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SYNOPSIS 

          Spectroscopy is the branch of science which deals with the interaction of 

electromagnetic radiation with matter. It provides many possible ways by which the micro-

world of atoms and molecules can be explored through light-matter interaction. The light 

emitted, absorbed, scattered or the photoions generated during the interaction process can be 

analyzed to study, identify and quantify matter since each element is characterized with its 

distinctive spectral features. The spectral data obtained through spectroscopic measurements 

can be utilized to understand electronic configuration, the energy level structure, as well as 

various other atomic/molecular properties. The quantitative measurements of these properties 

provide information useful for the diagnostics and quantification of atoms or molecules as 

well as it provide information about external parameters like electric field, magnetic field, 

temperature etc. Rapidly growing field of spectroscopy has made significant impact in many 
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areas of science including laser physics, analytical chemistry, environmental science, 

medicine, astrophysics etc. 

            In a broad perspective, spectroscopy is classified into various categories based on the 

factors like nature of interaction, detection method employed and the spectral range of 

interaction. Accordingly, depending on the nature of interaction, there are different classes 

termed as absorption spectroscopy, emission spectroscopy, scattering spectroscopy etc. and 

based on the detection method there are different classes such as photoionization 

spectroscopy, fluorescence spectroscopy, opto-galvanic spectroscopy, acousto-optic 

spectroscopy etc. and depending on the spectral range of interaction the classification 

includes micro wave spectroscopy, infrared spectroscopy, visible spectroscopy, UV 

spectroscopy, X-ray spectroscopy, gamma ray spectroscopy etc [1]. 

              Conventionally, absorption or emission techniques were utilized for studying atomic 

spectra. These techniques were not suited for studying the high-lying atomic levels due to the 

following limitations: 1) absorption cross section decreases as one move up the excitation 

ladder making the detection of the high-lying levels difficult 2) inaccessibility of an excited 

state with the same parity as that of the ground state using single-photon excitation due to 

selection rules.  Another experimental difficulty is that if the spectra lie in the vacuum ultra 

violet region, then complex vacuum ultra violet spectrometers have to be used for detection. 

The traditional atomic sources used in absorption/emission experiments are hollow cathode 

discharge lamps, electrode-less discharges, flames and plasmas. Spectroscopic investigations 

utilizing these sources put stringent conditions on the resolution of the spectrometer as these 

sources contain atoms, ions and multi-atomic species in diverse states. The complexity in 

assigning the atomic states also increases as many excited states can decay to low-lying 
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states. Hence it is tedious to get complete spectroscopic information using conventional 

techniques [2,3]. 

          Invention of lasers have revolutionized the conventional spectroscopy and made it an 

excellent tool which finds application in diverse fields ranging from separation physics, 

analytical chemistry, chemical dynamics, cluster science, surface science, nuclear physics, 

bio-physics, geophysics, astrophysics, environmental science etc. The innovative applications 

evolved in these fields are strongly coupled with the incredible progress made in the 

development of various lasers. The spectral and temporal characteristics of the lasers – 

monochromaticity, high intensity, directionality, wavelength tunability, coherence and 

temporal flexibility have made it a versatile tool for spectroscopic applications compared to 

the conventional light sources. The development of high power tunable lasers has amplified 

the attractiveness and range of applications of lasers in the field of spectroscopy. Possibly, 

multi-step photoionization spectroscopy is one of these areas which have undergone great 

revolutions. Utilizing the increased intensity available with the laser sources, it is possible to 

probe highly excited states of atoms and molecules and with the increased spectral resolution 

of the laser sources, it is possible to probe the structural details. Commercially available 

lasers can be used to generate various wavelengths and intensities required for efficient 

photoionization schemes involving step-wise resonant excitation or non-resonant multi-

photon excitations/ionization. Among the tunable lasers, dye lasers serve as the most 

common light source for multi-step photoionization spectroscopy with the possible wide 

tuning range covering from ultra violet through visible to far infrared. Progress made in the 

growth of dye lasers with specific characteristics like narrow band width, wide tuning range, 

ultra short pulse duration etc. had led to new experimental spectroscopic techniques. The 

increased power density available with the laser sources compared to the conventional 
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sources gives rise to many orders of magnitude enhancement in the detection sensitivity [4, 5, 

6]. 

            Spectroscopic studies of lanthanides are of fundamental importance in improving the 

understanding of basic atomic physics as well as in applied research because of its overriding 

scientific as well as technological applications in areas such as laser isotope separation, trace 

analysis, laser and medical industry, material science, astrophysics etc. Lanthanides and 

actinides are part of a distinct section of periodic table having partially filled f orbital. In the 

lanthanide and actinide series the 4f and 5f orbitals are gradually filled in with electrons. Due 

to the presence of unpaired electrons in the f orbital, the spectra of these elements are very 

rich and complex. The spectra produced by many of the lanthanides are intricate due to the 

presence of large number of isotopes of these elements. In addition, the presence of hyperfine 

structure for the odd isotopes further complicates the spectral analysis. These elements still 

have unexplored energy regions which cannot be accessed by conventional spectroscopic 

techniques due to the very low population in those levels making the signal detection very 

difficult.  

                Multi-step resonance ionization spectroscopy is well suited for studying the high-

lying and autoionising atomic energy levels. Multi-step laser photoionization of atoms and 

molecules is currently a rapidly developing area of scientific exploration. This is an 

unparalleled method by which it is possible to characterize almost all the atomic and 

molecular properties and the dynamics. This method is sensitive enough to detect single 

atoms or ions. In this method, the high-lying atomic levels are accessed using one or more 

photons from tunable lasers depending on the ionization potential of the element. The 

excitation of these levels can be easily carried out using CW or pulsed tunable lasers as the 

photo-excitation cross sections involved in these processes involving resonant steps are 
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relatively high. Generally, the excited atoms are monitored by detecting either photoions, 

fluorescence from the excited levels or the change in the discharge impedance using the 

techniques of photoionziation spectroscopy, laser-induced fluorescence and opto-galvanic 

spectroscopy respectively [ 7,8 ]. 

           The present Ph. D thesis deals with the application of multi-step resonance ionization 

spectroscopic techniques for the measurement of various atomic parameters of samarium 

(Z=62), a representative of lanthanide series. The work described in the subsequent chapters 

involves the determination atomic parameters like energy levels, total angular momenta, 

isotope shifts and radiative life times of high-lying energy levels of samarium using multi-

step resonance ionization spectroscopy. Most of these atomic parameters find application in 

many areas of science such as atomic physics, laser physics, plasma physics, laser chemistry, 

atmospheric science, astrophysics etc. It also describes in detail a novel isotope selective 

photoionization technique based on polarisation selection rule for efficient isotope-selective 

photoionization of the odd isotopes of samarium using broad band lasers. The thesis has been 

structured into six chapters, elaborating the work carried out in the above mentioned areas.  

The chapter-wise description of the work is given below: 

Chapter 1 describes a brief introduction to atomic spectroscopy and its importance in atomic 

structure studies. Different conventional spectroscopic techniques and the problems 

associated with these techniques for studying the atomic structure of complex atoms, 

especially for studying the high-lying energy levels have been discussed. How the advent of 

laser spectroscopic techniques has overcome these difficulties and has offered a new outlook 

for the field has been outlined. In addition, literature survey of the laser spectroscopic work 

carried out previously relevant to the work reported in this thesis along with a brief 

description of the present studies is given at the end of this chapter. 
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Chapter 2 deals with the experimental set-up employed for the photoionization studies 

described in this thesis. It includes a detailed description of the Nd-YAG pumped dye laser 

systems used for photoionization studies, time-of-flight mass spectrometer, its working 

principle and its advantages over other conventional type mass spectrometers, hollow cathode 

discharge lamp used for coarse wavelength calibration of the photoionziation spectra, Fabry-

Perot etalon and photo diode unit used for fine wavelength calibration, signal detection and 

processing systems utilized in these experiments. 

Chapter 3 deals with the measurement of energy level values, total angular momenta and 

isotope shifts of the high-lying levels of samarium using two-colour photoionization 

spectroscopy. Sm being one of the representatives of lanthanide series has a rich and complex 

spectrum due to its less than half filled 4f-shell. This chapter describes in detail the 

experimental methodologies followed in the measurement of high-lying energy levels, 

angular momenta and isotope shifts along with a brief description of the experimental set-up. 

Isotopic data on high-lying levels is a vital information required for determining isotopic 

selectivity in a multi-step excitation scheme. 

 Two-colour three-photon resonance photoionization spectra of atomic Sm (Sm I) are 

investigated in the energy region 33136 - 33960 cm-1 and 35450 – 35750 cm-1. The work 

resulted in the identification of more than twenty energy levels in these regions. The energy 

values of the newly identified energy levels have been assigned with an accuracy of ± 0.3 cm-

1. Based on the excitation scheme used, most of the new levels have been identified with a 

unique total angular momentum (J). In addition, by performing mass-resolved 

photoionization spectroscopy, the isotope shift of twenty eight high-lying levels of Sm I was 

measured. The details of this work will be presented in this chapter. 
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Chapter 4 deals with the radiative lifetime measurements of the even-parity high-lying levels 

of atomic samarium by delayed photoionization measurements using pump-probe 

spectroscopy. Radiative lifetime is an important atomic parameter when combined with 

branching ratio can provide another vital atomic parameter, the absolute transition probability 

which is required in many areas of science such as laser physics, plasma physics, astrophysics 

etc. These parameters also play crucial role in applications like laser vapour processing, trace 

elemental analysis, etc. To select a highly efficient ionization scheme, one must have reliable 

data on lifetimes and absolute transition probabilities for many levels and transitions. In 

addition, reliable atomic data is required for validating theoretical models which need 

detailed comparisons with experimental data especially in case of elements with complex 

spectra. 

                    This chapter lists the radiative lifetimes of the even-parity high-lying levels of 

atomic samarium in the energy range 34000- 34815 cm-1 measured for the first time. The 

measurements were carried out by detecting time resolved delayed three-colour 

photoionization signal by pump-probe technique in an atomic beam coupled with a time-of-

flight mass spectrometer. The measured values are in the range of 35 to 349 ns. Accuracy of 

the measurements was validated by measuring the lifetime of the first excited level used in 

the excitation scheme by employing two-colour pump-probe photoionization spectroscopy 

and comparing the measured value with that reported in the literature. The details of the 

measurement technique will be presented in the chapter. 

Chapter 5 describes the experimental demonstration of polarization based isotope selective 

photoionization technique for selective photoionization of odd isotopes of samarium using 

broad band lasers. Generally, in laser isotope separation (LIS) process, isotope-selective 

photoionization of the target isotope is achieved by utilizing the isotope shift or the difference 
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in the hyperfine structure of different isotopes using narrow band lasers. This method puts 

stringent condition on the laser band width and the atomic beam parameters especially when 

the isotope shifts are small and the hyperfine spectra are overlapping. In polarization based 

isotope selective photoionization method, odd isotopes with non-zero nuclear spin are 

selectively excited while the even isotopes with zero nuclear spin are prohibited from 

excitation by judiciously choosing a proper angular momentum sequence of the energy levels 

involved in the excitation ladder and the laser polarizations. However, this method is 

applicable to elements having states with low total angular momentum (J-values) such as Zr, 

Gd, Yb, Sm etc.  

This chapter describes polarization-based isotope-selective photoionization of odd 

isotopes of Sm I by using two-color three-photon photoionization spectroscopy. Atomic 

samarium (Sm I) has seven naturally abundant isotopes 144Sm (3.1%), 147Sm (15%), 148Sm 

(11.3%), 149Sm (13.8%), 150Sm (7.4%), 152Sm (26.6%) and 154Sm (22.6%).  Isotope-selectivity 

of more than 40 between the odd and even isotopes (149Sm /152Sm) of atomic Sm has been 

experimentally demonstrated by judiciously selecting proper angular momentum sequence of 

the levels involved in the excitation scheme and laser polarizations. This is the first 

experimental demonstration of isotope-selective photoionization of the odd isotopes of 

samarium using polarized laser beams. Since the technique has the advantage that the isotopic 

selectivity is not affected by the spectral broadening of the excitation lasers, it is highly useful 

for the separation of odd and even isotopes exhibiting overlapping spectra owing to small 

isotope shifts and broad hyperfine structures. The method described above has the unique 

advantage that it does not demand a high spectroscopic resolution and thus has the benefit of 

using broad band lasers and thermally distributed atomic beams.  The chapter also describes 
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in detail the effect of different states of polarization of the excitation lasers and the relative 

polarization angle between them on the isotope selectivity.  

Chapter 6 presents the conclusions including the summary of the work carried out in the 

present studies and the scope for future work.  
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Chapter 1    

1.1 Introduction to spectroscopy    
 

              Spectroscopy is the branch of science which deals with the interaction of 

electromagnetic radiation with matter.  Each atom or molecule absorbs or emits radiation 

which is characteristic of that species. Hence, atomic or molecular spectra can be used to 

detect, identify and quantify information about the matter under consideration. Basic research 

in spectroscopy is essential to solve primary problems related to the fundamentals of science 

as well as to invent novel spectroscopic techniques useful for various scientific and 

technological applications. Spectroscopy has made significant impact in many areas of 

science including laser physics, analytical chemistry, environmental science, medicine, 

astrophysics etc. 

              Most of the practical applications of spectroscopy in science and technology require 

the measurement of absorbed or emitted radiation or detection of ions/electrons. The major 

limitation in practical applications is imposed by the attainable detection sensitivity of atoms, 

molecules, ions or photons with a reasonable signal to noise ratio. Furthermore, many 

applications require a sufficiently high spectral and spatial resolution. Many a times, the 

demand for high sensitivity and high spectral resolution cannot be fulfilled simultaneously 

and an optimum compromise has to be opted out depending on the requirements. The recent 

developments of various types of lasers and the detection systems have pushed both the 

attainable resolution and sensitivity to significant limits of reaching sub-Doppler spectral 

resolution and single atom detection [1]. 
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1.1.1  Atomic Spectroscopy 
 

                 Atomic spectroscopy involves the interaction of light with atoms in gas phase. The 

electromagnetic spectrum covers a wide range of wavelengths, including gamma ray, X-ray, 

ultraviolet, visible, infrared, microwave, and radio frequency regions. Atomic spectrometry, 

is relatively limited to regions of the spectrum between 180 and 900 nm (ultraviolet, visible, 

and near infrared). These wavelengths are involved in electronic transitions of valence 

electrons. 

           In atomic spectroscopic experiments, the spectra, i.e. the light absorbed or emitted by 

the atom is recorded. A lot of information about the absorbing species can be derived from 

the recorded spectra. The wavelengths corresponding to the spectral lines are utilised in 

identifying the energy levels. The spectral line intensities are useful to extract the information 

about transition probabilities. The width of the spectral line carries information about the 

collision processes, velocity distribution of atoms in the sample and the inter-atomic 

potentials. Similarly, the information about the magnetic and electric moments of an atom 

can be obtained from the Zeeman and Stark splitting of spectral lines in external magnetic 

and electric fields respectively. Also, from the isotope shift and hyperfine structure of the 

atom it is possible to extract information about the interaction between the electron cloud and 

the nucleus. Accurate measurements of isotope shift can give information about the change in 

the nuclear charge radius among different isotopes. A detailed analysis of the hyperfine 

structure of the atoms allows the determination of the nuclear spin, magnetic dipole and 

electric quadrupole moments [2,3,4]. 
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1.1.2 Conventional Spectroscopic methods and its 

limitations 
 

 Conventionally, absorption or emission techniques were utilized for studying atomic 

spectra. The traditional atomic sources used in absorption/emission experiments are hollow 

cathode discharge lamps, electrode-less discharges, flames and plasmas. The conventional 

techniques employing these sources were not suited for studying the high-lying atomic levels 

due to the following limitations: 1) the low spectral intensity associated with the conventional 

light sources 2) the absorption cross section decreases as one move up the excitation ladder 

making the detection of the high-lying levels difficult and 3) inaccessibility of an excited 

state with the same parity as that of the ground state using single-photon excitation due to 

selection rules.  Further, if the spectra lie in the vacuum ultra violet region, then complex 

vacuum ultraviolet spectrometers have to be used for detection. Spectroscopic investigations 

utilizing traditional spectroscopic sources put stringent conditions on the resolution of the 

spectrometer as these sources contain atoms, ions and multi-atomic species in diverse states. 

The resolution and sensitivity that can be achieved in the conventional spectroscopic methods 

will be limited by the attainable dispersion of monochromators and the brightness of the 

radiation sources. Also the complexity in assigning the atomic states increases, as in these 

sources many excited states can decay to various low-lying states. Furthermore, only a very 

minute fraction of the atoms in these discharge are in the high-lying states. The atoms from 

these states decay to a large number of low lying states, resulting in a very few photons 

emitted per allowed transition leading to poor detection sensitivity. Hence it is tedious to get 

complete spectroscopic information using conventional techniques [5, 6]. Despite these, a 

large number of spectroscopic data has been generated using conventional spectroscopic 

techniques. 
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1.1.3 Laser Spectroscopy 
 

 Laser spectroscopy differentiates itself from the classical spectroscopy in many ways. 

