions. A
total of 313 levels of Pr | were discovered, outnfich 148 are even parity and 165 are
odd parity energy levels. With the help of theselgaliscovered levels 652 spectral lines
were classified directly by laser excitation andé 8§oectral lines were classified as
fluorescence lines. In addition to this, 178 limeshe FT spectrum were also classified by
their hyperfine structures and wave numbers inngjvihese newly discovered levels. 4
new levels of singly ionised praseodymium were aiscovered during the course of this
dissertation.

The electronic angular momentum J values of thelyndgcovered levels range from 1/2
to 21/2 for neutral praseodymium. Most of these Igefound levels have angular
momentum values lying in the mid range and only lewels were discovered with angular
momentum values J = 1/2 and J = 21/2. Lines wittmkiaing levels having & 5/2 are
very rarely visible in the FT spectrum. In mostessghe hyperfine structure of these lines
is completely or partially masked by the hyperfateicture of nearby lying lines involving
levels with high angular momenta. Neverthelessefadly done laser spectroscopic
investigations made it possible to find 54 up tevnmknown levels with small J: 4 levels
having J = 1/2, 19 levels having J = 3/2, and 3&lkehaving J = 5/2. On the higher side
l.e. for large J value, also a small number of leweere found. About 54 levels were
experimentally discovered i.e. 29 levels having 15£2, 15 levels having J = 17/2, 6
having J = 19/2 and 4 levels having J = 21/2. Tikizonsistent with the theoretical
predictions that only a small number of LS termgassible for small and large J values.

Apart from the applications in other branches ofysuts, the hyperfine structure
investigations presented in this dissertation fdlhelpful for further theoretical analysis
and understanding of the atomic structure of pragaaim.
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