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Foreword

Atomic, molecular and optical physics is a field which, during the last few decades, has
known spectacular developments in various directions, like nonlinear optics, laser cooling
and trapping, quantum degenerate gases, quantum information. Atom–photon interactions
play an essential role in these developments. This book presents an introduction to quantum
optics which, I am sure, will provide an invaluable help to the students, researchers and
engineers who are beginning to work in these fields and who want to become familiar with
the basic concepts underlying electromagnetic interactions.

Most books dealing with these subjects follow either a semi-classical approach, where
the field is treated as a classical field interacting with quantum particles, or a full quantum
approach where both systems are quantized. The first approach is often oversimplified and
fails to describe correctly new situations that can now be investigated with the development
of sophisticated experimental techniques. The second approach is often too difficult for
beginners and lacks simple physical pictures, very useful for an initial understanding of a
physical phenomenon. The advantage of this book is that it gives both approaches, starting
with the first, illustrated by several simple examples, and introducing progressively the
second, clearly showing why it is essential for the understanding of certain phenomena.
The authors also clearly demonstrate, in the case of non-linear optics and laser cooling,
how advantageous it may be to combine both approaches in the analysis of an experimental
situation and how one can get from each point of view useful, complementary physical
insights. I believe that this challenge to present and to illustrate both approaches in a single
book has been taken up successfully. Whatever their ultimate interests, the readers of this
work will be exposed to an important example of a broad and vibrant field of research
and they will better understand the intellectual enrichment and the technical developments
which result from it.

To write a book on such a broad topic, the authors must obviously possess wide knowl-
edge of the field, they must have thought long and hard about the basic concepts and about
the different levels of complexity with which one can approach the topics. They must
also have a deep and concrete knowledge about experimental and technical details and the
many problems which daily confront a laboratory researcher. Having worked extensively
with them, I know the authors of this work fulfil these requirements. I have the highest
admiration for their enthusiasm, their scientific rigour, their ability to give simple and pre-
cise physical explanations, and their quest to illuminate clearly the difficult points of the
subject without oversimplification. Each of them has made many original contributions to
the development of this important field of physics, and they and their younger collaborators
for this book work at the cutting edge of modern quantum optics. In reading the book, I am
therefore not surprised to find their many fine qualities reflected in the text. The general
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xxiv Foreword
�

organisation of the main chapters and complementary sections allows reading on many
different levels. When the authors discuss a new physical problem, they begin the analy-
sis with the simplest possible model. A large variety of experiments and applications are
presented with clear diagrams and explanations and with constant attention to highlighting
the guiding principles, the orders of magnitude and the problems which remain open.

This work will allow a broad audience an easier access to a field of science which con-
tinues to see spectacular developments. I believe that science is not simply a matter of
exploring new horizons. One must also make the new knowledge readily available and we
have in this book, a beautiful example of such a pedagogical effort. I would like finally
to evoke the memory of Gilbert Grynberg who participated with Alain Aspect and Claude
Fabre in the writing of a preliminary, much less developed, French version of this book and
who passed away in 2003. Gilbert was an outstanding physicist, a fine person, and had an
exceptional talent for explaining in the clearest possible way the most difficult questions.
I think that the present book is the best possible tribute to be paid to him.

Claude Cohen-Tannoudji
Paris, September 2009
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Preface

Since its invention in 1960, the laser has revolutionized both the study of optics and our
understanding of the nature of light, prompting the emergence of a new field, quantum
optics. Actually, it took decades until the words quantum optics took their current precise
meaning, referring to phenomena which can be understood only by quantizing the elec-
tromagnetic field describing light. Surprisingly enough, such quantum optics phenomena
hardly existed at the time that the laser was invented, and almost all optics effects could be
fully understood by describing light as a classical electromagnetic field; the laser was no
exception. As a matter of fact, to understand how a laser works, it suffices to use the semi-
classical description of matter–light interaction, where the laser amplifying medium, made
of atoms, molecules, ions or semi-conductors, is given a quantum mechanical treatment,
but light itself is described by classical electromagnetic waves.

The first part of our book is devoted to presentation of the semi-classical approach and
its use in describing various optical phenomena. It includes an elementary exposition of
the physics of lasers, and some applications of this ubiquitous device. After recalling
in Chapter 1 some basic results of the quantum mechanical description of interaction
induced transitions between the atomic energy levels, we use these results in Chapter 2
to show how the interaction of a quantized atom with a classical electromagnetic wave
leads to absorption or stimulated emission, and to derive the process of laser amplifi-
cation that happens when a wave propagates in an inverted medium. Chapter 3 gives
an elementary exposition of the physics of laser sources and of the properties of laser
light.