Contrary to the radiation sources with broad emission spectra used in conventional 

spectroscopy, tunable lasers offer efficient spectroscopic light sources in the spectral range 

from UV to far IR with exceptionally narrow bandwidths and spectral power densities that 

may exceed those of incoherent light sources by many orders of magnitude. Employing such 

a tunable monochromatic source, a spectrum can be recorded by measuring light intensity 

(fluorescence/ transmission) or photoion yield as a function of the wavelength of the tunable 

source by wavelength scanning. It may be reasonable to evoke comparative advantages of 

laser spectroscopy over that of the classical, even though the latter has made significant 

contributions to its credit. In classical spectroscopy, the spectral resolution attainable is 

limited by the dispersing spectrometers, where as in case of laser spectroscopy, using tunable 

lasers with narrow line widths, high spectral resolutions can be attained. If the laser spectral 

line width ∆L is smaller than the absorption line width ∆a, then the spectral resolution will 

be limited by the width of the absorption lines which is decided by the dominating 

broadening mechanism. While it is possible to achieve extremely high spectral resolution 

with CW single mode lasers, ultrafast dynamic effects can be explored using femto and 

attosecond lasers [7]. Another important feature of laser spectroscopy compared to classical 

spectroscopy is that it is possible to transfer selectively a significant atomic population in an 

excited state comparable to the absorbing ground state.  This allows one to perform the 

absorption, fluorescence or photoionization spectroscopy of the excited states and to upgrade 

the existing spectroscopic techniques which were till then restricted to the electronic ground 

states. 
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 Depending on whether the resolution is limited by the Doppler width of the absorbing 

transition or not, laser spectroscopic techniques can be classified into two group viz. Doppler 

limited and Doppler- free. Doppler free spectroscopic techniques circumvent the limit set on 

the resolution by the Doppler broadening and hence allow performing high resolution 

spectroscopy. Saturation absorption spectroscopy, polarization spectroscopy and two-photon 

spectroscopy are some examples of Doppler-free spectroscopic techniques which can be 

employed in high resolution measurements like isotope shift, hyperfine structure etc [8]. 

1.1.3.1 Absorption spectroscopy with lasers 
 

The sensitivity and resolution of the absorption techniques have significantly 

enhanced due to the introduction of lasers to absorption spectroscopy. This is mainly due to 

the orders of magnitude enhancement in the attainable resolution and brightness associated 

with the laser sources compared to the conventional light sources coupled with dispersion 

elements. In laser absorption spectroscopy, the attainable resolution is not limited by the 

instrumental line width, but can be the natural line width of the transition under 

consideration. Also the enhanced photon flux associated with laser sources has improved the 

signal to noise ratio in the absorption spectra. 

The amount of information which can be extracted from the absorption spectra 

depends on the attainable spectral resolution, time resolution and detection sensitivity. High 

detection sensitivity can be achieved by increasing the path length, choosing a transition with 

higher cross section or by increasing the signal to noise ratio. Large path lengths can be 

achieved by performing intra cavity absorption, i.e. by keeping the sample inside a laser 

cavity or by performing cavity ring down spectroscopy, i.e. by keeping the sample inside a 

highly reflective external cavity.  
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1.1.3.2 Laser induced Fluorescence  

 Laser induced fluorescence (LIF) spectroscopy is a very sensitive and potent means of 

detecting atoms or molecules, measuring their concentrations, determining the energy level 

population distributions and the level lifetimes etc. In LIF measurements the atoms/molecules 

are excited from the ground electronic state to the excited state by the absorption of laser. The 

excited atoms/molecules can decay back to various low-lying states by spontaneous emission 

of photons. The intensity of the spontaneous emission i.e. the fluorescence is directly 

proportional to the number density of the excited state species. The fluorescence signal is 

collected and given to a wavelength selective element and the output from this device is 

detected by photomultiplier or other light sensitive devices. The electrical signal from the 

detector is then given to the signal processing unit. In many cases fluorescence spectroscopy 

is used as a very sensitive species detection technique.  

Contrary to absorption technique, where the absorption is measured over a large 

background noise, the fluorescence can be detected at very small background noise, which 

results in high detection sensitivity. Also the high intensity of the exciting laser radiation 

facilitates the observation of fluorescence signal even from weak transitions and at low atom 

densities. Using fluorescence technique it is possible to measure the radiative lifetimes of 

excited states of atoms employing pulsed lasers. This can be achieved by exciting the atomic 

species by a very short laser pulse and monitoring the resultant fluorescence emission at 

subsequent time delays. However, LIF is not suitable for studying discrete levels above the 

continuum (AI levels) due to the spontaneous ionisation of the atoms from these levels. Also, 

the method is not suitable for studying Rydberg levels due to the large radiative lifetimes of 

these levels resulting in weak fluorescence [9].  
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1.1.3.3 Ionisation Spectroscopy 
 

              Ionization spectroscopy monitors the absorption of photons on atomic transition, by 

detecting the ions or electrons produced by ionization of the excited state. The necessary 

ionization of the excited state may be performed by collisions, by an external electric field or 

by photons. 

 a) Collision-Induced Ionization 

Laser excitation followed by collisional ionisation is one of the methods employed in 

ionisation spectroscopy. This ionisation method is used when the excited level is not too far 

from the ionization limit, the atom/molecule can be ionized by thermal collisions with 

electrons, buffer gas atoms, as well as with excited atoms or molecules of the same species.  

 

b) Field Ionisation 

Field ionization has proven to be a versatile and efficient tool for the detection of 

Rydberg atoms. In case of  Rydberg atoms, the outer electron is very weakly bound to the 

atomic core so that even a relatively weak electric field can remove the electron from the 

atom. The electric field strength at which the ionisation happens depends on the state of the 

Rydberg atom. Pulsed electric field ionisation is a potent means of detecting and analysing 

the states of Rydberg atoms. If the high- lying state is at energy where the excited electron is 

unbound in the combined field produced by the core and the externally applied dc field, then 

the electron is free to move and the ion is produced. For a Rydberg state of effective principle 

quantum number n*, the critical field for field ionisation is given by [5], 
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c)  Photoionization  

In photoionization spectroscopy, the excited atomic species is ionised by absorption 

of another photon either from the same laser or from another laser or from an incoherent light 

source. The resultant photoions are extracted by applying an electric field and subsequently 

detected by a channeltron or a micro channel plate (MCP) detector. The method has the 

distinctive feature of exceptionally high sensitivity of detecting even single atom or molecule. 

The technique can also be combined with high spectral and temporal resolution. All these 

features make it an efficient tool for basic research and technological applications. Most 

importantly, photoionization method is a universal technique since it is applicable to any 

atom or molecule [8].  

The tunable lasers used in photoionization experiments can be operated in either 

pulsed or continuous mode (cw). The cw lasers generally have narrow line widths ~ MHz or 

even lesser whereas the line widths of the pulsed lasers are typically ~ GHz. Thus for 

carrying out high resolution photoionization spectroscopic studies, cw lasers are used. The 

final width of the spectral line will be the convolution of the laser line width and the atomic 

absorption line width. The atomic line width is due to the several broadening mechanisms 

inside the vapour source. These mechanisms include natural broadening, Doppler broadening, 

collisional broadening, power broadening, transit time broadening etc. 

1.1.3.3.1 Multi-step resonance photoionization and its importance 

to atomic spectroscopy 

 

Most of the elements in the periodic table have their ionization potentials in the range 

of 2 - 9 eV. Modern tunable lasers, both CW and pulsed, can cover spectral region from 2 to 

4 eV. Thus, employing two - or three - step resonant photo-excitation with a range of 

excitation/ionization schemes, most of the elements and isotopes can be efficiently and 
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selectively photoionized. In order to get maximum efficiency and better photon utilisation in 

a multi-step photoionization process, the transitions involved in the ladder should be chosen 

such that the photo excitation/ionisation cross sections should be high. Also for better atom 

utilisation, the radiative lifetimes of the states involved in the transition should be much more 

than the excitation laser pulse duration. This will reduce the loss of atoms due to radiative 

decay or other non-radiative energy transfer processes. Also for an isotope selective 

photoionizaiton process, the isotope shift of the transitions involved in the scheme should be 

large. Hence the choice of an efficient and selective multi-step photoionization scheme 

demands developing a complete data set of the atomic parameters of the energy levels with 

the detailed spectroscopic characterisation. 

Multi-step resonance photoionization spectroscopy is an unparalleled method by 

which it is possible to characterise almost all the atomic and molecular properties and its 

dynamics. Another important aspect of this method is that the ultimate sensitivity achievable 

using this can easily be combined with the high resolution associated with a collimated 

atomic beam source. The technique offers potentially high selectivity in multi-step 

photoionization schemes, which is given by the product of the selectivity at each stage.  

            Multi-step resonance ionisation spectroscopy in its simplest form requires only one 

tunable laser. When the laser is tuned to the resonant transition of the atom, it is excited to an 

upper level.  If the laser photon energy Ep  IP/2, where IP is the ionisation potential of the 

atom, then a second photon from the same laser can ionise the excited atom. More advanced 

is the two-colour photoionization, with two tunable lasers, where the possibility exists of 

isotope selective excitation at each step. The first laser is tuned to a selected transition while 

the second laser can be tuned to wavelength regions of interest. If the ionization energy is 

larger than h1 + h2, then two or more photons of the second laser are required for 
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ionization. In such cases, two-colour excitation is clearly superior to the multi-photon 

ionization with a single laser, because both lasers can be tuned in resonance with the two 

successive transitions and a resonant two step excitation of a high-lying atomic state is 

possible. The most versatile is the three-colour resonance ionisation using three tunable 

lasers, with the possibility of isotope selective excitation at all the three steps involved in the 

excitation ladder. If the photon energy h1 + h2 + h3 is greater than the ionisation potential, 

then a three-colour three-photon ionisation with high efficiency and selectivity can be 

achieved by choosing a narrow autoionising level as the final step of excitation. 

  As discussed above, multi-step photoionization spectroscopy is based on resonant multi-step 

excitation and subsequent ionization of excited atoms. Since the ionization potentials of 

lanthanides are ~ 6 eV, typically three visible photons are required for ionization. These 

photons can be of the same wavelength, which corresponds to single-colour photoionization, 

which again can be classified into two categories viz. single-colour two photon 

photoionization or single-colour three-photon photoionization depending on the number of 

photons involved in the ionisation process as shown in Fig. 1.1 (a & b). Alternatively, the 

photons involved in the ionisation process can be of different wavelengths, which give rise to 

two-colour or three-colour photoionization processes. Figs. 1.2 & 1.3 represents the 

prominent multi-step photoionization path ways in single-colour, two-colour and three-color 

photoionization processes. 
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Fig. 1.1: a) Single-colour two-photon and b) single-colour three-photon ionisation 
path ways. The dotted line represents a virtual level. 

a) b) 

λ1 

λ1 

λ1 

λ1 

λ1 

b) a) 

λ1 

λ2 

λ2 

λ1 

λ2 

Fig. 1.2: a) Two-colour two-photon and b) Two-colour three-photon 
ionisation path ways.  

 



Introduction 

20 

 

 

 

 

 

 

 

 

 

 

 

 

One of the important applications of multi-step photoionization to atomic 

spectroscopy is in the identification and assignment of high-lying and autoionising levels of 

complex atoms that cannot be accessed using the standard methods. The technique can be 

augmented with time - resolution and polarisation features to further simplify the complex 

atomic spectra. The method employs multiple lasers of specific wavelengths to map out the 

relevant regions of the spectrum. The autoionising Rydberg spectrum recorded using multi-

step photoionization can be utilised for the determination of accurate ionisation potential of 

atomic systems. Narrow and strong autoionisation resonances are characteristics of heavy 

atoms with several optically active electrons. Multi-step resonance photoionization 

spectroscopy can provide accurate information about the position and strength of these 

transitions which are important in applications like laser isotope separation, trace elemental 

b) 

λ1 

λ2 

λ3 

c) 

λ1 

λ2 

λ3 

a) 

λ1 

λ2 

λ3 

Fig. 1.3: a) Three-colour three-photon process ending in continuum b) Three-
colour three-photon ending in an autoionisation state c) Two-colour three- 
photon  reaching a Rydberg level close to continuum. 
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analysis etc. The technique has been successfully implemented for measuring the cross 

sections of bound-bound and bound–free transitions. Time–resolved multi-photon ionisation 

method can be used to determine the absolute value of the oscillator strength by determining 

the lifetime and the emission branching ratio to the relevant low-lying state [10]. Owing to 

the high sensitivity of the multi-step photoionization technique, it is also used for 

spectroscopic investigations of short-lived radio isotopes as well [11] .  

Multi step resonance photoionization in combination with mass spectrometry is a 

versatile tool for trace analysis, in particular for achieving highest elemental and isotopic 

selectivity. Resonant excitation and ionization of atoms with lasers provides the highest 

intrinsic isobaric selectivity through the uniqueness of optical atomic transitions. Subsequent 

mass spectrometry on the photoions generated further enhances the isotopic selectivity  [12]. 

In this thesis, this technique is exploited for the determination of new highly excited 

energy levels of atomic samarium, a representative of lanthanide series. The technique has 

been further exploited for the determination of the total angular momenta, isotope shifts and 

radiative lifetimes of the high-lying levels. Most of these studies employed either multi-step 

two-color three-photon or three-color three-photon resonance ionization mass spectrometry 

(RIMS) utilising a time of flight mass spectrometer [13]. 

1.2 Atomic Spectroscopy of samarium:  A literature 

review 

 
Samarium is one of the representatives of lanthanide series with atomic number 

(Z=62) and the ground state electronic configuration is [Xe] 4f66s2. The ground state is a 

septet 7F0-6 with energy levels as given in the Table 1.1. This was first reported by Albertson 

et.al [14]  who have assigned energies of 175 energy levels using the lines from the arc 
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emission spectra. In a subsequent work, the same group has identified 910 new energy states 

of samarium which accounted for all the unidentified lines in the previous work and also in 

this work they approximately determined the ionisation potential of samarium [15].  

Table 1.1.: Ground state of atomic Samarium 

Configuration Term Energy Level(cm-1) 

4f66s2 7F0 0.00 

 7F1 292.58 

 7F2 811.92 

 7F3 1489.55 

 7F4 2273.09 

 7F5 3125.46 

 7F6
 4020.66 

 

 Before the invention of lasers, a large number of atomic spectroscopic studies both 

experimental and theoretical have been carried out on atomic samarium by various groups 

[14-31]. Extensive studies on the energy levels of samarium have been carried out by 

Albertson et.al. [14, 15]  and King et.al. [16] as early as 1935. Most of the spectroscopic data 

obtained in the earlier work were based on classical emission or absorption spectroscopy 

carried out in arc, spark, hollow cathode discharges, electrode-less discharge lamps, furnaces 

etc. Martin et.al [31] in 1978 did the compilation of the energy levels for all rare earths 

known till then as a part of the program on evaluation and compilation of atomic energy 

levels, spectral wavelengths and classifications initiated by the National Bureau of Standards. 

However, the information obtained from these studies was incomplete due to the limited 

capacity of the techniques employed in these studies. Hence the subsequent spectroscopic 
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works employing lasers were focused on exploring the high-lying and autoionising energy 

levels and the relevant atomic parameters. 

Subsequent to the development of tunable lasers, a variety of laser based 

spectroscopic techniques have been emerged for determination of atomic parameters [32-  

56]. Worden et.al [32]  have reported the ionization potential of Sm I to be 45519 ± 8cm-1 

(5.6437 eV) using laser spectroscopy. They have employed step-wise laser excitation and 

ionisation method to find the Rydberg series and the ionisation thresholds of ten lanthanides. 

Accurate ionisation limits were derived from the experimentally observed photoionization 

thresholds.  Later on Hu Sufen et.al.[34] have identified and measured high-lying and 

autoionising levels of atomic samarium in the energy range 45322 – 47092 cm-1 using multi-

step photoionization technique. Subsequently Jia et.al [35] have studied the high-lying even-

parity energy levels of atomic samarium in the energy range 35779 -37054 cm-1 by 

employing resonantly enhanced Doppler-free two-photon spectroscopy in hollow cathode 

discharge lamp. In this work the J-values of these energy levels have been partially 

determined by spectrally resolving the laser induced fluorescence from the laser excited 

energy levels with a monochromator.  

 Jayasekharan et.al [36] have employed two-colour three-photon photoionization 

method to find eighty six even parity high-lying states of atomic Sm in the energy region 

32950 -36000 cm-1. They have determined the absolute energy level values with an accuracy 

of  0.3 cm-1. The total angular momentum values of most of the levels were determined 

uniquely. The observations were further extended by the same group to the energy range 

34850 – 45300 cm-1, and identified 571 new even parity energy levels. They used the method 

of accessing the same level using multiple excitation routes to determine the angular 

momentum of the energy levels [37]. Jayasekharan et.al. [38] have also studied the even 
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parity Rydberg levels with angular momentum J=1 by using two-colour photoionization 

spectroscopy. They found that the bound and the autoionising Rydberg levels converge to 

three different ionic states of samarium viz.4f6(7F)6s[8F1/2], 4f6(7F)6s[8F3/2] and 

4f6(7F)6s[8F5/2]. Apart from the identification of Rydberg levels, the work also resulted in the 

determination of 80 new autoionizing levels with a unique total angular momentum of J=1. 

Analysis of the Rydberg levels lead to a more precise determination of the first ionisation 

potential of atomic samarium to be 45519.64 1.39 cm-1. 

Subsequently, Park et.al [39] have investigated more than fifty autoionisation states of 

Sm I by three step excitation in the energy range 48000 – 51200 cm-1.  Gonomai et.al.[40, 41] 

have found fifteen new even parity high-lying levels of Sm I along with their angular 

momentum values in the energy range 34713- 40527 cm-1 using single-colour three-photon 

ionization. Kajurai and Ogawa  et.al [42] determined the even parity autoionisation states and 

their probable J values using laser optogalvanic spectroscopy in a Sm hollow cathode lamp. 

