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SELECTION RULES FOR ALLOWED
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For molecules
Rotational transitions
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LASER FUNDAMENTALS
SECOND EDITION

Laser Fundamentals provides a clear and comprehensive introduction to the physical and engi-
neering principles of laser operation and design. Simple explanations, based throughout on key
underlying concepts, lead the reader logically from the basics of laser action to advanced topics
in laser physics and engineering. B

In addition to many improvements to the text and figures of the first edition, much new
material has been added to this second edition — especially in the areas of solid-state lasers,
semiconductor lasers, and laser cavities. This edition contains a new chapter on laser operation
above threshold, including extensive discussion of laser amplifiers. It also provides details on
new types of lasers (e.g., Nd:YLE, Nd:YVOy,, and Yb:YAG) plus a new section on diode pump-
ing of solid-state lasers. The coverage extends to the four basic categories (GaAs, InP, ZnSe,
and GaN) of semiconductor lasers. The analysis is applied to electron and hole concentrations
for both heterojunction semiconductor lasers and quantum-well lasers, and a thorough discus-
sion of laser cavities features ABCD matrix analysis of two-, three-, and four-mirror cavities.

The book first develops the fundamental wave and quantum properties of light, such as
coherence, energy levels, emission linewidth, and stimulated emission. It then uses those prop-
erties to develop the concepts of population inversion, gain, saturation intensity, laser operation
above threshold, excitation or pumping, and cavity properties, which include longitudinal and
transverse modes, Gaussian beams, unstable resonators, Q-switching. and mode-locking. The
book addresses aspects that are common to all laser amplification. It examines the development
of population inversions in such low-density materials as gases and plasmas as well as in the
usual three- or four-level systems of such high-density materials as liquids and solids, Included
are extensive accounts of both solid-state and semiconductor lasers, and detailed descriptions
and data tables of the most common lasers are provided. The book concludes with a chapter on
nonlinear frequency conversion as it relates to lasers.

The clear explanations, worked examples, and many homework problems make this book
eminently suitable for undergraduate and first-year graduate students in science and engineering
who are taking courses on lasers. The summaries of key types of lasers, the use of many unique
theoretical descriptions, and the chapter-by-chapter bibliography make this an invaluable refer-
ence work for researchers as well.
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faculty of the University of Central Florida in Orlando. where he was a Professor of Physics and
Electrical Engineering as well as a member of the Center for Research and Education in Optics
and Lasers (CREOL). In 1999 he also became a Professor of Optics at the School of Optics, and
he is presently Emeritus Professor of Optics. He was a NATO Postdoctoral Fellow at Oxford
University in 1966—67 and a Guggenheim Fellow at Stanford University in 1982-83. He was
Chair of the Department of Physics at the University of Central Florida from 1994 to 1997. Pro-
fessor Silfvast is a Fellow of the American Physical Society, the Optical Society of America, and
the IEEE. He has carried out pioneering work in the fields of metal vapor lasers, recombination
lasers, photoionization-pumped lasers, laser plasmas, and EUV lithography. He has authored
more than 100 technical papers and holds more than 30 patents.
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Preface to the Second Edition

I am very pleased to have completed this Second Edition of Laser Fundamentals.
The encouragement I have received over the past few years from readers as well
as from my editors was sufficient to provide me with the enthusiasm to take on
this new task. Writing the first edition was essentially a ten-year endeavor from
first thoughts to the completed book. I thought I had a better way to explain to
senior-level and first-year graduate students how lasers work. Apparently there
were others who agreed with me, judging from comments I have received. Writing
the second edition was an attempt to fill in some of the gaps, so to speak; not sur-
prisingly, it took much more time than I had anticipated. Some of the areas of the
First Edition were not as complete as I would have liked. There were also errors
that had to be corrected. In addition, there have been advances — primarily in the
areas of solid-state and semiconductor lasers — that needed to be included. I think
the new edition addresses those issues pretty well. I suppose it’s up to the readers
to make that judgment.

Naturally one can’t take on a task like this without gleaning information from
experts in the various fields of lasers. I offer special thanks to my colleagues at
the School of Optics/CREOL at the University of Central Florida: Michael Bass,
Glenn Boreman, Peter Delfyett, Dave Hagan, Hans Jenssen, Patrick Li Kam Wa,
Alexandra Rapaport, Kathleen Richardson, Martin Richardson, Craig Siders, Eric
Van Stryland, Nikolai Vorobiev, and Boris Zeldovich. Others who were very help-
ful include Norm Hodgson, Jason Eichenholz, Jack Jewell, Shuji Nakamura, Jorge
Rocca,. Rita Petersen, and Colin Webb (and I'm sure I've inadvertently left out
a few).

