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Preface

The present book —~ Atomic and Molecular Spectroscopy — Basic Aspects and
Practical Applications — has been developed over a long time. The Third
Edition, which appeared in 2001, was fully revised and updated to the state
of the field at that time. The book appeared in hard cover well suited for
individual and library use. However, the book is basically a text, also well
suited as a base for a course on the topic. A lower-cost paper-back edition
better serves such purposes, as did the Second (paper-back) Edition of the
book. The Fourth Edition presented has now been corrected for misprints and
contains some additional text. A number of important literature references
up untill mid-2003 have been added to provide a fully updated account of
the dynamic field of Atomic and Molecular Spectroscopy.

Lund, October 2003 Sune Svanberg



Preface to the Third Edition

Atomic and molecular spectroscopy — both in its basic and in its applied
aspects — is in a dynamic state of development. It continues to provide
new fascinating possibilities for a deeper understanding of the fundamen-
tal properties of the building blocks of matter and their interaction with
electromagnetic irradiation. It generates new possibilities for practical appli-
cations in industry, chemistry, astronomy, geosciences, biology, medicine and
information technology.

Ten years after the appearance of the first edition there was a need for
a thorough revision of the book, again bringing it up to the leading edge in
the new millennium. This has led to a considerable extension of the material
and thus of the size of the book. As previously, the focus has been on the
physical understanding of the processes and phenomena, and on providing
a broad overview of the possibilities of atomic and molecular spectroscopy.
Thus, the mathematical description is frequently superficial — for the benefit
of students and scientists in other natural sciences without a rigourous physics
background. My belief is that the physical (and intuitive) understanding,
when possible, is also the most important aspect for the hard-core physicist.
The reader will find ample references to textbooks, review articles and re-
search papers providing all the details on almost any topic in the field, and
the reference list was, with considerable effort, updated till mid-2000 and in
some cases till early 2001. This could still mean that important references
are lacking, and I apologize to the authors for unfortunate omissions.

The reader who already knows the previous editions will notice that
new material is added, particularly in the following fields: clusters, satellite
remote sensing, astrophysical applications, the generation of ultrafast and
ultraintense laser radiation, diode laser spectroscopy, ultrafast spectroscopy,
femtochemistry, high-power laser-matter interaction, laser cooling and trap-
ping, Bose-Einstein condensation, and lasers in environmental and medical
research. Thus, it is felt that the book provides a rather extensive overview
of the major spectroscopy fields.

‘ In order to improve the usefulness of the book as a text for a course on the

topic at the pre- or postgraduate level, a section of questions and exercises
has been added. The material is presented following the chapters, and, in
addition, material connecting wider areas is supplied. A detailed subject index



X Preface to the Third Edition

is also provided, helping the reader to easily find an entry to the introduction
of a subfield and references to the relevant literature.

The author benefited a lot from the interaction with students and col-
leagues when developing this book. He is very grateful for comments and

corrections.
Finally, I would like to thank Gertrud Dimler, Adelheid Duhm and Claus

Ascheron at Springer-Verlag for their professional work, and Helmut Lotsch
for his encouragement throughout this book project.

Lund, June 2001 Sune Svanberg



Preface to the First Edition

Atomic and molecular spectroscopy has provided basic information leading
to the development of quantum mechanics and to the understanding of the
building blocks of matter. It continues to provide further insight into the
statics and dynamics of the microcosmos, and provides the means for testing
new concepts and computational methods. The results of atomic and mole-
cular spectroscopy are of great importance in astrophysics, plasma and laser
physics. The rapidly growing field of spectroscopic applications has made
considerable impact on many disciplines, including medicine, environmental
protection, chemical processing and energy research. In particular, the tech-
niques of electron and laser spectroscopy, the subjects of the 1981 Nobel prize
in physics, have contributed much to the analytical potential of spectroscopy.

This textbook on Atomic and Molecular Spectroscopy has been prepared
to provide an overview of modern spectroscopic methods. It is intended to
serve as a text for a course on the subject for final-year undergraduate phy-
sics students or graduate students. It should also be useful for students of
astrophysics and chemistry. The text has evolved from courses on atomic and
molecular spectroscopy given by the author since 1975 at Chalmers University
of Technology and at the Lund Institute of Technology. References are given
to important books and review articles which allow more detailed studies
of different aspects of atomic and molecular spectroscopy. No attempt has
been made to cover all important references, nor have priority aspects been
systematically considered.

It is assumed that the reader has a basic knowledge of quantum mecha-
nics and atomic physics. However, the completion of a specialized course on
atomic and molecular physics is not required. The present treatise (disregar-
ding Chap. 4) is not particularly mathematical, but emphasizes the physical
understanding of the different techniques of spectroscopy. In the course given
by the author, the time for solving calculational problems has been reduced
to allow a more complete overview of the field in the time available. Particular
emphasis has been given to technical applications. However, by increasing the
allotted problem-solving time or by omitting certain areas of spectroscopy,
a more problem-oriented course can easily be taught based on this book.
In his courses, the author has combined lectures with a number of 5-hour



XII Preface to the First Edition

laboratory experiments (performed on research equipment) and a number of
1-2 hour visits to local research groups in physics, chemistry and astronomy.