They found 357 new autoionisation states in the energy region 45520 – 49188 cm-1. T. Wakui 

et.al. [43] carried out high resolution laser spectroscopy of rare earths in a well collimated 

atomic beam using a tunable diode laser and determined the hyperfine structure and the 

isotope shift of eight transitions. Schmitt et.al [45] determined the ionization energy of 154Sm 

employing high-resolution three-step resonance ionization mass spectrometry. Pulhani et.al 

[46] reported the observation of new high-lying even-parity excited levels of samarium in the 

energy region 34814 cm−1 - 35111 cm−1 using two-color laser-induced fluorescence 

spectroscopy in an atomic beam set-up. In a subsequent work the same group has determined 

the total angular momentum of seven high-lying levels in the energy region 34800 – 36200 

cm−1 employing the same technique [47]. Zhao et.al. [48] have studied the high-lying even 

parity levels in the energy regions 37588 - 39927 cm-1 and   41061 - 42478 cm-1   by 
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employing two-colour photoionization spectroscopy. Qin et.al.[49] have studied the 

autoionising states of atomic samarium in the energy range 57900 – 61030 cm-1. They have 

classified these states into autoionising series converging to four different ionisation limits. 

The level energies and widths of these autoionising states have been determined by fitting 

Lorentzian profiles to the line shapes. The configuration interaction among these 

autoionisation states is also discussed in this work. The same group in a subsequent study has 

identified and characterised fifty seven new autoionising levels of atomic samarium in the 

energy range 60700 - 66500 cm-1[50] using a three step excitation scheme. Li et.al. [51] and 

Zhao et.al. [52] have studied the even parity high-lying states of atomic samarium using two-

colour three step excitation and photoionization method.  They have accessed the high-lying 

levels using three different excitation routes. Using this method they have identified many 

even parity high-lying states and assigned a unique total angular momentum to most of the 

identified states by comparing the three spectra obtained with different excitation routes. 

Gomonai et.al. [53] have studied the even-parity highly excited stated of samarium in the 

energy range 34104 - 39155 cm-1  using single-colour three-photon resonance ionisation 

spectroscopy. The energies and the total angular momenta of 342 states have been determined 

using this method. Lawler  et.al [54] determined the transition probabilities of 299 lines in the 

first spectrum of samarium utilising the emission branching fraction measurements data from 

a Fourier transform spectrometer and the radiative lifetimes from laser induced fluorescence 

measurements. Shah et.al.[55] have investigated the even parity high-lying energy levels in 

the energy region 36510 – 36875 cm-1  by simultaneously observing the two-colour three-

photon photoionization and two-colour laser induced fluorescence signals. They have also 

studied the dependence of these signals on the second-step laser power. In a subsequent work 

the same group has measured the second step transition probability and the photoionization 

cross section by utilising the two-colour three-photon photoionization and the two-colour 
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fluorescence signals from a single experiment [56]. Even though voluminous work has been 

carried out previously on atomic samarium, the spectroscopic information available in 

literature especially about the high-lying levels is far from complete. 

1.3 Motivation for the present work 

 
Spectroscopic studies of lanthanides are of fundamental importance in improving the 

understanding of basic atomic physics as well as in applied research because of its scientific 

and technological applications such as laser isotope separation, trace elemental analysis, 

development of metal halide high intensity discharge lamps with rare earth emitting 

admixtures etc. [57,58]. Sm (Z= 62) being one of the representatives of lanthanide series has 

a rich and complex spectrum due to its less than half filled 4f-shell. Due to the presence of 

many electrons in the outer d and f shells,  Sm is known for a large number of strong 

transitions in the visible region with strong oscillator strengths. Due to its rich radiative 

properties, Sm has been one of the major dopants for optical amplifications such as laser 

amplifiers and communication devices along with other lanthanides like neodymium and 

erbium. Samarium is also used in magnets and in some metal alloys. It is often blended with 

cobalt for a stronger alloy which resists demagnetization. Optical properties of samarium 

doped materials are of great interest in the field of photonics. Even though a lot of laser 

spectroscopic work has been previously carried out on samarium for the measurement of 

atomic parameters, the spectroscopic information available in literature especially about the 

high-lying levels is far from complete. Isotopic data on high-lying levels is a vital 

information required for determining isotopic selectivity in a multi-step excitation scheme 

[59]. Moreover, the stable isotopes of Sm I lie in a region where great changes in the nuclear 
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shapes occur [60]. Thus there is a continuing interest in the investigation of the spectroscopic 

properties of atomic Sm I. 

 Atomic samarium (Sm I) has seven naturally abundant isotopes 144Sm (3.1%), 147Sm 

(15%), 148Sm (11.3%), 149Sm (13.8%), 150Sm (7.4%), 152Sm (26.6%) and 154Sm (22.6%). 

Among these, 149Sm, with high thermal neutron absorption cross-section (40140 barns), is a 

promising candidate as burnable poison in nuclear reactors [61]. The use of natural samarium 

as a burnable poison was discarded previously because of the large residual negative 

reactivity worth of samarium isotopes and their daughter products at the end of life of the 

fuel. Recently, Renier et al [62] have investigated the potential benefits of using enriched 

samaria (Sm2O3) as a burnable poison in the fuel pellets of PWRs and shown that the use of 

Sm enriched in 149Sm has greatly reduced this residual absorber problem. In this thesis, a 

polarisation based isotope selective photoionization of the odd isotopes of atomic samarium 

(149Sm & 147Sm) using broad band lasers has been demonstrated for the first time. 

                  The present Ph.D thesis deals with the application of multi-step resonance 

ionization spectroscopic techniques for the measurement of various atomic parameters of 

samarium, a representative of lanthanide series. The work described in the subsequent 

chapters involves the determination atomic parameters like energy levels, total angular 

momenta, isotope shifts and radiative lifetimes of the high-lying energy levels of atomic 

samarium using multi-step resonance ionization spectroscopy. Most of these atomic 

parameters find application in many areas of science such as atomic physics, laser physics, 

plasma physics, laser chemistry, atmospheric science, astrophysics etc. It also describes in 

detail a novel isotope selective photoionization technique based on polarisation selection rule 

for efficient isotope-selective photoionization of odd isotopes of samarium using broad band 
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lasers. The thesis has been structured into six chapters, elaborating the work carried out in the 

above mentioned areas.  The chapter-wise description of the work is given below: 

Chapter 2 deals with the experimental set-up employed for the photoionization studies 

described in this thesis. It includes a detailed description of the Nd-YAG pumped dye laser 

systems used for photoionization studies, time of-flight mass spectrometer, its working 

principle, hollow cathode discharge lamp used for coarse wavelength calibration of the 

photoionsiation spectra, Fabry-Perot etalon and photo diode unit used for fine wavelength 

calibration, signal detection and processing systems utilized in these experiments. 

Chapter 3 deals with the measurement of energy level values, total angular momenta and 

isotope shifts of the high-lying levels of samarium using two-colour photoionization 

spectroscopy. Two-colour three-photon resonance photoionization spectra of atomic Sm are 

investigated in the energy region 33136 -33960 cm-1 and 35450 – 35750 cm-1. The work 

resulted in the identification of more than twenty energy levels in these regions. The energy 

values of the newly identified energy levels have been assigned with an accuracy of ± 0.3 cm-

1. Based on the excitation scheme used, most of the new levels have been identified with a 

unique total angular momentum (J). In addition, by performing mass-resolved 

photoionization spectroscopy, the isotope shift of twenty eight high-lying levels of Sm I was 

measured. The details of this work will be presented in this chapter. 

Chapter 4 deals with the radiative lifetime measurements of the even-parity high-lying levels 

of atomic samarium by delayed photoionization measurements using pump-probe 

spectroscopy. This chapter lists the radiative lifetimes of the even-parity high-lying levels of 

atomic samarium in the energy range 34000 - 34815 cm-1 measured for the first time. The 

measurements were carried out by detecting time resolved delayed three-colour 

photoionization signal by pump-probe technique in an atomic beam coupled with a time-of-
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flight mass spectrometer. The measured values are in the range of 35 to 349 ns. Accuracy of 

the measurements was validated by measuring the lifetime of the first excited level used in 

the excitation scheme by employing two-colour pump-probe photoionization spectroscopy 

and comparing the measured value with that reported in the literature. The details of the 

measurement technique will be presented in the chapter. 

Chapter 5 describes the experimental demonstration of a polarization based isotope selective 

photoionization technique for selective photoionization of odd isotopes of samarium using 

broad band lasers. Isotope-selectivity of more than 40 between the odd and even isotopes 

(149Sm /152Sm) of atomic Sm has been experimentally demonstrated by judiciously selecting 

proper angular momentum sequence of the levels involved in the excitation scheme and laser 

polarizations. This is the first experimental demonstration of isotope-selective 

photoionization of the odd isotopes of samarium using polarized laser beams. Since the 

technique has the advantage that the isotopic selectivity is not affected by the spectral 

broadening of the excitation lasers, it is highly useful for the separation of odd and even 

isotopes exhibiting overlapping spectra owing to small isotope shifts and broad hyperfine 

structures. The chapter also describes in detail the effect of different states of polarization of 

the excitation lasers and the relative polarization angle between them on the isotope 

selectivity.  

Chapter 6 presents the conclusions including the summary of the work carried out in the 

present studies and the scope for future work.  
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Chapter 2     

2.1 Introduction 
                  This chapter describes the experimental set-up (Fig. 2.1) employed for the 

photoionization studies described in this thesis. It includes a detailed description of the Nd-

YAG and dye laser systems used for photoionization studies, time-of-flight mass 

spectrometer, its working principle and its advantages over other conventional type mass 

spectrometers, hollow cathode discharge lamp used for coarse wavelength calibration of the 

photoionization spectra, Fabry-Perot etalon and photo diode unit used for fine wavelength 

calibration and other signal detection and processing systems utilized in the experiments. 

 

 Fig. 2.1: Schematic representation of the experimental set-up. DL1, DL2, DL3: tunable dye 
lasers, ODL: optical delay line, EDG: electronic delay generator, FC: fibre coupler, WM: 
wavelength meter, TOFMS: time-of-flight mass spectrometer, MCP: micro-channel plate 
detector, AMP: pre-amplifier, DSO: digital storage oscilloscope, PD: photo diode, BD: 
beam dump, M: mirror, BS: beam splitter, PC: personal computer. 
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2.2 Different Laser systems employed in the multi-

step photoionization set-up 
 

The multi-step photoionization experimental set-up consists of two Q-switched 

Nd:YAG lasers (Model No: YG 981, Quantel, France)  and three dye lasers (Model No. TDL 

90, make: Quantel, France) with a pulse repetition rate of 20 Hz and temporal duration of ~ 6 

ns.  The second harmonic output of the Nd:YAG laser (@ 532 nm) is used for pumping the 

dye lasers employed in the multi-step excitation and ionization process. The typical pulse 

energy of the second harmonic output from the Nd:YAG laser is ~ 350 mJ and that of the dye 

laser is ~ 20 mJ. The output of all the lasers have vertical linear polarisation with purity better 

than 99%. A photograph of the laser systems used in the photoionization spectroscopic 

studies carried out in this thesis is shown in Fig. 2.2. 

 

 

Fig. 2.2:  Laser systems used in photoionization experiments 
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2.2.1 Nd:YAG Laser 
 

Neodymium lasers are most popular type of four-level solid-state lasers using rare earth 

ions. The host medium in Nd:YAG laser is a YAG crystal (acronym for yttrium aluminium 

garnet Y3Al5O12), in which some of the Y3+  ions are replaced by Nd3+  ions. The typical 

doping levels in Nd:YAG are ~ 1 atomic percentage. Undoped host materials are generally 

transparent. After doping these host material becomes pale purple because of the Nd3+ 

absorption band in the red region. 

The simplified energy level diagram for the Nd:YAG laser is shown in Fig.2.3. The 

energy levels of this ion in almost any crystalline lattice are essentially the same. Level 

notation is based on L-S coupling scheme and the term value for each level has the form 

2S+1LJ, where S is the total spin quantum number, J is the total angular momentum quantum 

number and L is the orbital quantum number. Each level is (2J+1) fold degenerate 

corresponding to the magnetic quantum number mJ. Due to the Stark effect in the crystal 

field, the levels  with same |mJ| values are degenerate. Hence each 2S+1LJ level split into 

(2J+1)/2 doubly degenerate sub levels. 

  The main two absorption bands of Nd:YAG corresponds to 730 nm and 800 nm for 

flash lamp pumping. These bands are coupled by fast non-radiative decay to the 4F3/2 lower 

level. The lasing action occurs between the levels 4F3/2 to 4I11/2.  This level has got higher 

lifetime (τ = 230 s), since this transition is a dipole forbidden transition in an isolated ion( 

the selection rule for an electric dipole transition being ∆J = 0 or 1). But in this case, the 

transition becomes weakly allowed due to crystal field interaction. Due to the large lifetime 

of the level, the level 4F3/2 accumulates a large fraction of the excited population, making it a 

suitable candidate as upper level for laser action. 
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Fig. 2.3:  Simplified energy level diagram of Nd:YAG laser[63]  

In principle, several lasing transitions are possible between the upper 4F3/2 level 

and the low-lying I levels; of which 4F3/2  4I11/2 is the strongest one. The lower lasing level 

is coupled by a fast non-radiative decay (hundreds of picoseconds) to the ground level (4I9/2) 

establishing a fast thermal equilibrium with the ground state. Thus Nd:YAG laser operation 

corresponds to a four level scheme. Since 4F3/2 level is split into two sublevels (R1 and R2) 

and the lower lasing level is split into six sublevels, the laser action usually takes place 

between the R2 level and the 4I11/2 sublevel, due to the high stimulated emission cross section 

for this transition. This transition occurs in the near infrared wavelength at 1.06 m, which is 

the most popularly used fundamental wavelength of Nd:YAG laser. The laser action is 

homogeneously broadened at room temperature. The corresponding line width is 

approximately ∆  4.2 cm-1. The long lifetime of the upper level also makes it suitable for 

Q-switched operation. Nd:YAG laser can operate in either continuous wave (cw) or pulsed 

mode and can be pumped by a lamp or a semiconductor laser[63].  
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2.2.2 Dye Laser 
 

Dye lasers have played a prominent role in the multi-step photoionization spectroscopy of 

atoms and molecules. In these types of lasers, an organic dye dissolved in a suitable solvent 

such as ethyl alcohol, methyl alcohol, benzene, acetone, water etc. is used as the active 

medium. The dyes which are most efficient are classified into eight groups: xanthenes, 

polymethines, oxaines, coumarins, anthracenes, acridines, azines and phthaloziamins. Most 

widely used dye is the Rhodamine 6G dye (Xanthene dye) which emits in the yellow-red 

region. For emission in the blue-green region coumarin dyes are used. Dye lasers are capable 

of giving laser output from 0.3 to 1.3m using different dyes. Using harmonic generation the 

accessible spectral region can be extended into the far infra red to the vacuum ultra violet. 

The typical energy level diagram of a dye in solution is given in Fig.2.4. Each 

electronic level comprises of several vibrational levels and each vibrational level is associated 

with several rotational levels. The vibrational level separation is ~ 1400 -1700 cm-1 where as 

the rotational level separation is of the order of 150 cm-1. Because of the collisional 

broadening in liquids, the rotational levels which are very close will give rise to a continuum 

states of levels between the vibrational levels.  

The dye molecules are characterised by singlet as well as triplet states. In the singlet 

state the spin of the active electron and the remainder of the molecule are anti-parallel and in 

the triplet state the spins are parallel. The singlet to triplet transition in which a spin flip 

occurs is forbidden by the selection rule (∆S=0). 
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Optical pumping raises the molecule from the lowest vibronic level of the electronic ground 

state S0 to one of the upper vibronic level of the excited state S1. This excitation is followed 

by a rapid relaxation by non-radiative process with a time scale of the order of few pico 

seconds to the lower vibronic level of the excited state S1. Lasing occurs between this state 

and one of the upper vibronic levels of the state S0. Another non-radiative decay from this 

level takes the molecule from this state to the ground level.  

Singlet states 

state Triplet  

Laser transition 

Ground state 

S0 

S1 

S2 

T1 

T2 

Fig. 2.4:  Energy level diagram for a dye molecule [64] 
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The presence of the triplet levels pose a to hurdle to lasing action as the molecules in 

the singlet state S1 can decay to the triplet state T1 via collision. This is known as intersystem 

crossing. If the lifetime of the state T1 is larger than the intersystem crossing time, then the 

molecules will get accumulated in the state T1. Hence inter system crossing will reduce the 

number of molecules available in the upper lasing level reducing the gain. This can be 

reduced by adding oxygen to the dye solution as it acts as a triplet state lifetime quenching 

additive.  

 The radiative lifetime of the level S1 is ~100 ns, hence most of the molecules decay 

from this level by fluorescence contributing to the laser action at fluorescence wavelength. 

The dye solution is transparent at these wavelengths as the emission band is shifted from the 

absorption band. A typical absorption and fluorescence spectrum of Rhodamine 6G dissolved 

Fig. 2.5: Absorption and fluorescence spectrum of 
Rhodamine 6G dissolved in ethanol [3].  
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in ethanol is shown in Fig. 2.5 [3]. Since the levels involved in the pumping process are 

different from that involved in the lasing action, dye laser system is essentially a four level 

laser system. Dye molecules have got very high absorption cross-section, hence these lasers 

have very high gain compared to the solid state lasers. Because of the fast relaxation time of 

the dye molecules, it requires a very intense and fast pumping mechanism to maintain 

population inversion in the medium. The large amount of thermal energy deposited in the dye 

solution can cause a variation in the refractive index in the cell resulting in losses in the 

cavity. These effects can be overcame by rapidly circulating the dye solution through the 

cuvette [64]. 

 Pulsed laser action can be obtained by pumping the dye by using very fast flash 

lamps or by short pulses from other pulsed lasers like Nd:YAG laser, N2 laser etc. For 

wavelength tuning, a spectral selective element is introduced into the cavity. The dye laser 

system used in the present studies uses a grazing incidence grating (GIG) configuration in the 

oscillator cavity for wavelength tuning.  