I am grateful to have Simon Capelin as my editor at Cambridge University
Press. He has been most encouraging without pressing me with a specific dead-
line. It is also a pleasure to work again with Matt Darnell as my production editor.
Most importantly, I thank my wonderful wife, Susan, who was always very sup-
portive while putting up with the many long hours that I spent in completing this
Second Edition.
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Preface to the First Edition

I wrote Laser Fundamentals with the idea of simplifying the explanation of how
lasers operate. It is designed to be used as a senior-level or first-year graduate stu-
dent textbook and/or as a reference book. The first draft was written the first time
I taught the course “Laser Principles” at the University of Central Florida. Before
that, I authored several general laser articles and taught short courses on the sub-
ject, giving careful consideration to the sequence in which various topics should
be presented. During that period I adjusted the sequence, and I am now convinced
that it is the optimal one.

Understanding lasers involves concepts associated with light, viewed either
as waves or as photons, and its interaction with matter. I have used the first part
of the book to introduce these concepts. Chapters 2 through 6 include fundamen-
tal wave properties, such as the solution of the wave equation, polarization, and
the interaction of light with dielectric materials, as well as the fundamental quan-
tum properties, including discrete energy levels, emission of radiation, emission
broadening (in gases, liquids, and solids), and stimulated emission. The concept of
amplification is introduced in Chapter 7, and further properties of laser amplifiers
dealing with inversions and pumping are covered in Chapters 8 and 9 [Chapters
8-10 in the Second Edition — Ep.]. Chapter 10 [11] discusses cavity properties as-
sociated with both longitudinal and transverse modes, and Chapters 11 and 12 [12
and 13] follow up with Gaussian beams and special laser cavities. Chapters 13 and
14 [14 and 15] provide descriptions of the most common lasers. The book con-
cludes in Chapter 15 [16] with a brief overview of some of the nonlinear optical
techniques for laser frequency conversion.

Some of the unique aspects of the book are the treatment of emission linewidth
and broadening in Chapter 4, the development of a simple model of a laser ampli-
fier in Chapter 7, the discussion of special laser cavities in Chapter 12 [13], and the
laser summaries in Chapters 13 and 14 [14 and 15]. Throughout the book, when-
ever a particular concept is introduced, I have tried to relate that concept to all
the various types of laser amplifiers including gas lasers, liquid (dye) lasers, and
solid-state lasers. My intention is to give the reader a good understanding, not just
of one specific type of laser but rather of all types of lasers, as each concept is
introduced.



PREFACE

The book can be used in either a one- or two-semester course. In one semester
the topics of Chapters 2 through 12 [13] would be emphasized. In two semesters,
extended coverage of the specific lasers of Chapters 13 and 14 [14 and 15], as well
as the frequency multiplication in Chapter 15 [16], could be included. In a one-
semester course I have been able to cover a portion of the material in Chapters 13
and 14 [14 and 15] by having each student write a report about one specific laser
and then give a ten- or fifteen-minute classroom presentation about that laser. The
simple quantum mechanical descriptions in Chapters 3 and 4 were introduced to
describe how radiative transitions occur in matter. If the instructor chooses to avoid
quantum mechanics in the course, it would be sufficient to stress the important re-
sults that are highlighted at the ends of each of those sections.

Writing this book has been a rewarding experience for me. I have been associ-
ated with lasers since shortly after their discovery in 1960 when, as an undergrad-
uate student at the University of Utah, I helped build a ruby laser for a research
project under Professor Frank Harris. He was the first person to instill in me an en-
thusiasm for optics and light. I was then very fortunate to be able to do my thesis
work with Professor Grant Fowles, who encouraged me to reduce ideas to simple
concepts. We discovered many new metal vapor lasers during that period. I also
thank Dr. John Sanders for giving me the opportunity to do postdoctoral work at the
Clarendon Laboratory at Oxford University in England, and Dr. Kumar Patel for
bringing me to Bell Laboratories in Holmdel, New Jersey. Being a part of a stim-
ulating group of researchers at Bell Laboratories during the growth of the field of
lasers was an unparalleled opportunity. During that period I was also able to spend
an extremely rewarding sabbatical year at Stanford University with Professor Steve
Harris. Finally, to round out my career I put on my academic hat at the University
of Central Florida as a member of the Center for Research and Education in Optics
and Lasers (CREOL) and the Department of Physics and of Electrical and Com-
puter Engineering. Working in the field of lasers at several different institutions
has provided me with a broad perspective that [ hope has successfully contributed
to the manner in which many of the concepts are presented in this book.
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