Part of the material is reworked from the Swedish textbook Atomfysik by
I. Lindgren and S. Svanberg (Universitetsforlaget, Uppsala 1974). The author
is very grateful to his teacher Prof. I. Lindgren for contributions and support
through the years. He would also like to thank many colleagues, including
Prof. D. Dravins, Dr. A Hjalmarsson, Prof. I. Martinson, Prof. J. Nordgren,
Prof. C. Nordling, Dr. W. Persson, Prof. A. Résen, Prof. H. Siegbahn and
Dr. C.-G. Wahlstrom for valuable suggestions and corrections.

Special thanks are due to Mrs. C. Holmqvist for typing numerous versions
of the manuscript and Dr. H. Sheppard for correcting the English and assis-
ting with the figures. Mr. A. Bergqvist and Mr. G. Romerius helped by dra-
wing some of the figures. Finally, the kind help and support of Dr. H. Lotsch
of Springer-Verlag is gratefully acknowledged.

Lund, September 1990 Sune Svanberg
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1. Introduction

By spectroscopy we usually mean experimental charting of the energy-level
structure of physical systems. For that purpose, the transition processes,
spontaneous or induced, between different energy states are studied and
spectroscopy therefore normally means analysis of various types of radiation
— electromagnetic or particle emission. Spectroscopic investigations can be
of a fundamental or an applied nature. In fundamental spectroscopy experi-
mentally determined energy levels, transition probabilities, etc. are employed
for obtaining an understanding of the studied systems using adequate theo-
ries or models. Usually, certain primary quantities (wavelengths, intensities,
etc.) are measured in spectroscopic investigations. These quantities are then
used to evaluate more fundamental quantities. This process is schematically
illustrated in Fig. 1.1.

Fundamental quantities, such as wavelengths and transition probabilities,
determined using spectroscopy, for atoms and molecules are of direct impor-
tance in several disciplines such as astrophysics, plasma and laser physics.
Here, as in many fields of applied spectroscopy, the spectroscopic information
can be used in various kinds of analysis. For instance, optical atomic absorp-
tion or emission spectroscopy is used for both qualitative and quantitative
chemical analysis. Other types of spectroscopy, e.g. electron spectroscopy
methods or nuclear magnetic resonance, also provide information on the
chemical environment in which a studied atom is situated. Tunable lasers
have had a major impact on both fundamental and applied spectroscopy. New
fields of applied laser spectroscopy include remote sensing of the environment,
medical applications, combustion diagnostics, laser-induced chemistry and
isotope separation.

oA o BBy b

] UNDERSTANDING

THEORY OR MODEL >

Fig. 1.1. The spectroscopic process
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Fig. 1.2. Basic arrangement of a spectroscopic set-up

Dynamic properties of atomic and molecular systems can be studied by
time-resolved spectroscopy. The recent availability of compact high-power
lasers has allowed a quickly expanding research activity in ultra-intense laser—
matter interaction, also offering many new challanges for theory.

In principle, a set-up for spectral studies consists of three components:
a radiation source, an analyser and a detection system. In many modern
techniques the system under investigation is subjected to different types of
static or oscillatory fields and the influence of these fields on the system is
studied in order to obtain a more complete picture of the system. Resonance

- methods are of special importance since they provide high accuracy in the
determination of small energy splittings. The basic arrangement of a spec-
troscopic set-up is shown in Fig. 1.2.

The choice of spectroscopic method is primarily determined by the energy

range of the phenomenon to be studied. In Fig. 1.3 the spectral ranges that
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Fig. 1.3. Energy scales and spectroscopic phenomena
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Table 1.1. Conversion factors between different energy units

Unit Joule cm™! Hz eV

1Joule (1J) 1 5.03378 x 1022 1.50919 x 10°3 6.24150 x 1018
lcm™! 1.98658 x 10~23 1 2.99792 x 10'° 1.23992 x 104
1Hz 6.62608 x 1034 3.33565 x 10™1! 1 4.13567 x 10715
1eV 1.60218 x 10719 8.06502 x 10°  2.41799 x 10** 1

are of interest in atomic and molecular spectroscopy are shown. The energy
ranges for different types of structures and transitions are also indicated.
Using the simple relations

AE =hv, A=c/v, 1/A =v/e, v=c(1/X),

1.1
Energy Wavelength Wavenumber Frequency 1)

(h: Planck constant, c¢: velocity of light) an energy interval AF can be uni-
quely expressed in eV (energy), nm (=10A) (wavelength), cm~! (wavenum-
ber) or Hz (frequency). 1cm™! is sometimes called 1 Kayser. In Table 1.1
conversion factors between different units are given. The general field of
scientific unit conversion is treated in {1.1]. The conversion factors are clearly
connected to the values of the fundamental constants {1.2].

The choice of unit depends, to a great extent, on the energy region and
on traditional factors:

X-ray region keV ,
Visible and UV regions nm, A (in solid-state physics: €V) ,
Infrared region um, cm™!,

Radio-frequency region MHz, cm™!.

It is practical to memorize the following approximate relations

leV «— 8000cm™! «— 1200 nm
lcm™! «— 30GHz,

and kT at T = 300K (room temperature)
kT3oo >~ 1/406V .

(k is the Boltzmann constant, and T is the absolute temperature).

Transitions between inner electron orbitals normally occur in the keV
range (X-rays) while the energies for transitions between outer orbitals are in
the eV region (visible or near-UV and IR regions). The fine structure of atoms
is of the order of 1073 €V (~ 10cm™!) and hyperfine structures are typically
about 10786V (~ 300 MHz). Molecular vibrational energies splittings are of
the order of 10~!eV, while rotational splittings are typically 10~3eV. Of
course, these energies vary widely and the above values are given only to
provide a first estimate of typical orders of magnitude.