2.3 Time-of-flight mass spectrometer 

The multi-step photoionization studies reported in this thesis are carried out in 

an atomic beam source using a time-of-flight mass spectrometer (TOFMS) as the ion 

detection system. The basic working principle of a TOFMS is described in this section. 

A time-of-flight mass spectrometer separates ions of different mass to charge 

ratio (m/q) based on the difference in the transit time through a drift tube. The simplest 

TOFMS consists of an ion source and a collector situated at the opposite ends of an evacuated 

tube. The ions formed in the laser-atom interaction zone are accelerated out of the source 

towards the collector by either one or a series of constant electric fields. Pulsed or continuous 
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fields can be used for acceleration. In either case, the velocity of the ions in the field-free 

region is a function of their q/m values. Hence the arrival of ions of different q/m values can 

be registered in time by a detector placed at the end of a drift tube. If only singly charged ions 

were present, then the group of ions having the lightest mass will reach the detector first 

followed by the groups with successively heavier masses. Thus it is possible to get entire 

mass spectrum for each ionising pulse in every few micro seconds. Hence it is possible to 

determine the relative intensities more accurately, even in the presence of unpredictable 

variations in the source conditions, provided the variation affects different masses in a similar 

manner. Another advantage of using TOFMS is that its accuracy depends on the electronic 

circuits and not on the highly uniform magnetic fields and the extremely precise mechanical 

alignments like in other kinds of mass spectrometers such as magnetic sector mass 

spectrometer, quadrupole mass spectrometer etc. 

The time-of-flight mass spectrometer (TOFMS) used in these studies is a Wiley-

McLaren type [65] mass spectrometer. The schematic of the TOFMS is given in the Fig.2.6. 

It consists of a high temperature oven kept in a high vacuum chamber for producing the 

atomic vapours of the element under consideration, a series of electrodes for extracting and 

accelerating the photoions  and a drift tube. The potential of the first grid provides the electric 

field in the extraction region in which the ions are formed and the potential applied to the 

second grid decides the ion energy in the drift tube.  
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Fig. 2.6: Schematic of time of flight mass spectrometer   

 

In Fig. 2.6 Es is the electric field in the extraction region, Ed is the electric field in the 

acceleration region and the region D (drift region) is electric field free. The double field 

source used in this type of mass spectrometer has the advantage of higher resolution due to 

the presence of the additional parameters d and Ed/Es which are not available in a single field 

source. 
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2.3.1 Flight time of TOFMS 
 

The total energy gained by an ion with initial energy U0 is given by, 

	� = �� + ���� + ����                                                                                                      (2.1) 

The time of flight is given by, 

�(��,s) = T1 +T2 +TD,                                                   (2.2) 

where T1 , T2  and TD are the time taken by the ion to reach the extraction grid, acceleration 

grid and the detector respectively. 
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The plus and minus signs correspond to the initial velocities directed away from and towards 

the collector respectively. 

Since TD >> (T1+T2), the total flight time � ≈ ��. 

TD	∝ √�	                                                                                                                              (2.6) 
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2.3.2 Resolution of TOFMS 
 

Resolution is the largest mass M, for which the adjacent masses are essentially completely 

separated. This corresponds to the mass M for which the time spread for the ions of the same 

mass equals the time interval for the adjacent masses.  

Hence the mass resolution of the spectrometer,  

�

∆�
= 	

�

�∆�
                                                                                                                            (2.7) 

In typical experimental conditions, T ~ 25µs and ΔT ~ 25ns, resulting in a mass resolution of 

500. The resolution of a time of flight mass spectrometer is limited by the following three 

factors: a) The longitudinal extension of the region where the ions are formed i.e. the laser 

beam diameter b) the initial longitudinal velocity distribution of the ions and c) the time 

interval during which the ionisation takes place. i.e. the laser pulse duration. The typical 

temporal width of the photoionization signal ~ 25 nano seconds where as the FWHM of 

temporal duration of the laser pulse is ~ 6 ns. Hence the major contribution to the temporal 

width of the signal is coming from the longitudinal spatial distribution and the velocity 

distribution of ions. 

2.3.2.1 Space resolution of TOFMS 
 

The ability of a TOFMS to resolve masses in spite of its initial space distribution is called 

space resolution. It can be improved by minimising the spread(s) in the initial space 

distribution of ions from its mean position (s0). Another method to improve space resolution 

is by space focussing which gives each ion a velocity dependent on its original position as 

well as on q/m so that ∆T∆s can be minimised. Space focussing depends on the fact that an ion 
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initially away from the end plate acquires less energy and hence it is eventually overtaken by 

the ion which is closer to the end plate (and thus having larger s value). Hence, at a certain 

drift length D, the first derivative of the time of flight with respect to the coordinate s0, where 

the ions start vanishes, i.e. the fastest ions will catch up with the slowest ones. The position at 

which the ions with their initial s positions were � = �� ± d/2 pass each other is given 

by[65], 

� = 2����
�/�

	
�1 −

�

�����
�/�

�

��
�															                                                                                 (2.8)               

,where 

�� = 1 +
���

����
                                                                         (2.9) 

               Hence space focussing can be achieved in a double field system by adjusting Ed/Es 

values, since all other parameters d, s0 and D are fixed.  

2.3.2.2Energy resolution of TOFMS 
 

There can be a temporal spread in the TOF mass spectrum due to the initial kinetic energy 

distribution of the ions. Suppose if two ions are formed at the same s position but with 

oppositely directed same initial velocities there will be a time spread (∆Tθ) for ions of same 

mass also. This decides the energy resolution of the TOFMS. One method to improve energy 

resolution is by increasing the ratio of the ions total energy to its initial energy. Alternatively, 

energy resolution can be improved by employing a reflectron type TOFMS in which an ‘ion- 

mirror’ is used to compensate for the kinetic energy distribution along the flight direction. 

The ions with higher initial kinetic energy penetrate farther and spend more time in the 

reflectron.  Using appropriate potentials and geometries, the shorter time that the high energy 
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ion spends in the flight tube can be compensated with the increased time spend in the 

reflecting mirror [66]. 

2.4 Atomic Vapour Source 
 

 A resistively heated atomic vapour source coupled with TOFMS was used for 

producing atomic vapours of samarium. The oven was made of rolled tantalum sheet of 

thickness 25 microns. To reduce the Doppler width of the atomic beam source, the Sm 

vapour effusing out of the oven orifice of 1mm diameter was further apertured by using a 

fixed aperture of diameter, b = 3mm at a distance of, d = 15mm from the oven orifice.  

A schematic of the atomic beam source is shown in Fig. 2.7. 

The reduced Doppler width is given by, 

∆n��� = ����	∆n�                                                                                                             (2.10) 

,where 	∆n�(��) = 7.16�10
��	n�(��)�

�(�)

�(���)
                                                          (2.11) 

is the Doppler width at equilibrium  temperature T, M atomic mass in amu and 0 is the line 

centre of absorption line profile. The reduced Doppler width of the atomic absorption line in 

the interaction zone is ~ 100MHz and the typical number density of Sm in the interaction 

zone is calculated to be ~ 109atoms/cm3.  

. 
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2.5 Experimental set-up for spectral calibration 

 

The coarse calibration of the photionisation spectra is done by using the opto-galvanic signal 

from a uranium-hollow cathode discharge lamp and the fine calibration of the spectra is 

carried out by using a Fabry Perot etalon along with a photo diode set up. The detailed 

working principle of the system is described in the following section. 

2.5.1 Coarse calibration with Opto-galvanic signal 
 

The coarse calibration of the spectra was carried out by detecting the opto-galvanic signal 

from a uranium-hollow cathode discharge lamp. The detection mechanism is based on the 

‘Opto-galvanic effect’, i.e., by detecting the change in the discharge impedance when atoms 

in a discharge are photo-excited or ionised using resonant photons from an external light 

 Fig. 2.7: (a) Schematic of the collimated atomic beam source (b) Atomic 
velocity components 
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source. It is a very simple and inexpensive detection technique for spectroscopic investigation 

of atoms, ions, molecules and radicals. This method has proven to be a powerful and 

convenient spectroscopic technique to investigate all kinds of matter in vapour phase, in 

discharge plasmas and flames over a wide spectral range from UV through visible to IR. 

Unlike absorption and emission spectroscopic techniques, the method does not require a 

monochromator or any other optical detectors. Also the method does not require background 

filtering and has got a moderate signal to noise (S/N) [67]. 

When the laser is tuned in resonance to an atomic or molecular transition of the 

species present in the discharge, the electrical properties of the discharge changes due to the 

following two mechanisms: (a) A variation in the electron-ion production due to excitation to 

a level close to continuum (b) a variation in the electron and gas temperatures due to super 

elastic collisions with laser excited atoms. Either process can dominate the opto-galvanic 

signal depending on the discharge conditions. 

           Opto-galvanic spectroscopy is intrinsically more sensitive than absorption, since 

absorption is based on recording a small variation superimposed on a large background 

signal, where as the former is based on a signal on zero background.  When compared to 

fluorescence, OG offers the advantage of being not affected by the background signal either 

due to the discharge luminosity or by the scattered excitation light intensity. This is of 

significance while detecting fluorescence at the same wavelength as that of the absorbed 

radiation. 

Opto-galvanic technique provides an accurate and economical way to calibrate the 

spectra recorded in an experiment. In the experiments carried out in this thesis, a hollow 

cathode discharge lamp, shown in Fig. 2.8, made of uranium, an element with a rich 

transition spectrum was utilised for the coarse calibration of the spectra. Palmer et al.[68]  
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have previously published an atlas, which reports the Fourier-transform spectrum emitted 

from a U-Ne hollow cathode discharge lamp, with an accuracy of 0.005 cm-1, in the region 

between 348 nm to 908 nm. The OG spectrum recorded was compared with the emission 

lines reported in the atlas for the coarse calibration of the experimental data [69]. The 

interference fringes produced by a Fabry - Perot etalon were detected by a fast photo diode 

described in sections 2.5.2 and 2.5.3. The Fabry-Perot fringes were recorded simultaneously 

along with the photoionization spectra. The fine calibration of the photoionization spectra 

was carried by using these fringes along with the OG signal. An additional cross check on the 

wavelength calibration was carried out by using the wavelength meter High Finesse 

Angstrom WS/6 DL (refer section 2.6.4).  

 

Fig. 2.8: Hollow cathode discharge lamp 
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2.5.2 Fine calibration using Fabry-Perot Etalon  

        The fine calibration of the photoionization spectra is carried out by using a Fabry-Perot 

etalon along with a photo diode set up.  Etalons are two glass plates separated by a spacer and 

the inner surfaces of the two plates coated with partially reflecting layers. With this 

interferometer, frequency markings are obtained by transmitted light after multiple reflections 

between the glass plates. Here the multiple reflections take place in the thin film between the 

glass plates. The condition for maximum intensity is given by, 

2m����� = �l, where n = 0,1,2,3..., ‘’ is the refractive index of the spacer and ‘t’ is its 

thickness i.e. the separation between the two reflecting surfaces. On scanning the incident 

wavelength, transmission peaks separated by the free spectral range (FSR) of the etalon will 

be produced. A typical FP fringes obtained on scanning the photoionizing laser wavelength is 

shown in Fig. 2.9. 

 

Fig. 2.9: Fabry-Perot etalon fringes 
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2.5.3 Photo diode  
 

A photo diode is a reverse biased PN junction diode which converts light energy into 

electrical current. When photons of suitable energy is incident on the P-N junction through an 

optically transparent window, the electrons from the valance band jump to the conduction 

band, creating electron-hole pairs resulting in a current flow in the circuit. In PIN type 

junction diodes, an intrinsic semiconductor layer is introduced between the PN junction to 

increase the width of the depletion region which results in a lower capacitance and 

correspondingly a smaller rise time. In the experimental set-up employed in this thesis, a PIN 

type photo diode was used to monitor the output of the transmission signal of the Fabry-Perot 

etalon which was used as a fine frequency marker for calibration of photoionization spectra.  

It is also employed for checking the temporal delays between the laser pulses. Fig. 2.10 

shows a typical temporal profile of the dye laser pulse.   

 

Fig. 2.10: Signal output of the photo diode 
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2.6 Signal detection and measurement systems 

2.6.1 Micro Channel Plate (MCP) Detectors 
 

A micro channel plate detector is used for the detection of the photoionization signal. The 

signal is amplified using a pre-amplifier and then processed using a boxcar averager unit to 

improve the signal to noise ratio. The working principle of MCP is briefly described below. 

MCP’s are used to detect single particles of electrons, ions or photons by the 

multiplication of electrons via secondary emission. It consists of an array of 104-107 

miniature electron multipliers oriented parallel to one another. Typical channel diameters are 

in the range of 10 -100 m and the length to diameter (L/D) ratios is in the range of 40 to 

100. Channel axes are typically normal or biased at a small angle to the MCP input surface. 

Each channel can be considered to be a continuous dynode structure. Parallel electrical 

contact to each channel is provided by a metallic coating on the front and the rear surface of 

the MCP, which serves as the input and the output electrodes respectively. The total 

resistance between the electrodes is of the order of 1000 mega ohms. Such micro channel 

plates used in single or in cascade can provide an electron multiplication factors ~ 104-107 

coupled with an ultra high time resolution (<100 ps). The spatial resolution of the MCP’s is 

limited only by the channel dimensions and the spacing. Typical MCP’s have a channel 

diameter of ~ 12 m with a centre to centre spacing of 15 m.[70]. In the experimental set-up 

mentioned in this thesis, a Chevron type MCP (Make : El–Mul) with a gain of 106 at an 

operating voltage of 1800 V  is used. 
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2.6.2 Pre-amplifier 
 

The output of the micro channel plate detector was amplified with the help of a charge 

sensitive fast pre-amplifier with a gain of 100 and a band width of 100 MHz before it is fed to 

a boxcar averager (BCA) for processing. The photoionization signal after amplification by 

the pre-amplifier is typically in the range of 5 to 300mV. 

2.6.3 Boxcar averager 
 

A boxcar averager is used to improve the signal to noise ratio of the photoionization 

spectrum. It relies on the incoherent nature of the noise component to increase the S/N ratio 

of a repetitive input signal. The basic principle behind the working of boxcar is briefly 

described here: 

An input signal can be considered as the sum of true signalV�(t), which is repetitive in nature 

with a period Γ plus a random noiseV�(t).  

          i.e, V�(t) = V�(t + Γ) = V�(t + mΓ) ,                                                                        (2.12) 

 where m is an integer. However for the noise V�(t), there is no correlation between V�(t). 

and V�(t + mΓ). In boxcar averager the input waveform Vin (t) is applied to an integrating 

circuit with time constant T from t = t0 to t= t0 + τ set by the gate. The normalised output of 

the integrating circuit is given by 

 	V���(t) =
�

�

�

�	
∫ �V�(t) +	V�(t)�dt
����

��
                                                                           (2.13) 

The integration is repeated for N pulses separated by the time period Γ. The average output 

voltage ����(�) (t) is given by, 
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����(�) =
�

�

�

�

�

�
∑ �∫ �V�(t) +	V�(t)�dt

����

��
��

���                                                 (2.14) 

 For the repetitive signal Vs (t), the integral is constant for all samples m at given gate delay t0 

and width τ, i.e. 

∫ V�(t)	dt
����

��
= 	V�����	(t�	, τ) = constant                         (2.15) 

Hence,          

 ����(�) =
�

�

�

�
	V�����	(t�	, τ) +

�

�

�

�

�

�
∑ �∫ V�(t)	dt

���τ

��
��

���                                                    (2.16) 

Because of the random nature of the noise, the second integral is distributed according to 

Gaussian function and the sum of N such Gaussian gives a value which varies statistically 

with an expectation value proportional to √�  

����(�) =
�

�

�

�
	V�����	(t�	, τ) +

�

√�

�

�

�

�
	V�����	(τ)                     (2.17) 

From this equation it is clear that if Vs(t) is repetitive in nature, averaging over N samples 

will improve the S/N ratio by a factor of  √�  [71]. 

2.6.4 Wavelength meter  
 

The laser wavelength was accurately measured during the experiment with the help of a 

Fizeau interferometer based wavelength meter (WS 06, High Finesse, Germany), which has 

an resolution of 600 MHz and a measuring range from 420 – 1100 nm. The coarse 

wavelength measurements were carried out by an inbuilt prism or grating spectrometer and 

the fine wavelengths were determined with the help of Fizeau interferometers. Wavelength 

measurements were carried out by comparing the interference fringes obtained from the 

different interferometers with a standard stored interferrogram of a known wavelength. The 
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measured wavelengths are stored in a computer using a data acquisition system. These 

wavelength readings are also utilised to cross check the photoionization spectra calibrated 

using Fabri-Perot etalon fringes and the opto-galvanic signals. 

2.6.5 Laser power meter 
 

The power meter consists of a power sensor (Model 30A-BB-18 and 3A – P, Ophir 

Optronics, Israel) and a display unit (Model: VEGA).  The working of the power meter is 

based on measuring the increase in the sensor temperature on absorbing the incident radiation 

by using a series of bimetallic junctions (thermopiles). Thermopiles generate electrical 

voltage corresponding to the change in the radial and axial temperature. Since only 

temperature difference is measured, the measurement is independent of the ambient 

conditions. It has got sensitivity in the range of 2 mW to 20 W. 
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Chapter 3     
 

3.1 Introduction  
 

Spectroscopic studies of rare earths are of fundamental importance in improving the 

understanding of basic atomic physics as well as in applied research because of its scientific 

and technological applications such as laser isotope separation, trace analysis, development 

of metal halide high intensity discharge lamps with rare earth emitting admixtures etc. 