Although the quantum theory of light existed since its development by Dirac in the early
1930s, quantum optics theory in its modern sense started when Roy Glauber showed, in the
early 1960s, how to apply it to classical optics devices such as the Michelson stellar inter-
ferometer or the Hanbury Brown and Twiss intensity interferometer. At that time it could
have appeared to be an academic exercise without consequence, since the only known phe-
nomenon that demanded quantization of light was spontaneous emission, and it was not
clear whether quantum theory was at all useful for describing light freely propagating far
from the source. Actually, Glauber developed a clear quantum formalism to describe optics
phenomena, and introduced the important notion of quasi-classical states of light, a theoret-
ical tool that allowed physicists to understand why all available sources of light, including
lasers, delivered light whose properties could be totally understood in the framework of
the semi-classical approach. But in doing so, he paved the way for the discovery of new
phenomena which can be understood only if light is considered as a quantum system. It
became possible to build sources delivering single photon wave packets, pairs of entangled
photons, squeezed beams of light. . .
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xxvi Preface
�

The second part of our book is devoted to the presentation of the quantum theory of
light and its interaction with matter, and its use in describing many phenomena of modern
quantum optics. We show in Chapter 4 how it is possible to write the dynamical equa-
tions of a classical electromagnetic field, i.e. Maxwell equations, in a form allowing us to
use the canonical quantization procedure to quantize the electromagnetic field, and obtain
the notion of a photon. We then use our results, in Chapter 5, to describe some fully
quantum effects observed in experiments with single photons, squeezed light or pairs of
entangled photons. It is remarkable that many of these experiments, whose first goal was
to demonstrate the highly counter-intuitive, non-classical properties of new types of light
states, turned out to stimulate the emergence of a new field, quantum information, where
one uses such properties to implement new ways of processing and transmitting data. In
Chapter 6, we show how to use the quantum optics formalism to describe the interaction
between light and atoms. We will then revisit in this new framework the phenomena of
absorption and stimulated emission, already studied in Chapter 2. Moreover, we will now
be able to give a consistent treatment of spontaneous emission.

Having introduced the full quantum optics formalism and reviewed some remarkable
phenomena that could not have been discovered without such a formalism, we would not
like to leave the reader with the impression that he/she can now forget the semi-classical
approach. Both approaches are definitely useful. On the one hand, there is no reason to use
the, usually more involved, fully quantum analysis, when the situation does not demand it.
After all, nobody would use quantum mechanics to describe the motion of planets. Simi-
larly, no experimentalist studying fusion plasmas with intense lasers would start using the
quantum formalism of light. What is important then is to be able to recognize when the
full quantum theory is necessary, and when one can content oneself with the semi-classical
model. To help the reader to develop their intuition about this point, we present, in the third
part of this book, two topics, non-linear optics in Chapter 7, laser cooling and trapping
of atoms in Chapter 8, where it is convenient to ‘juggle’ between the two approaches,
each being better adapted to one or the other particular phenomenon. As ‘the cherry on the
cake’, we will give in Chapter 8 an elementary presentation of atomic Bose–Einstein con-
densates, and emphasize the analogy between such a system, where all atoms are described
by the same matter wave, and a laser beam where all photons are described by the same
mode of the electromagnetic field. When we started to write the first French version of this
book, we had never dreamt of being able to finish it with a presentation on atom lasers.

This book is composed of chapters, in which we present the fundamental concepts and
some applications to important quantum optics phenomena, and of complements, which
present supplementary illustrations or applications of the theory presented in the main
chapter. The choice of these examples is, of course, somewhat arbitrary. We present them
as a snap-shot of the current state of a field which is rapidly evolving. Complements of
another type are intended to give some supplementary details about a derivation or about
concepts presented in the chapter.

The prerequisite for using this book is to have followed an elementary course on both
electromagnetism (Maxwell’s equations) and quantum mechanics (Schrödinger formula-
tion in the Dirac formalism of bras and kets, with application to the harmonic oscillator).
The book is then self-consistent, and can be used for an advanced undergraduate, or for
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a first graduate course on quantum optics. Although we do not make use of the most
advanced tools studied at graduate school, we make all efforts to provide the reader with
solid derivations of the main results obtained in the chapters. For example, to quantize
electromagnetic waves, first in free space, and then in interaction with charges, we do not
use the Lagrangian formalism, but we introduce enough elements of the Hamiltonian for-
malism to be able to apply the canonical quantization rules. We are thus able to provide the
reader with a solid derivation of the basic quantum optics formalism rather than bringing
it in abruptly. On the other hand, when we want to present in a Complement a particu-
larly important and interesting phenomenon, we do not hesitate to ask the reader to admit
a result which results from more advanced courses.

We have done our best to merge the French teaching tradition of logical and deductive
exposition with the more pragmatic approach that we use as researchers, and as advisors
to Ph.D. and Masters students. We have taught the content of this book for many years to
advanced undergraduate or beginning graduate students, and this text represents the results
of our various teaching experiences.
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