[57,58]. Sm being one of the representatives of lanthanide series has a rich and complex 

spectrum due to its less than half filled 4f-shell. Isotopic data on high-lying levels is vital 

information required for determining isotopic selectivity in a multi-step excitation scheme 

[59]. Moreover, the stable isotopes of Sm I lie in a region where great changes in the nuclear 

shapes occur [60]. Thus there is a continuing interest in the investigation of isotope shift and 

hyperfine structure of Sm I [ 35, 72, 73, 74, 44]. In this context, most of the work reported in 

the literature is pertaining to the low-lying energy levels whose electronic configuration is 

expected to be pure. In heavier atoms such as Sm, with many electrons in the outer electronic 

shell, the electronic configuration of high-lying levels is generally mixed, therefore the 

measurements of isotope shifts and hyperfine structures of these levels were not of much 

interest to the researchers who were mainly interested in the of shape and size of the nucleus. 

The isotope shifts and hyperfine structures of high-lying levels are of great interest for those 

who are interested in isotope-selective photoionization employing multi-step routes. 
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 3.2 Origin of isotope shift 

 An atomic spectral line is characteristic of the element producing the spectrum. 

However, the energy of a spectral line does slightly depend on the different isotopes of the 

same element. This is known as isotope shift. Broadly there are two different types of effects 

that contribute to the total isotope shift: (1) mass shift and (2) the field shift (volume shift). 

The mass shift, which is due to the reduced mass effect, is prominent in lighter elements and 

the field shift, which is due to the nuclear volume effect, is prominent in heavier elements. 

3.2.1 Mass Shift  
 

The mass dependent isotope shift of the atom is due to the change in the kinetic energy of the 

atom due to the difference in the masses of different isotopes of the atom. 

The total energy of the atom is the sum of the kinetic and potential energies.  The total kinetic 

energy Ek of an n electron system is given by, 

2 2

2 2

n
i

k
i i

p P
E

m M

                                                                                                         (3.1) 

,where pi  are the momenta of the electrons, P is the momentum of the nucleus, M and m are 

the masses of the nucleus and the electrons respectively. In the centre of mass frame the 

resultant momentum is zero. i.e,  

 

                                                                                                      (3.2) 
1

n

i
i

P p


 
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where, 
mM

m M
m 


 is the reduced mass of the electron-nucleus system. 

The contribution to the isotope shift from the first term in Eqn. (3.5) is known as the normal 

mass shift (NMS). It gives the shift in the energy due to the change in the reduced mass of n 

independent electrons. However the electrons are not really independent and the correlated 

motion of the electrons cause an additional coupling term in the expression for the total 

kinetic energy. In a multi-electron atom, the additional coupling term due to the momentum 

correlation between the orbiting electrons, in general produces different shifts for different 

energy levels. The contribution to the isotope shift from the momentum correlation term 

(second term in Eqn. (3.5)) is called the specific mass shift (SMS). It is very difficult to 

accurately calculate SMS for heavier elements. The usual convention is to treat the isotope 

shift positive if the transition frequency corresponding to the heavier isotope is on the higher 

side. NMS is always positive while SMS can be either positive or negative depending on the 

correlation between the electrons. 
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3.2.2 Field shift 
 

The field shift arises due to the change in the potential energy which is dependent on 

the nuclear volume. In elements with high atomic number (Z), the field shift is expected to be 

large. If the nucleus is assumed to be a point charge which occupies no volume, then the 

coulomb field due to the nucleus follows the inverse square law. However, the nucleus does 

have a finite volume and hence the inverse square law does not hold good at distances very 

close to the nucleus. It is modified according to the nuclear charge distribution and there is a 

corresponding change in the energy levels of the atoms in the modified electric field. The 

field shift is given by, 

d� = 	p∆|��|
� ��

�

�
�(�)d〈��〉                                                                                       (3.6) 

,where ∆|��|
� is the change in the electron density at the nucleus, a0 is the Bohr radius, 

f (Z) is a function of Z and d〈��〉 is the change in the mean square radius of the nucleus. 

 In heavy elements, which have larger nuclear volume, a small change in the volume between 

two isotopes can cause relatively large field shifts. This effect is appreciable only for orbitals 

that represent an appreciable electron density at the nucleus, i.e. s-electrons and to some 

extend p-electrons. The volume isotope shift (field shift) tends to be same for all levels of 

same configuration. Hence measured isotope shifts are of considerable help in assigning 

experimental energy levels to specific configurations. The contribution of the volume shift 

increases with increasing nuclear size, where as the contribution from the mass shift 

decreased with increasing atomic mass. The observed shift in lighter elements is primarily 

due to the mass shift where as in heavier elements they tend to be primarily due to the volume 

effect. It is difficult to infer the absolute isotope shift from the measured wave number data. 
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Generally, relative level shifts are given with the isotope shift of the ground level arbitrarily 

chosen as zero [13,75,76] .  

In case of nuclei having odd number of protons or neutrons, due to the interaction of the 

nuclear spin with the total angular momentum, there will be hyperfine splitting of the energy 

levels leading to hyperfine structure of the spectral lines. Hence in such cases, isotope shift is 

measured as the frequency separation between the line corresponding to the even isotope and 

the centre of gravity of the line corresponding to the odd isotope. 

3.3 Present work on the measurements of atomic 

parameters 
 

  This chapter deals with the measurement of energy values, total angular momenta and 

isotope shifts of the high-lying levels of samarium using two-colour photoionization 

spectroscopy. Two-colour three-photon resonance photoionization spectra of atomic Sm are 

investigated in the energy regions 33136 - 33960 cm-1  and 35450 – 35750 cm-1. The work 

resulted in the identification of more than twenty energy levels in these regions. The energy 

values of the newly identified energy levels have been assigned with an accuracy of ± 0.3 cm-

1. Based on the excitation scheme used, most of the new levels have been identified with a 

unique total angular momentum (J). In addition, by performing mass-resolved 

photoionization spectroscopy, the isotope shifts of twenty eight high-lying levels of Sm I 

were measured. The details of this work will be presented in this chapter. 
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3.3.1 Experimental details 
 

The functional block diagram of the experimental arrangement is shown in Fig. 3.1. A 

frequency doubled Nd: YAG laser at 532 nm is used to pump two dye lasers DL1 and DL2 to 

provide tunable output at wavelengths 1 and 2 respectively.  The typical line width of DL1 

laser is ~ 0.20 cm-1 and that of DL2 laser is ~ 0.13 cm-1. Both lasers have pulse duration ~ 6 

ns and typical pulse energies of ~ 1mJ/pulse. The DL2 is temporally delayed by 8 ns (i.e. 

more than the dye laser pulse width) using an optical delay line in order to ensure sequential 

absorption of photons. Rh6G and DCM dyes are used in DL1 and DL2 lasers to produce laser 

photons at desired wavelengths 1 and 2 respectively. Spatially overlapped DL1 and DL2 

lasers are then send through a samarium atomic beam formed in a high vacuum atomic beam 

generator that is coupled to a linear time-of-flight mass spectrometer (TOFMS). The typical 

fluence in the interaction zone is ~ 200µJ/cm2 for DL1 and that of DL2 is variable in the range 

of 200 to 500µJ/cm2. Both lasers used for excitation and ionization have parallel linear 

polarization.   Atomic vapour of Sm is produced by resistively heating few hundred mg of 

Sm metal to ~ 800 K in a high vacuum chamber maintained at a pressure of ~ 10-6 mbar. The 

Sm vapour effusing out of the oven orifice of 1mm diameter is further apertured by using a 

fixed aperture of diameter 3mm at a distance of 15mm from the oven orifice. The typical 

number density of Sm in the interaction zone is ~ 109 atoms/cm3. The reduced Doppler width 

of the atomic absorption line in the interaction zone is ~ 100MHz. The photoions generated in 

the interaction region are extracted by a dc electric field of strength 150V/cm and then 

introduced into the flight tube of the TOFMS. After travelling a field free flight region of 90 

cm, the photoions are detected by a micro-channel plate (MCP) detector. The detector output 

signal is amplified using a pre-amplifier (gain ~ 100 and a band width ~ 100MHz) before it is 

fed to a boxcar averager (BCA) for processing. The output of the boxcar averager is then 
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transferred to a computer for storage and further data analysis. A fraction (~ 4%) of DL2 is 

made to pass through a  U-Ne hollow cathode discharge lamp (HCDL) and a Fabry-Perot 

etalon (FSR = 1 cm-1) to obtain coarse and fine frequency scale respectively for calibration by 

simultaneously recoding the optogalvanic spectrum and the Fabry-Perot etalon fringes 

detected by a photo diode.  All the signals are monitored in a 4-channel digital storage 

oscilloscope (DSO). The Q switch output from the Nd: YAG laser is used for triggering the 

boxcar averager units and the DSO. The scanning of the dye laser is done using PC with RS 

232 interface at the speed of 0.001nm/s.  

 

 

Fig. 3.1: Schematic representation of the experimental set-up for two-colour photoionization 
spectroscopy. DL1, DL2: tunable dye lasers, HCDL: U- Ne hollow cathode discharge lamp, 
FP: Fabry-Perot etalon, TOFMS: time-of-flight mass spectrometer, MCP: micro-channel 
plate detector, AMP: pre-amplifier, BCA: boxcar averager, DSO: digital storage 
oscilloscope, PD: photo diode, BD: beam dump, M: mirror, BS: beam splitter, ODL: optical 
delay line, FC: fiber coupler, WM: wavelength meter, PC: personal computer. 
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3.3.2 Measurements of high-lying energy levels and the 

angular momenta 
 

   Even-parity high-lying levels of Sm I in the energy region 33136-33960 cm-1 were 

investigated by employing two-colour three-photon photoionization spectroscopy using two 

different excitation schemes as shown in Fig.3.2.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.2: Schematic of photoionization pathways. (1) Scheme A (2) Scheme B.  
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The wavelength of the first step laser is tuned in resonance to the following transitions of Sm 

I: 

Scheme A           4f66s2 [ 7F1]  292.58 cm-1                                                 17810.85 cm-1 [ 7F0]                                 

Scheme B         4f66s2 [ 7F2]  811.92 cm-1                                           18225.13 cm-1 [ 7F1] 

 Where, the first excited levels 17810.85 cm-1 and 18225.13 cm-1 are admixtures of two pure 

configurations 4f66s6p and 4f55d6s2 with the former as the leading configuration [77]. The 

wavelength of the second laser is scanned in the DCM dye range (635.5-652.5 nm) to access 

the high-lying energy levels in the energy region 33136 - 33960 cm-1. The tuning of DL1 

wavelength to the Sm I first step resonance is done by observing the single-colour 

photoionization signal. The wavelength of DL1 is monitored using wavelength meter (High 

Finesse WS6). The calibration of the wavelength meter is pre-verified by simultaneously 

recording known single-colour optogalvanic spectrum from a U-Ne HCDL along with Fabry-

Perot etalon fringes. The accuracy of the wavelength meter is better than ± 0.02 cm-1. In order 

to improve signal to noise ratio in the two-color spectrum, DL1 power is attenuated using 

neutral density filters such that the single-colour photoionization signal completely 

disappears. Subsequently DL2 laser is scanned. When the second step laser photon energy  

matches with E2-E1, where E1 and E2 are the energies of the first and the second intermediate 

states, then most of the Sm atoms are ionized by 1 + 22   process via the resonant 

intermediate level, resulting  in the photoionization signal. The two-colour photoionization 

spectra is a composite one, containing single- and two-colour three-photon features like 32  

and 1 + 22. In order to discriminate the single-colour features, the photoionization spectra 

are also recorded by blocking 1 laser. A part of the two-colour three-photon photoionization 

1=574.12 nm       

   1 =570.68 nm 

.68nm      
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spectra of Sm I recorded along with the Fabry-Perot etalon fringes and the optogalvanic 

signal used for wavelength calibration (using scheme A) are shown in Fig.3.3.  

 

 

Fig. 3.3: A part of the two-colour photoionization spectrum of Sm I obtained using scheme A 
(a): Fabry-Perot fringes (b): Single-colour optogalvanic spectrum (c): Two-colour 
photoionization spectrum. Peaks labeled with star indicate actual two-colour resonances and 
are identified with the corresponding upper level energies. (d): Single-colour photoionization 
spectrum. Traces (a)-(c) were measured simultaneously. 
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levels are in good agreement (within  0.5 cm-1) with the values previously reported by 

Jayasekharan et al. [36].  

The J-value assignment of the high-lying levels is done by using the J-momentum 

selection rule J = 0, ±1 where J = 0 is not allowed for J = 0  0 transitions. However, in 

case of odd isotope due to the non-zero nuclear spin I (I=7/2) there is hyperfine interaction 

between J and I, therefore F (the total angular quantum number) is the good quantum number 

in place of J. Thus in case of an odd isotope, as shown in Fig.3.4, transitions between 

magnetic sublevels satisfying mF = 0 for F = 0, ±1 are allowed and hence excitation to a 

high-lying level with J=0 is possible [78, 79]. So in order to rule out any ambiguity that can 

arise in the assignment of J value of the new levels  due to the hyperfine interaction of the 

odd isotopes in scheme A, the boxcar averager gate is kept on the even isotope (154Sm) in the 

mass spectrum, while recording the two-colour photoionization spectrum.  

The measured energy values will deviate slightly from the value averaged over all 

naturally occurring Sm I isotopes. But considering the measured isotope shifts between the 

two extreme isotopes (144Sm-154Sm), the deviation is expected to be well within the 

uncertainty in the measurement of  0.3 cm-1.  Since in scheme A, the high-lying  levels are 

accessed from the intermediate state with total angular momentum J = 0, by electric dipole 

selection rule, all levels accessed using this scheme are assigned with a unique total angular 

momentum of J = 1.  In scheme B, since the intermediate level is of J = 1, the levels accessed 

by using this scheme will have possible J values of 0, 1 or 2. Table- 3.1 summarizes the 

resulting energy levels, where the information about the level energy, the angular momentum 

and the relative intensities are given. To classify the relative intensities of various transitions 

the symbols W, M and S are used. They represent the relative intensity regions 0-0.3, 0.3-0.7 

and 0.7-1 respectively.  
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(b) 

Fig. 3.4: Transitions between the magnetic sublevels of Sm I in scheme A for J = 1→0→0 
transition in case of an (a) even isotope (b) odd isotope. Allowed and forbidden transitions 
are indicated by solid and dotted lines respectively. 
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Table 3.1: High-lying even-parity levels of Sm I 

Energy Levels 

 (cm-1) 

 

Scheme 

 

J - value 

J - value 

(Reported in  

Literature) 

Observed Ion Signal  

Intensity 

33144.1 A 1  W 

33157.8 A 1  W 

33198.3 A 1  M 

33223.7 A 1  M 

33240.9 A 1  S 

33325.6 A 1  M 

33329.1 A 1  M 

33334.2 A 1  M 

33364.8 A 1  S 

 33374.5 A 1  S 

33393.3 A 1  S 

33433.5 A 1  M 

33462.9 A 1  S 

33502.0 A 1  S 

33522.1 A 1  M 

33526.2 A 1  W 

33541.2 B 0,1,2  M 

33585.2a B 0,1,2 2a S 

33588.1 B 0,1,2  S 

33645.6a B 0,1,2 1a M 

33739.2 B 0,1,2  S 

33747.9a B 0,1,2 2a M 

33801.4 B 0,1,2  W 

33833.5a B 0,1,2 2a S 

33849.7a B 0,1,2 2a W 

33893.9a B 0,1,2 2a W 

33912.6 B 0,1,2  M 

33956.0a B 0,1,2 2a S 

33957.5a B 0,1,2 2a S 

S: Strong;  M: Medium; W :Weak 

a: Jayasekharan et al., [ 36]. 
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3.3.3 Determination of Isotope Shift  

3.3.3.1Measurements in the energy region 33136 cm-1-33960 cm-1 

 Sm I has seven naturally abundant isotopes 144Sm, 147Sm, 148Sm, 149Sm, 150Sm, 152Sm 

and 154Sm with an abundance of 3.1, 15, 11.3, 13.8, 7.4, 26.6 and 22.6 percentages 

respectively. For measuring the isotope shifts (IS) of the intermediate levels, the wavelength 

of the first step laser is fixed in between the resonances of 144Sm and 154Sm isotopes and the 

wavelength of the second laser is scanned.  

 

Fig. 3.5: A typical single-colour TOF mass spectrum of Sm I when l1  is tuned to the first step 
transition of scheme A. The mass spectrum does not reflect the natural abundance of different 
isotopes because it depends on where exactly the laser wavelength is fixed in between the 
resonances of 144Sm and 154Sm isotopes. 

 

A typical single-colour non-selective photoionization mass spectrum of Sm I from the time of 

flight mass spectrometer when 1  is tuned to the atomic resonance 292.58 cm-1(J=1)  

17810.85 cm-1 (J=0) (1~ 570.68 nm)   is shown in Fig. 3.5. The TOF mass spectrum does 
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not reflect the natural abundance of different isotopes because it depends on where exactly 

the laser wavelength is fixed in between the resonances of 144Sm and 154Sm isotopes. For 

measuring the isotope shift of the high-lying levels in the energy range 33136 cm-1 -33960 

cm-1, the first step laser is tuned successively to the transitions corresponding to scheme A 

and scheme B (refer §3.3.2) and the second laser is scanned. The transition isotope shift 

between 144Sm and 154Sm reported in literature for the first step transitions 292.58 cm-1   

17810.85 cm-1  and 811.92 cm-1  18225.13 cm-1 are  -210 mK and + 31mK respectively 

(1mK = 10-3 cm-1 ) [77]. The criteria for choosing these transitions is that, the first step laser 

with a band width of 0.2 cm-1 can almost cover the isotope shift and excite all the isotopic 

components. The mass selective two-colour photoionization spectra of the naturally abundant 

isotopes 154Sm  and 144Sm is recorded simultaneously by fixing the gates of the two boxcar 

averagers on the respective mass peaks in the TOF mass spectrum as shown in Fig.3.5 and 

scanning the wavelength of the second step laser.  

Isotope shift measurements for the intermediate levels are performed for over sixteen 

levels in the energy region 33136 cm-1-33960 cm-1. Fig.3.6 shows a part of the mass resolved 

two-colour photoionization spectrum recorded simultaneously by keeping gate positions of 

the boxcar averagers on 144Sm and 154Sm mass peaks using scheme A. From such spectra, the 

energy interval between the 144Sm and the corresponding 154Sm peaks were measured.  
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Fig. 3.6:  Typical mass resolved two-colour photoionization spectrum of Sm I observed using 
scheme A. The resonance at 15518.3 cm-1 shows a positive isotope shift whereas the 
resonance at 15523.4 cm-1 shows a negative isotope shift. The resonances are also labelled 
with the corresponding upper level energies. 

 

Conventionally, the isotope shift is positive if 154Sm line lies on the higher wave 

number side. It is evident from Fig.3.6 that the resonance at 15518.3 cm-1 shows a positive 

isotope shift whereas the resonance at 15523.4 cm-1 shows a negative isotope shift. It is 

known that the isotope shift is the sum of both mass and field shifts, but for heavier elements 

the major contribution comes from the field shifts and is typically negative. In our 

measurements all the transitions exhibited negative isotope shift with the exception of 

resonance at 15518.3 cm-1. One of the possible reasons for the observed negative isotope 

shifts for most of the transitions could be the configurations belonging to the levels involved 
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in the transition may possess more s-character, where the electron density at the nucleus is 

maximum, resulting in large field shifts. Out of the twenty nine resonances observed, the 

isotope shift could be measured for sixteen transitions only because for weak transitions  the 

ion signal for 144Sm could not be measured due to its low abundance and for some transitions 

the measured isotope shift values were very small and were comparable with the uncertainty 

involved in the measurements and therefore not reported.  

The level isotope shifts values of high-lying levels are obtained by adding the 

measured second step transition isotope shifts to that of the first step transition reported in 

literature and are summarized in Table-3.2. These level isotope shifts values reported are 

relative to the initial state E0, assuming the isotope shift for this level to be zero. The data 

represents averages of typically four measurements. The maximum deviations of the 

individual values from the average is ±30 mK. 
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Table 3.2: Isotope shifts of the high-lying levels of Sm I in the energy region 33136-33960 
cm-1 

 

 

E0 

(cm-1) 

First Step 

Transition Isotope 

Shift 

1(
154Sm - 144Sm) 

(mK) 

Energy 

Levels 

 (cm-1) 

Measured Second 

Step Transition 

Isotope Shift 

2 (
154Sm - 144Sm) 

(mK ) 

Level Isotope Shift 

IS (154Sm - 144Sm) 

 = (1+2) 

(1mK = 10-3 cm-1) 
292.58 -210 33198.3 - 106  - 316 

292.58 -210 33240.9 - 265   - 475 

292.58 -210 33329.1 +357 +147 

292.58 -210 33334.2 - 144 - 354 

292.58 -210  33374.5 - 190  - 400 

292.58 -210 33393.3 - 233 - 443 

292.58 -210 33433.5 - 180 - 390 

292.58 -210 33462.9 - 238 - 448 

292.58 -210 33502.0   - 85 - 295 

811.92 +31 33541.2 - 232 - 201 

811.92 +31 33585.2 - 331 - 300 

811.92 +31 33588.1 - 269 - 238 

811.92 +31 33747.9 - 291 - 260 

811.92 +31 33912.6 - 334 - 303 

811.92 +31 33956.0 - 504 - 473 

811.92 +31 33957.5 - 433 - 402 
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3.3.3.2 Measurements in the energy region 35750 - 35450 cm-1 

This section describes the isotope shift measurement of the high-lying levels for the pairs of 

isotopes, 154Sm - 144Sm and 149Sm -144Sm in the energy region 35750-35450 cm-1 by 

performing two-colour three-photon resonance ionization spectroscopy. The experimental 

set-up used is similar to the one used in our previous section.  The wavelength of the first-

step laser is tuned in resonance to the following samarium transition: 

        4f66s2 [  7F2 ]  811.92 cm-1                                    4f66s6p[ 7F2]   18075.66 cm-1  

 The wavelength of the second laser is scanned in the Rh 6G dye range (562-576 nm) 

to access the high-lying energy levels in the energy region 35750 - 35450 cm-1. Total twelve 

two-colour resonances were observed in this energy region. All the observed high-lying 

levels and their angular momenta are previously reported in literature [37].  

 As described in the previous section, for measuring the isotope shifts (IS) of the 

intermediate levels, the wavelength of the first step laser is fixed in between the resonances of 

144Sm and 154Sm isotopes and the wavelength of the second laser is scanned. The transition 

isotope shift (154Sm - 144Sm ) and (149Sm - 144Sm ) for 292.58 → 18075.66 cm-1 transition 

reported in literature is + 312 mK and +119 mK respectively(1mK = 10-3 cm-1) [77]. The 

level isotope of 292.58 cm-1 level is fraction of a mK and hence the transition isotope shift is 

taken as the level isotope shift. Since the second step level isotope shifts measured in the 

previous case (§3.3.3.1) were found to be mostly negative, in the present case, the first step is 

selected with a relatively large positive isotope shift in order to get large second step 

transition isotope shift. Because of the comparatively large transition isotope shift observed 

in the present scheme, it was possible to record the mass selective two-colour photoionization 

spectra of the naturally abundant isotopes 154Sm, 149Sm and 144Sm simultaneously by fixing 

1=579.091 nm      
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the gates of the two boxcar averagers on the respective mass peaks in the TOF mass spectrum 

and scanning the wavelength of the second step laser. In order to discriminate the single-

colour features, all the resonances appeared in the two-colour spectra were verified by 

blocking 1 laser.  

 

 

 

 Isotope shift measurement for the intermediate levels is carried for all the twelve 

levels in the energy region 35750 cm-1- 35450 cm-1. Fig.3.7 shows a part of the mass resolved 
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Fig. 3.7: Typical mass resolved two-colour photoionization spectrum of Sm I for the 
isotopes 154Sm, 149Sm and 144Sm 

 



Determination of high-lying energy levels, total angular momenta and isotope shifts........ 

79 

 

two-colour photoionization spectrum recorded simultaneously by keeping gate positions of 

the boxcar averagers on 144Sm, 149Sm and 154Sm mass peaks. From such spectra, the energy 

interval between the 144Sm and 154Sm peaks and 144Sm and 149Sm peaks were measured. The 

measured level isotope shifts are listed in Table-3.3. The data represent averages of typically 

four measurements. The maximum deviations of the individual values from the average is 

±30 mK. 

3.3.3.2.1 Odd-Even Staggering Effect 
 

The observed mass resolved two-colour photoionization spectra of the isotopes 154Sm  

and 144Sm and 149Sm exhibited odd-even staggering in their relative positions as can be 

clearly seen in Fig.3.8. The odd–even staggering i.e. the centre of gravity of the spectral 

components of an isotope with odd number of neutrons ( in this case 
149Sm) was found to lie 

closer to the line of the adjacent lighter even N- isotope (144Sm) than to the line of the 

adjacent heavier even N-isotope (154Sm). This is interpreted as a field shift (FS) effect. FS ∝ 

δ<r2>, where δ<r2> is the change in the mean square radius of the nuclear charge distribution. 

It is previously reported by King et.al. that the change in the mean square radius of the 

nuclear charge distribution is found to be smaller when a neutron is added to an even N-

isotope than to an odd N- isotope [75]. 
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Systematic and statistical errors in the measurements were reduced carefully in order 

to ensure the accuracy of the experimental data. For instance, the minimum scan step size of 

0.001nm contributes to a systematic uncertainty of ±15 mK   in defining the peak position. 

Statistical errors in the measurements were reduced by taking the average value after 

repeatedly recording the spectra.  
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Fig. 3.8: Manifestation of odd-even staggering effect in the two colour 
spectra. 



Determination of high-lying energy levels, total angular momenta and isotope shifts........ 

81 

 

 

3.4 Conclusions 
 

Two-colour three-photon resonance photoionization spectra of atomic Sm were investigated 

in two different energy regions 33136 - 33960 cm-1 and 35750 - 35450 cm-1. Analysis of the 

photoionization spectra recorded in the range 33136 - 33960 cm-1 resulted in the identification 

of twenty one new and confirmation of eight previously reported energy levels in this region. 

These energy levels have been assigned with an accuracy of ± 0.3 cm-1. Based on the 

excitation scheme used, most of the new levels have been identified with a unique total 

angular momentum. By performing mass resolved photoionization spectroscopy,  the isotope 

shift (154Sm - 144Sm) of sixteen high-lying levels in the energy range 33136-33960 cm-1 were 

measured. Analysis of the two-colour spectra recorded in the region 35750-35450 cm-1 

resulted in the identification of twelve even-parity energy levels which are previously 

reported in literature. In addition, the mass resolved photoionization spectra recorded in the 

energy range 35750-35450 cm-1 resulted in the determination of the isotope shifts between the 

pairs of isotopes, 154Sm - 144Sm and 149Sm -144Sm, for twelve even- parity high-lying energy 

levels.  
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Table 3.3: Isotope shifts of the high-lying levels of SmI in the energy range 35750-35450 cm-1 

 

Second 

Step 

transition 

(cm-1) 

Energy 

Levels a 

E2(cm-1) 

 

 

 

J a 

 

 

Measured 

Second   Step 

Transition 

Isotope Shift 

2 (
154Sm - 

144Sm) (mK) 

Measured 

Level 

IS(154Sm - 

144Sm)  (1 

+2) (mK) 

 

Measured 

Second Step 

Transition 

Isotope Shift  

2 (
149Sm - 

144Sm) (mK) 

Measured 

Level 

IS(149Sm 

- 144Sm)  

(1 +2) 

(mK) 

17671.2 35746.9 2 - 571 -259  - 205 -86 

17666.4 35742.0 1 - 622 -310   - 240 -121 

17624.6 35700.3 1 -420 -108 -286 -167 

17603.9 35679.6 3 - 458 -146 - 138 -19 

17576.2  35651.8 1 - 559 -247  - 169 -50 

17518.4 35594.0 2 - 539 -227 - 238 -119 

17506.1 35581.7 3 - 745 -433 - 332 -213 

17493.5 35569.2 2   - 466 -154 - 183 -64 

17471.9 35547.6 2 - 397 -85 - 181 -62 

17469.1 35544.8 1 - 608 -296 - 255 -136 

17411.6 35487.3 2 - 505 -193 - 174 -55 

17385.3 35460.9 2 - 616 -304 - 238 -119 

      a: Jayasekharan et al., [ 37]. 
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Chapter 4    

4.1 Introduction 

 
Accurate measurements of radiative properties such as radiative lifetimes, branching ratios 

and absolute transition probabilities of an atomic system are important from technological 

viewpoint as well as from scientific requirements. Transition probabilities of lanthanides, in 

particular, are of great interest in astrophysics where it is used to determine the composition 

of chemically peculiar stars which show overabundance of lanthanides when compared to the 

solar system composition [80]. In applied research such as laser isotope separation, trace 

elemental analysis etc. transition probabilities play a vital role in the selection of efficient 

photoionization wavelength schemes [54, 80, 81, 82].  It is known that radiative lifetime 

when combined with branching ratio can provide the most reliable means to determine the 

absolute atomic transition probability [83, 84]. This requirement for accurate transition 

probabilities has stimulated a variety of radiative lifetime measurements of lanthanides in 

general and samarium in particular. In addition, the rare-earths because of their favourable 

radiative properties have become important additives in commercial metal-halide high 

intensity discharge lamps and hence radiative data on energy levels of these elements is 

important information needed in lighting technology [ 54]. 

4.2 Radiative lifetimes of excited atoms 

 

Consider an assembly of atoms in which Nk(0) atoms per unit volume are excited to the level 

| k > at t = 0. In general these atoms can decay by spontaneous emission to any of the low 

lying levels | i >.  In the absence of collisional depopulation/ repopulation etc., the population 

density of the level changes at a rate given by, 
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��
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	                                                                                                                          (4.1) 

,where	�� is the radiative lifetime of the level | k > . Hence the time dependent population of 

the excited level is given by, 

��(�) = ��(0) exp(−
�

��
)	,                                                                                                  (4.2) 

 with the radiative lifetime τk given by,  

�� =
�

∑ �
��′

′
�

                                                                                                                                                       (4.3) 

,where ����  represents the transition probability from the level | k > to any of the degenerate 

levels of | i > and the prime on the summation indicates that the summation is over for all the 

levels below the level |k>. In case of the lowest excited levels of many atoms, there will be 

only one term in the summation of the above equation, hence the measurement of the 

radiative lifetime will directly give the transition probability [85].  

4.3 Measurement Techniques 
 

Measurement of radiative lifetimes of excited atomic levels are performed either 

directly by observing exponential decay of the level population or indirectly through the 

measurement of lifetime dependent change of properties (phase, polarization etc.) of the 

emitted radiation. The basic measurement procedure can be divided into two steps: excitation 

of atoms by absorption of light photon or collision with electrons and observation of emitted 

light/fluorescence or delayed photoions after the excitation. In all the measurements, laser 

frequencies are tuned to the centre frequency of the absorbing transitions. In case of 

fluorescence detection, fluorescence terminating to initial level i.e. resonance fluorescence 

are avoided to improve the signal to noise ratio.      
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4.3.1 Techniques based on observation of exponential 

decay curve 
 

In these techniques, the decay of excited level population as a function of time is observed 

and the resultant decay curve is fitted to extract the lifetime values [3].    

4.3.1.1 Single-pulse excitation method 
 

  The atoms are excited by a short laser pulse. The trailing edge of the laser pulse 

should be short compared to the radiative lifetime of the excited level. The decay of the 

excited level results into time dependent fluorescence which can be detected by a fast 

photomultiplier tube or by a transient recorder. Another method is by using a boxcar 

integrator, where the signal is passed through a gate which opens only during a selected time 

interval Δt. After each successive laser pulses, the delay between the trigger and the gate is 

increased by Δt/n. After n excitation cycles, the time window T will be covered. The 

temporal step size of increasing delay depends on the lifetime and desired number of data 

points.  The experimental decay curve is fitted with exponential decay formula to extract the 

lifetime values.  The advantage of this method is that for sufficiently intense fluorescence one 

need only a single excitation pulse, although averaging over many excitation cycles are 

performed to improve the signal to noise ratio. This technique of single-pulse excitation is 

very suitable for low repetition rate pulsed lasers such as Nd:YAG or excimer laser pumped 

dye lasers. In many experimental conditions, fluorescence may be extremely weak either due 

to very low vapour density or due to weak fluorescence; in that case alternate techniques are 

required.       
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4.3.1.2 Delayed coincidence method 

 

 Delayed coincidence method also uses short laser pulses as in the previous method for 

the excitation of selected levels. However, the pulse energy is kept so low that that the 

detection probability PD of a fluorescence photon per laser excitation pulse remains small 

(PD≤ 0.1). During the time interval between t and (t + dt) after the laser excitation, the 

probability of fluorescence detection is PD(t)dt. The mean number of fluorescence photon 

(nFL) detected within this time interval dt for N excitation cycles (N>>1) is  

���(�)�� = ���(�)��                                                                                           (4.4) 

In this method, a part of the exciting laser pulse is send to a fast photo diode, the output of 

this fast photo diode at time t = t0 starts a time to amplitude converter (TAC). TAC generates 

a fast rising voltage ramp U(t) whose amplitude is proportional to (t-t0). The fluorescence 

photons are detected by a photomultiplier with a large amplification factor, which generates 

an output pulse that triggers a fast discriminator. The normalised output of the discriminator 

stops the TAC at time t. Hence the amplitude U(t) of the TAC is proportional to the delay 

between the excitation pulse and the fluorescence photon emission. These pulses are stored in 

a multi-channel analyzer. The number of events per channel gives the number of fluorescence 

photons emitted at the corresponding delay time. In this method is suitable for measuring 

lifetimes with high repetition rate lasers especially mode-locked lasers. 

4.3.1.3 Beam foil method 
 

 This technique is most suitable for measuring lifetimes of ions of different charge 

state. Here a time measurement is reduced to a distance and velocity measurement. In this 

technique, mass selected accelerated ion beam is passed through thin carbon foil in high 
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vacuum environment.  Interaction of the primary ions with the foil causes further ionization 

and excitation.  Excited ions emit light from many excited levels. Because of the high 

velocity of the beam, the particles move a considerable distance before decaying. The emitted 

light (the emission line of interest is chosen using a monochromator) in a direction 

perpendicular to the direction of motion, by means of a photomultiplier at different positions 

and a decay curve is measured as a function of the distance between the foil and the point of 

observation. For a given acceleration voltage, velocity of the ion is known and thus distance 

can be easily converted into time.  

4.3.1.4 Fast beam method 
 

 As in previous method the fast beam method also measures distance and velocity for 

lifetime measurement. This method is used for measuring the radiative lifetimes of neutral 

atoms as well as ions very accurately. In this method, accelerated ions after mass selection by 

a magnet are excited at x = 0 by a CW laser beam and the resultant LIF is monitored as a 

function of distance between the laser excitation position and photo detector. Since the 

velocity of the ions is known from the acceleration voltages, the time is determined from the 

measured x positions. 

4.3.1.5 Pump-probe method       

 

 For measuring very short lifetimes which demand a time resolution better than 10-10s, 

this technique is the best choice since most of the available detectors (except streak camera) 

cannot offer time resolution better than 100 ps.  

 In this method, the atoms/molecules under investigation are excited by a short laser 

pulse and the probe laser with a variable time delay probes the time evolution of the 
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population density of the level with respect to the pump level.  

The method has the advantage that the time resolution is limited by the pulse width T of the 

pump and the probe lasers, but not by the time constants of the detectors. 

 This technique can be directly adopted in a resonance ionization spectroscopy facility 

to carry out lifetime measurements. In this technique, probe laser ionizes the excited atoms 

and the ions formed are subsequently detected by ion detector (micro-channel plate, 

channeltron etc.). Since in this technique, the photoionization takes place at different time 

delays, it is also known as delayed photoionization technique. The work described in this 

chapter describes the utilisation of this method to determine the radiative lifetimes of the even 

parity high- lying levels of atomic samarium. The details of which are described in § 4.4.       

 4.3.2 Techniques not based on observing exponential 

decay curve 

4.3.2.1 Phase shift method 
 

 In this method intensity of the laser (well below the saturation intensity) is 

sinusoidally modulated and intensity dependent LIF is monitored. The phase shift between 

the fluorescence light and the incident light is measured using a phase comparator. This phase 

shift depends on the modulation frequency and the lifetime. For a given modulation 

frequency, the radiative lifetime can be determined from the measured phase shift.  

4.3.2.2 Hanle effect Method 
 

In this method, polarized light is used to excite the atom and resonance fluorescence is passed 

through analyzer and detected by a photo-multiplier tube.  If a magnetic field is applied in a 

direction perpendicular to the laser polarisation, then the excited atom will precess about the 
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magnetic field and hence the resultant radiation field distribution will also precess with the 

excited atom. A plot of the fluorescence intensity as a function of magnetic field is recorded. 

From the half width of this curve, lifetime values can be extracted provided the Lande-g 

factor is known. 

4.4 Present work on radiative lifetime measurements  
 

 The ground term of Sm I is 4f66s2 ( 7FJ ) with seven fine structure levels, identified  by 

J = 0 - 6 corresponding to energy levels at 0 cm-1( 7F0) , 292.58 cm-1 ( 7F1 ), 811.92 cm-1( 7F2 

),1489.55 cm-1 (7F3), 2273.09 cm-1 (7F4), 3125.46 cm-1 (7F5 ) and 4020.66 cm-1 (7F6 ). At the 

operating temperature of 800 K of atomic beam source, the percentage population in the 

septet ground state (7Fj=0-6) is calculated to be 21.67, 38.42, 25.16, 10.41, 3.27, 0.86 and 0.20 

respectively [48].  Spectroscopic studies of Sm have the added  experimental advantage that  

due to the thermally populated septet ground state( 7FJ = 0-6 ), various low-lying levels in the 

energy region 16000 cm-1 - 20000 cm-1 with wide range of J values can be easily accessed 

using tunable dye lasers with Rhodamine dyes. 

In the early work on lifetime determination, Corliss et.al deduced some results from the 

available arc emission data [86]. Subsequently, many spectroscopic studies on radiative 

lifetime measurements of atomic samarium were carried out using various spectroscopic 

techniques such as Hanle effect method, delayed coincidence method, beam foil technique, 

laser induced fluorescence etc. [87, 80]. Recently, Wei Zhang et al. measured the radiative 

lifetimes of a large number of excited levels of atomic samarium belonging to the series J = 

0,1,2,3 and J = 4,5,6,7 in the energy range 18,985 to 34,189 cm−1 using time-resolved laser-

induced fluorescence technique in an atomic beam produced by laser ablation [ 88, 89]. Shah 

et.al reported the measurements of radiative lifetimes, branching fractions and absolute 
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transition probabilities in atomic samarium using laser-induced fluorescence [90]. More 

recently, Den Hartog et.al carried out an extensive work on the measurement of radiative 

lifetimes of 120 odd-parity levels of neutral samarium, in the energy range from 17190 to 

33507 cm−1, using the technique of time-resolved laser-induced fluorescence [80]. Sahoo 

et.al demonstrated the measurements of radiative lifetime by simultaneously detecting laser- 

induced fluorescence and laser- induced photoionization signals using pump-probe technique 

[91]. Even though radiative lifetimes of high-lying levels of Sm I covering up to 34800 cm−1 

have been measured extensively, but due to single resonant excitation, the levels accessed in 

these studies are mostly limited to odd-parity high-lying levels. Consequently, the 

information available in literature on the lifetimes of the even-parity high-lying levels in the 

energy region above 30000 cm−1 is scanty. 

4.4.1 Experimental Method 

The functional block diagram of the experimental arrangement used for measurement of 

radiative lifetimes is shown in Fig.4.1. It consists of a high temperature Sm atomic vapour 

source coupled to a time-of- flight mass spectrometer (TOFMS), three pulsed tunable dye 

lasers pumped by the second harmonic of two Nd: YAG lasers, a photo diode, a wavelength 

meter, an electronic delay generator (EDG), a digital storage oscilloscope (DSO) and a 

computer for signal recording. As shown in figure, the dye lasers DL1 and DL2 are pumped 

by the same laser and DL3 is pumped independently by another laser.   
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Fig. 4.1: Schematic representation of the experimental set-up for three-colour pump-probe 
spectroscopy. DL1, DL2, DL3: tunable dye lasers, ODL: optical delay line, EDG: electronic 
delay generator, A: Aperture, FC: fibre coupler, WM: wavelength meter, TOFMS: time-of-
flight mass spectrometer, MCP: micro-channel plate detector, AMP: pre-amplifier, DSO: 
digital storage oscilloscope, PD: photo diode, BD: beam dump, M: mirror, BS: beam splitter, 
PC: personal computer. 

 

An electronic delay generator is used to control the relative delay between the pump and the 

ionising probe laser pulses to an accuracy of 1ns. An optical delay line (ODL) is used to 

ensure sequential absorption of DL1 and DL2 pulses. The pulse duration of all the dye lasers 

used in these studies is ~ 6 ns. Rh6G and DCM dyes are used in the dye lasers to produce 

laser photons at desired wavelengths. The typical fluence in the interaction zone is ~ 

200µJ/cm2 for DL1 and DL2 lasers and that of DL3 is variable in the range of 500 to 

2000µJ/cm2. By introducing two variable apertures in the path of the pump and the probe 
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beams uniform part of the laser beams was selected. The beam diameters of the pump and 

probe lasers in the interaction zone are independently adjusted to be 2 mm and 4 mm 

respectively. The probe laser beam was shifted away from the centre of the pump laser beam 

in the direction of the atomic beam to ensure that the excited atoms are not lost before getting 

ionized due to the atomic beam flow velocity at large time delays. Spatially overlapped dye 

laser beams interact with an effusive atomic beam of samarium formed in a high vacuum 

atomic beam generator that is coupled to a linear time-of-flight mass spectrometer in a 

perpendicular configuration.    

Atomic vapour of Sm is produced by resistively heating few hundred mg of Sm metal in a 

high temperature oven at ~ 800 K in a vacuum chamber maintained at a pressure of ~ 10-7 

mbar. The Sm vapour effusing out of the oven orifice of 1mm diameter is further apertured 

by using a fixed aperture of diameter 3 mm at a distance of 15 mm from the oven orifice. At 

the operating temperature of 800 K, the typical number density of Sm in the interaction zone 

is estimated to be ~ 109 atoms/cm3. The reduced Doppler width of the atomic absorption line 

in the interaction zone is ~ 100 MHz. The photoions generated in the interaction region are 

extracted by a dc electric field of strength 150 V/cm and then introduced into the flight tube 

of the TOFMS. After travelling a field free flight region of 130 cm, the photoions are 

detected by a micro-channel plate (MCP) detector. The detector output signal is amplified 

using a pre-amplifier (gain ~ 100 and a band width ~ 100MHz). The amplified output signal 

is recorded using a digital storage oscilloscope (DSO). The Q-switch output from the first 

Nd: YAG laser is used for triggering the DSO.  

Two different excitation schemes were employed in this experiment, schemes A & B 

schematically shown in Fig. 4.2, to access the high-lying levels of interest. The resonant first 

laser (DL1) excites the population from the initial state (E0) to an intermediate state (E1) from 

which it is further excited to a high-lying even-parity level (E2) by a temporally synchronized 
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second resonant laser (DL2). The population in this level can reach the continuum either by 

absorbing a photon from DL1 or DL2. This process gives rise to a two-colour three-photon 

(1+2+1, 1+2+2) photoionization background signal synchronous with DL2 pulse. The 

magnitude of this two-colour photoionization signal is minimised by attenuating the 

intensities of DL1 and DL2 lasers. The atoms excited to the high-lying level of interest by the 

pump lasers are subsequently non-resonantly ionized using a probe laser (DL3) with a 

variable time delay. The delayed three-colour photoionization signal (1 + 2 + 3) produced 

is temporally synchronous with the DL3 pulse. A well resolved time-of-flight mass spectrum 

similar to the one observed in our previous work [92] was obtained. To measure the lifetime 

of the excited level, the delay between the pump and the probe lasers is varied in finite steps 

and the delayed three-colour photoionization signal of 154Sm is monitored on a digital storage 

oscilloscope. Each data point is obtained after averaging over 64 laser pulses to improve the 

signal to noise ratio.  
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a)  Scheme A     b)  Scheme B     

c )  

Fig. 4.2: Schematic of photoionization schemes. (a) Scheme A (b) Scheme B, (c) pump 
and probe laser pulse sequencing for pump-probe scheme.  
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To validate the results, the lifetime of the first excited level at 18075.51cm-1, used in the 

excitation (Scheme A), was measured by employing single-colour photo-excitation followed 

by time-resolved photoionization using a second laser (DL3) via 1 + 23 photoionization 

process and compared the measured value with the data available in the literature. 

4.4.2 Results and Discussion    
 

For measuring the lifetimes of the even-parity high-lying levels, two-colour photo-

excitation followed by time-resolved photoionization is employed. The delayed third-step dye 

laser, DL3, probes only the population of the second excited level was ensured by the 

disappearance of the photoionization signal on blocking DL2 laser. The three-colour 

photoionization signal observed at different delays was fitted using the exponential decay 

formula, S(t) = S(0) exp(-t/), where S(t) is the three-colour delayed photoionization signal at 

delay time t, S(0) is the three-colour photoionization signal at zero delay and  is the radiative 

lifetime of the level concerned. Fig. 4.3 shows a typical decay curve of the even-parity high-

lying level at 34774.2 cm-1 with exponential fit. To avoid optical pumping effect during the 

laser pulse, the lifetime data having time delay more than 12 ns were considered for fitting. 

Table.4.1 lists the measured lifetimes of the even-parity high-lying levels along with the 

excitation wavelengths employed. There is no data available in literature on the radiative 

lifetimes of the even-parity high-lying levels of atomic samarium in this energy range, hence 

these results are new. 
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Fig. 4.3: Typical decay curve of the high-lying energy level at 34774.2 cm-1 along with the 
exponential fit. 

 

These results have been validated by measuring the radiative lifetime of a first excited odd-

parity level and comparing the value with the data previously reported in literature. Fig.4.4 

shows the decay curve of the odd parity level at 18075.51cm-1 along with the exponential fit. 

In these measurements, the two dye lasers DL1 & DL3 were used. The first dye laser DL1 was 

tuned in resonance to the first step transition of Sm at wavelength 579.093 nm to populate the 

level of interest at 18075.51cm-1. The second dye laser DL3, which can be electronically 

delayed with respect to DL1, was used to probe the population via 1 + 23 photoionization 

process at various time delays. The measured lifetime value of the first excited level at 

18075.51cm-1 along with the corresponding values reported in literature are listed in Table 

4.2.  It is evident from the Table 4.2 that the measured value of radiative lifetime matches 

reasonably well with those reported in the literature. 
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Fig. 4.4: Decay curve of the first excited energy level at 18075.51 cm-1 along with the 
exponential fit. 

 

The errors listed in the tables 4.1 and 4.2 are based on the spread in the lifetime values 

obtained from different sets of measurements due to small changes in the oven 

temperatures/atomic number densities, laser intensities etc. The observed statistical error is ~ 

5 to 10 % of the average measured values. In addition to the statistical uncertainties, various 

effects such as atomic motion, radiation trapping, collisional depopulation and repopulation 

etc. may contribute to systematic uncertainties in the measurements. At large time delays, the 

excited atom can move out of the interaction zone before getting ionised and thus can 

effectively shorten the lifetime of the levels. To minimize this effect, the probe laser beam 

diameter was deliberately kept (4 mm) more compared to the pump laser diameter (2 mm) 

and also the pump laser beam spot is kept downstream of the atomic beam as shown in Fig. 

4.1.  In our experiment, the transit time of atoms through the interaction zone is about (~ 4) 
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s and our measurements are limited to 1.5 s. Therefore, the systematic error in these 

measurements due to atomic motion is expected to be very small.  Similarly, the effect of 

radiation trapping is not significant in the experiments as any measurable change in the 

lifetimes of the levels even at higher permissible oven temperatures were observed. Since the 

experiment is carried out in a high vacuum chamber evacuated to a pressure of 10-7 mbar, the 

systematic error in the lifetime measurements due to collisional depopulation effects can also 

be neglected. Hence the cumulative systematic error in the lifetime measurements due to all 

the effects discussed above is negligible in comparison to the statistical error.  The lifetimes 

of two of the second excited levels, marked with asterisk in Table. 4.1, were also measured 

by using scheme B as well and the radiative lifetime values obtained by both the routes are in 

good agreement. 
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Table 4.1:  Measured radiative lifetimes of high-lying even-parity levels of atomic samarium 

Energy 

Levela 

E2(cm-1) 

 

Ja 

 

Scheme 

Excitation  

Wavelength  

λ2 (nm) 

Measured 

Lifetime  

(ns) 

34811.8 3 A 597.338 136  ± 7 

34795.8 2 A 597.910 140  ± 8 

34774.2 2 A 598.683 58  ± 4 

34736.2 3 A 600.049 64  ± 4 

34722.9 2 A 600.528 131  ± 7 

34712.6 1 A 600.900 83 ± 6 

34698.8 2 A 601.399 294  ± 15 

34659.5* 3 A 602.824 96  ± 9 

34590.1* 2 A 605.357 50  ± 3 

34522.1 3 B 586.009 132  ± 9 

34311.5 3 B 593.333 35 ± 3  

34206.5 2 B 597.054 36 ± 3  

34185.6 3 B 597.800 349 ± 25  

34150.2 2 B 599.068 38 ± 3  

34041.3 1,3 B 603.003 137 12  

*Lifetime measured by both the schemes 

a Jayasekharan et al. 1996 [36] 

 

 

 

 



Radiative lifetimes of even-parity high-lying levels of Sm I............. 

102 

 

 

Table 4.2: Measured radiative lifetime of the first excited level of atomic samarium  

 

Energy 

Level  

(cm-1) 

J Configuration Excitation  

Wavelength 

λ2
 (nm) 

Measured 

Lifetime 

(ns) 

Reported Value in 

literature 

(ns) 

18075.51 2 4f5(6H◦)5d6s2 582.553 483 ( ± 25 ) 477(±  24)a, 471 

(± 49)b, 517(± 

19)c, 480(± 20)d 

aDen Hartog et al. 2013 [ 80] 
bShah et al 2010 [ 90] 
cGao et al 1993 [ 93] 
dHannaford and Lowe 1986 [94 ] 

 

 

4.4.3 Conclusions 
 

The radiative lifetimes of fifteen even-parity high-lying levels of atomic samarium in the 

energy range 34000-34815 cm-1 has been measured. The measurements were carried out by 

detecting time-resolved three-colour photoionization signal by pump-probe technique in an 

atomic beam coupled to a time-of-flight mass spectrometer. The results were validated by 

measuring the radiative lifetime of a first excited level using pump-probe method and 

comparing the value obtained with the data previously reported in literature.
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Chapter 5    

5.1 Introduction 
 

Multi-step resonance ionization spectroscopy has played a key role in achieving high 

selectivity and yield in isotope selective photoionization processes. Generally, in laser isotope 

separation (LIS) process, isotope-selective photoionization of the target isotope is achieved 

by utilising the isotopic shift or the difference in the hyperfine structure of different isotopes 

using narrow band lasers. The selectivity that can be achieved using this method will be 

degraded significantly if the targeted isotope has an overlapping absorption spectrum with the 

undesired one. Hence, when the isotope shifts are small and the hyperfine spectra are 

overlapping, this method puts stringent conditions on the laser band widths and the atomic 

beam parameters. In such cases, there is an alternative method of isotope-selective 

photoionization based on atomic population alignment induced by polarized lasers. In this 

method, odd isotopes with non-zero nuclear spin are selectively excited while even isotopes 

with zero nuclear spin are prohibited from excitation by judiciously choosing a proper 

excitation sequence of angular momenta of the levels and the laser polarizations. Isotope 

separation method based on population alignment using polarized broad band lasers has been 

previously applied for separation of odd and even isotopes of Zr, Gd, and Yb where the 

isotope shifts are small and the hyperfine spectra are complex. Isotope separation of many of 

these elements is of great importance to nuclear industry [78,79, 95-100]. However, this 

method is applicable to elements having states with low total angular momentum (J-values).  

As already mentioned, atomic samarium (Sm I) has seven naturally abundant isotopes 

144Sm (3.1%), 147Sm (15%), 148Sm (11.3%), 149Sm (13.8%), 150Sm (7.4%), 152Sm (26.6%) and 

154Sm (22.6%). Among these , 149Sm, with high thermal neutron absorption cross-section 
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(40140 barns), is a promising candidate as burnable poison in nuclear reactors [61]. The use 

of natural samarium as a burnable poison was discarded previously because of the large 

residual negative reactivity worth of samarium isotopes and their daughter products at the end 

of life of the fuel. Recently, Renier et al [ 62] have investigated the potential benefits of using 

enriched samaria (Sm2O3) as a burnable poison in the fuel pellets of PWRs and shown that 

the use of Sm enriched in 149Sm has greatly reduced this residual absorber problem. 

This chapter describes in detail, isotope-selective photoionization of atomic samarium 

(Sm I) using two-color resonance ionization polarization spectroscopy with broad band 

lasers. A two-color excitation scheme, 0 cm-1 (J = 0) → 15650.5 cm-1 (J = 1) → 33116.8 cm-1 

(J = 1) → Sm+ for selective excitation of the odd isotopes of Sm I has been identified [ 101, 

36]. Using this scheme, selective excitation of odd isotopes of Sm I (147Sm and 149Sm) with 

isotopic selectivity better than 40 has been demonstrated using broad band lasers. In addition, 

the effect of different polarization states of the excitation lasers and relative polarization 

angle between them on the selectivity has been studied. The method has the unique advantage 

that it does not demand a high spectroscopic resolution and thus has the benefit of using 

broad band lasers and thermally distributed atomic beams. These inherent characteristics 

make the method highly useful for the separation of odd isotopes with small isotope shifts 

and broad hyperfine structures. 

5.2 Experimental scheme employed 
 

The experimental set up is similar to the one described in § 3.3.1. The schematic 

excitation scheme used in these experiments is given in Fig.5.1.  
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Fig. 5.1:   Excitation Scheme  

 

Photoionization experiments were performed by tuning the first dye laser (DL1) to the 

known Sm I atomic transition 0 cm-1(J=0) → 15650.5 cm-1 (J=1).  The excitation of the 

population from the level at 15650.5 cm-1 (J=1) to the second excited level at 33116.8 cm-1 

(J=1) and further ionization to the continuum is done by using the second dye laser (DL2) via 

a resonant λ1+ 2λ2 process. DCM and Rh6G dyes are used in DL1 and DL2 lasers to produce 

laser photons at desired wavelengths 1 and 2 respectively. Spatially overlapped DL1 and 

DL2 lasers are then sent through a samarium atomic beam formed in the high vacuum atomic 

beam generator that is coupled to the TOFMS. 
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 In these experiments, two different polarizations for the excitation lasers were used: case 

(a) when both lasers have parallel linear polarization ( 1e


 || 2e


) and case (b) when λ1  is 

circularly polarized while  λ2 is linearly polarized.  

 

5.3 Principle behind the process 
 

The basic principle behind Sm isotope separation technique based on polarization 

selection rules is schematically shown in Fig.5.2 (a & b). The figures illustrate the possible 

excitation routes for even and odd isotopes from the ground state of Sm I for parallel linear 

polarizations the excitation lasers. The symbols J and MJ denote the total angular momentum 

quantum number and the magnetic quantum number respectively. As shown in the Fig. 5. 

2(a), each energy state of an even isotope has 2J+1 degenerate magnetic sublevels. The dipole 

transitions for the linearly polarized (π) radiations are allowed between magnetic sublevels of 

same MJ except for the forbidden transition ∆J =0, ∆MJ=0 and MJ : 0↔0. Thus the second 

step transition (J = 1, MJ = 0 → J = 1, MJ = 0) is forbidden for an even isotope and hence the 

population remains trapped in the first excited state, E1 (J =1) when both the excitation lasers 

have parallel linear polarization. In the case of an odd isotope, due to nonzero nuclear spin (I 

= 7/2) there is hyperfine interaction between J and I and hence F becomes the good quantum 

number instead of J resulting in hyperfine structure for the energy state. For example, the 

excited state (J = 1) splits into three (F= 5/2, F=7/2 and F= 9/2) hyperfine energy levels. Each 

hyperfine state has 2F+1 degenerate magnetic sublevels MF as shown in Fig. 5.2(b). 

Transitions between the magnetic sublevels satisfying ∆MF = 0 for ∆F = 0, ±1 are then 

allowed in this case with the exception of the transition ∆F =0, ∆MF=0 and MF = 0↔0.  
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Fig. 5.2: Transitions between magnetic sublevels of Sm I for parallel linear polarizations of 

the excitation lasers. (a) even isotope (b) odd isotope for the chosen scheme. Forbidden 

transition is labelled with a cross. 
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Thus, there are possible excitation pathways to the excited level E2 (J=1) in the case of an 

odd isotope.Conversely, if any one of the excitation lasers is circularly polarized, due to the 

MJ selection rule of ∆MJ = ± 1 for circularly polarized light; the yield of the even isotope will 

be non-zero. For example, Fig. 5.3 illustrates the transitions between magnetic sublevels of 

even isotopes in case when the first step laser is circularly polarised and the second laser is 

linearly polarised. Hence, isotope-selective excitation of the odd isotopes is possible when 

appropriate combinations of J-values and laser polarizations are used. 

 

 

 

 

 

 

 

 

 

 

5.4 Results and discussion 

Two-color photoionization spectroscopy of Sm I is performed for two different cases of 

polarizations of the excitation lasers while keeping all other experimental parameters 

unchanged. The TOF-mass spectra of the photoions produced when a) both λ1 and λ2 lasers 

Fig. 5.3: Transitions between magnetic sublevels of Sm I in case of an even isotope 
when λ1 is circularly polarized and λ2 is linearly polarized  
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have parallel linear polarization and b) λ1 is circularly polarized and λ2 is linearly polarized 

are shown in Fig.5.4 (a & b) respectively. In case (a), selective ionization of the two odd 

isotopes of Sm (147Sm and 149Sm) could be seen very clearly, whereas, in case (b), non-

selective photoionization is observed as shown in Fig. 5.4 (b). The observed isotopic ratio 

(149Sm/152 Sm) measured in case (a) is ~ 40 and in case (b) it is ~ 1. It may be noted that the 

mass spectrum observed in Fig. 5.4 (b) does not reflect the natural abundance since it 

depends on where exactly the peak centre of the first step laser is fixed in between the 

resonance of 144Sm and 154Sm isotopes and also on the polarization characteristics of the 

excitation lasers. Thus, using parallel linearly polarized lasers, for the chosen two-color 

photoionization scheme of Sm I,  the isotopic  selectivity, which is defined in these studies as 

the ratio of the observed abundance  of 149Sm /152 Sm in case (a) to case (b),  of ~ 40 is 

achieved. It may be added that when compared with the natural abundance ratio of 149Sm /152 

Sm of 0.52 the selectivity obtained in case (a) will be approximately 77. 

To corroborate it further, the mass-resolved two-color photoionization spectrum of odd 

and even isotopes were recorded with polarizations of 1e


 || 2e


, by keeping the boxcar 

averager gates on the mass peaks corresponding to the odd and even isotopes (149Sm and 

152Sm). In this experiment, λ1 was tuned to the Sm I atomic resonance 0 cm-1(J=0) → 15650.5 

cm-1 (J=1) and λ2 was scanned from 570 to 573 nm. The mass-resolved two-color 

photoionization spectrum observed is shown in Fig.5.5. The resonance at 572.37 nm 

corresponds to the high-lying level at 33116.8cm-1 (J =1), previously reported in the literature 

[ 36] and the second resonance at 570.60 nm corresponds to a new level at 33170.9 cm-1 with 

probable  J value of 0 or 2. 
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(a) 

 

(b) 

 

Fig. 5.4: Two-color photoionization mass spectra (a) when both λ1 and λ2 lasers have 
parallel linear polarization and (b) when λ1 is circularly polarized and λ2 is linearly 
polarized 
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  These resonances are verified as two-color resonances by blocking the first-step laser so 

that the photoionization signal disappears completely. During these experiments, the second 

step dye laser fluence was kept low (~ 300 µJ/cm2) so that it did not produce any single-color 

multi-photon ionization. It may be seen in Fig.5.5, that the resonance at 572.37 nm has 

appeared only in the spectrum of the odd isotope confirming the selective photoionization. It 

is observed that the isotopic-selectivity degrades with increasing power of the excitation 

lasers due to multi-photon ionization process. 
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Fig. 5.5: Mass-resolved two-color photoionization spectra of Sm I.  (1) Two-color 
photoionization spectra for the odd isotope (149Sm) (2) Two-color photoionization 
spectra for the even isotope (152Sm) and (3) Fabry-Perot etalon fringes 
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5.4.1 Population alignment on changing the quantisation axis 

This section describes the effect of relative polarization angle between the two linearly 

polarized lasers on the ionization yield for even and odd isotopes. In this case, for the chosen 

excitation scheme, the first laser induces an electronic transition from an initially isotropic 

ground state | jm > to an excited state |JM>. This creates an anisotropic population 

distribution among the magnetic sub-levels of the excited state due to the non-uniform 

distribution of the transition strength. Since the atom has an angular momentum (J=0) in the 

initial state, the linearly polarized excitation at the first step can populate only the second 

state with J=1 and M=0. The second state wave function is given by, 

10JM  
                                                                                                                 (5.1) 

 This population alignment produced by the first laser is probed by a second laser for 

which, the electric field makes an angle θ with respect to the polarization axis of the first 

laser. Consequently, quantization axis is changed to the polarization axis of the second laser 

and hence the excited state wave function for which M is quantized along the polarization 

axis of the second laser and is obtained by the linear transformation [ 95, 102,103, 104,  82], 

  '
' '

, ,
JM

JM JM
M M M M

D    


  
                                                                          (5.2)         

 

Where JM is the old wave function and 'JM  is the new wave function quantized along the 

polarization axis of the second laser, DJ
M’M(,,)  are the components of the finite rotation 

matrix and ,  and   are the Euler angles. Hence, the second state wave function on 

changing the quantization axis becomes, 
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sin sin
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2 2

 
    

    
       

                                              (5.3)

 

The above equation illustrates that the population gets realigned between the magnetic sub-

levels (MJ = -1, 0 and 1) and this redistribution of population between the magnetic sublevels 

can be controlled by changing the relative polarization angle. In the special case of 

polarizations of E1   E2, 

   0
10 1 1 11

1
90

2
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                                                                                     (5.4)       

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6: Population alignments along the excitation ladder in case of an even isotope with 
cross polarizations of the excitation lasers 
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Thus, the population gets reoriented between the magnetic sublevels with MJ = ±1 as shown 

in Fig. 5.6 when the quantization axis is rotated by 90 degree. In the figure, the bent arrows 

show the redistribution of population among the magnetic sublevels and the bold lines 

differentiate the populated components on changing the quantization axis along the 

polarization axis of the second laser. The second-step transition obeys the selection rule ∆M 

= 0. The third state wave function will have components with the same projection values as in 

the second state but with different coefficients. The square matrix element for the 2nd step 

transition J2→J3 is proportional to  

m in

2 3

m in

22
2 3 21

0

M J

J J M
M J

J J
W D

M M



 

 
  

 


                                (5.5)

 

  

                                                             

  where Jmin is the smaller of the two numbers J2, J3. The sum in the above equation depends 

on the relative polarization angle through the coefficient DM and the second factor, the 3j 

symbol gives the relative line strength. 

 
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2 21 1 1 1 1 1 1 1 1sin sin
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2sin                                               (5.7) 

 

Due to this redistribution of atoms between the magnetic sub-levels [ 96, 102, 36], the second 

step transition, which is forbidden for E1 || E2 polarization in  case of  an even isotope, 
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becomes allowed for different orientations of  E2 with respect to E1,  thus degrading the 

selectivity of the process. 

5.4.2 Dependence of relative polarisation angle on 

selectivity 
 

The photoionization yield for odd and even isotopes is measured as a function of 

relative polarization angle(θ) between first and second step lasers for the chosen 

photoionization scheme. The ion yield for the odd isotopes does not show significant 

dependence on the relative polarization angle whereas that of the even isotope was strongly 

dependant on θ. The ratio of even to odd isotope (152Sm to 149Sm) photoionization yields as a 

function of polarization angle between two lasers is shown in Fig.5.7. The dependence of the 

even mass isotope signal on the relative polarization angle followed sin2θ, which is in 

excellent agreement with theoretical predictions. Degradation in the selectivity of the process 

as the relative polarization angle between the two lasers is rotated from linear to 

perpendicular is observed with a minimum selectivity at a relative polarization angle of 90 

degrees between the two lasers. 
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5.5 Conclusions 

 

Polarization-based  isotope-selective photoionization of odd isotopes of Sm I has been 

investigated by using two-color three-photon photoionization spectroscopy with broad band 

lasers. Isotopic-selectivity of more than 40 between the odd and even isotopes of atomic Sm 

has been experimentally demonstrated by judiciously selecting proper excitation sequence 

and polarizations of the excitation lasers. To our knowledge, this is the first experimental 
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Fig. 5.7: Dependence of the ratio of the photoionization signal for the even isotope 
to that of the odd isotope (152Sm/149Sm) on relative polarization angle (θ) between 
the two dye lasers 

 



Polarization-based isotope-selective two-colour photoionization of atomic samarium....... 

119 

 

demonstration of isotope-selective excitation of odd isotopes of samarium using polarized 

laser beams. Since the technique has the advantage that the isotopic selectivity is not affected 

by the spectral broadening of the excitation lasers, it is highly useful for the separation of odd 

and even isotopes exhibiting overlapping spectra owing to small isotope shifts and broad 

hyperfine structures. Studies reported in this chapter also include the effect of different states 

of polarization of the excitation lasers and the relative polarization angle between them on the 

isotopic selectivity.  
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Chapter 6    
 

  The applications of multi-step resonance ionization spectroscopic techniques for the 

measurement of various atomic parameters of samarium (Z=62) has been presented in this 

thesis. The work described here involves the determination of atomic parameters like energy 

values, total angular momenta, isotope shifts and radiative lifetimes of high-lying energy 

levels of atomic samarium. The knowledge of most of these atomic parameters find 

application in many areas of science such as atomic physics, laser physics, plasma physics, 

laser chemistry, atmospheric science, astrophysics etc. Particularly, in an isotope selective 

multi-step photoionization process, the choice of an efficient and selective photoionization 

scheme demands developing a complete data base of the atomic parameters of the energy 

levels with their detailed spectroscopic characterisation. Apart from this, a novel isotope 

selective photoionization technique based on polarisation selection rule for efficient isotope-

selective photoionization of the odd isotopes of samarium using broad band lasers has been 

described in detail in this thesis.  

The energy level values, total angular momenta and isotope shifts of the second 

excited levels of samarium has been measured using two-colour photoionization spectroscopy 

employing an atomic beam coupled with a time-of-flight mass spectrometer. Two-colour 

three-photon resonance photoionization spectra of atomic Sm were investigated in the energy 

regions 33136 -33960 cm-1 and 35450 – 35750 cm-1. The analysis of the photoionization 

spectra recorded in these regions has resulted in the identification of twenty one new and 

confirmation of twenty previously reported energy levels in these regions. The energy values 

of the newly identified energy levels have been assigned with an accuracy of ± 0.3 cm-1. 

Based on the excitation scheme used, most of the new levels have been identified with a 
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unique total angular momentum (J). In addition, by performing mass-resolved 

photoionization spectroscopy, the isotope shifts of twenty eight high-lying (second excited) 

levels of Sm I were measured. 

The radiative lifetimes of the even-parity high-lying levels of atomic samarium has 

been measured by delayed photoionization measurements using pump-probe spectroscopy. 

The radiative lifetimes of fifteen even-parity high-lying levels in the energy range 34000- 

34815 cm-1 were measured for the first time. The measured values are in the range of 35 to 

349 ns. The accuracy of the measurements was validated by measuring the lifetime of the 

first excited level used in the excitation scheme by employing two-colour pump-probe 

photoionization spectroscopy and comparing the measured value with that reported in the 

literature.  

             As discussed before, radiative lifetime is an important atomic parameter when 

combined with branching ratio can provide another vital atomic parameter, the absolute 

transition probability which finds application in many areas of science such as laser physics, 

plasma physics, astrophysics etc. These parameters also play crucial role in applications like 

laser isotope separation, trace elemental analysis, etc.  

A polarization based isotope selective photoionization technique for selective 

photoionization of odd isotopes of samarium has been experimentally demonstrated using 

broad band lasers.  Isotope-selectivity of more than 40 between the odd and even isotopes 

(149Sm /152Sm) of atomic Sm has been experimentally demonstrated by judiciously selecting 

proper angular momentum sequence of the levels involved in the excitation scheme and laser 

polarizations. This is the first experimental demonstration of isotope-selective 

photoionization of the odd isotopes of samarium using polarized lasers. Since the technique 
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has the advantage that the isotopic selectivity is not affected by the spectral broadening of the 

excitation lasers, it is highly useful for the separation of odd and even isotopes exhibiting 

overlapping spectra owing to small isotope shifts and broad hyperfine structures. The effect 

of different states of polarization of the excitation lasers and the relative polarization angle 

between them on the isotope selectivity is also discussed in detail in this chapter. The future 

studies in this direction can include the effect of magnetic field and laser intensities on the 

selectivity of the photoionization process. 

The techniques employed in the work presented in the thesis are universal and can be 

utilised for the determination of the atomic parameters of any element of interest. As 

previously mentioned, multi-step photoionization in general has diverse applications in many 

areas of science as well as in industry. The major applications of multi-step photoionization 

are in the fields of isotope selective photoionization processes such as laser isotope separation 

process, trace elemental/isotopic analysis etc. The isotope selective photoionization process is 

not restricted only to nuclear fuel cycle but finds equally important applications in the 

separation of isotopes which have medical significance as well. To summarise, augmenting 

the atomic data base related to the elements/isotopes of interest can give  more insight into 

the understanding of basic atomic physics as well as it can provide necessary information 

required for developing novel isotope selective multi-step photoionization processes. 
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