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Introductory Quantum Optics

This book provides an elementary introduction to the subject of quantum optics,
the study of the quantum-mechanical nature of light and its interaction with
matter.

The presentation is almost entirely concerned with the quantized electromag-
netic field. Topics covered include single-mode field quantization in a cavity,
quantization of multimode fields, quantum phase, coherent states, quasi-
probability distribution in phase space, atom—field interactions, the Jaynes—
Cummings model, quantum coherence theory, beam splitters and interferom-
eters, nonclassical field states with squeezing etc., tests of local realism with
entangled photons from down-conversion, experimental realizations of cavity
quantum electrodynamics, trapped ions, decoherence, and some applications to
quantum information processing, particularly quantum cryptography. The book
contains many homework problems and a comprehensive bibliography.

This text is designed for upper-level undergraduates taking courses in quantum
optics who have already taken a course in quantum mechanics, and for first- and
second-year graduate students.

A solutions manual is available to instructors via solutions@cambridge.org.

CHRISTOPHER GERRY is Professor of Physics at Lehman College, City Uni-
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Chapter 1
Introduction

1.1 Scope and aims of this book

Quantum optics is one of the liveliest fields in physics at present. While it has been
a dominant research field for at least two decades, with much graduate activity,
in the past few years it has started to impact the undergraduate curriculum. This
book developed from courses we have taught to final year undergraduates and
beginning graduate students at Imperial College London and City University of
New York. There are plenty of good research monographs in this field, but we felt
that there was a genuine need for a straightforward account for senior undergrad-
uates and beginning postgraduates, which stresses basic concepts. This is a field
which attracts the brightest students at present, in part because of the extraor-
dinary progress in the field (e.g. the implementation of teleportation, quantum
cryptography, Schrédinger cat states, Bell violations of local realism and the
like). We hope that this book provides an accessible introduction to this exciting
subject.

Our aim was to write an elementary book on the essentials of quantum optics
directed to an audience of upper-level undergraduates, assumed to have suffered
through a course in quantum mechanics, and for first- or second-year graduate
students interested in eventually pursuing research in this area. The material we
introduce is not simple, and will be a challenge for undergraduates and beginning
graduate students, but we have tried to use the most straightforward approaches.
Nevertheless, there are parts of the text that the reader will find more challenging
than others. The problems at the end of each chapter similarly have a range
of difficulty. The presentation is almost entirely concerned with the quantized
electromagnetic field and its effects on atoms, and how nonclassical light behaves.
One aim of this book is to connect quantum optics with the newly developing
subject of quantum information processing.

Topics covered are: single-mode field quantization in a cavity, quantization
of multimode fields, the issue of the quantum phase, coherent states, quasi-
probability distributions in phase space, atom—field interactions, the Jaynes—
Cummings model, quantum coherence theory, beam splitters and interferometers,
nonclassical field states with squeezing, etc., test of local realism with entangled
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photons from down-conversion, experimental realizations of cavity quantum elec-
trodynamics, trapped ions, etc., issues regarding decoherence, and some appli-
cations to quantum information processing, particularly quantum cryptography.
The book includes many homework problems for each chapter and bibliogra-
phies for further reading. Many of the problems involve computational work,
some more extensively than others.

1.2 History

In this chapter we briefly survey the historical development of our ideas of optics
and photons. A detailed account can be found in the “Historical Introduction”
for example in the 6th edition of Born and Wolf. A most readable account of the
development of quantum ideas can be found in a recent book by Whitaker [1].
A recent article by A. Muthukrishnan, M. O. Scully and M. S. Zubairy [2] ably
surveys the historical development of our ideas on light and photons in a most
readable manner.

The ancient world already was wrestling with the nature of light as rays. By
the seventeenth century the two rival concepts of waves and corpuscles were
well established. Maxwell, in the second half of the nineteenth century, laid the
foundations of modern field theory, with a detailed account of light as electromag-
netic waves and at that point classical physics seemed triumphant, with “minor”
worries about the nature of black-body radiation and of the photoelectric effect.
These of course were the seeds of the quantum revolution. Planck, an inherently
conservative theorist, was led rather reluctantly, it seems, to propose that thermal
radiation was emitted and absorbed in discrete quanta in order to explain the
spectra of thermal bodies. It was Einstein who generalized this idea so that these
new quanta represented the light itself rather than the processes of absorption
and emission, and was able to describe how matter and radiation could come
into equilibrium (introducing on the way the idea of stimulated emission), and
how the photoelectric effect could be explained. By 1913, Bohr applied the basic
idea of quantization to atomic dynamics and was able to predict the positions of
atomic spectral lines.

Gilbert Lewis, a chemist, coined the word photon well after the light quanta
idea itself was introduced. In 1926 Lewis said

It would seem appropriate to speak of one of these hypothetical entities as a
particle of light, a corpuscle of light, a light quantum, or light quant, if we are to
assume that it spends only a minute fraction of its existence as a carrier of radiant
energy, while the rest of the time it remains as an important structural element
within the atom . . . I therefore take the liberty of proposing for this hypothetical
new atom, which is not light but plays an important part in every process of
radiation, the name photon [3].

Clearly Lewis’s idea and ours are rather distantly connected!
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De Broglie in a remarkable leap of imagination generalized what we knew
about light quanta, exhibiting wave and particle properties to matter itself. Heisen-
berg, Schrédinger and Dirac laid the foundations of quantum mechanics in an
amazingly short period from 1925 to 1926. They gave us the whole machinery we
still use: representations, quantum-state evolution, unitary transformations, per-
turbation theory and more. The intrinsic probabilistic nature of quantum mechan-
ics was uncovered by Max Born, who proposed the idea of probability amplitudes
which allowed a fully quantum treatment of interference.

Fermi and Dirac, pioneers of quantum mechanics, were also among the first
to address the question of how quantized light interacts with atomic sources and
propagates. Fermi’s Reviews of Modern Physics article in the 1930s, based on
lectures he gave in Ann Arbor, summarize what was known at that time within
the context of nonrelativistic quantum electrodynamics in the Coulomb gauge.
His treatment of interference (especially Lipmann fringes) still repays reading
today. It is useful to quote Willis Lamb in this context:

Begin by deciding how much of the universe needs to be brought into the
discussion. Decide what normal modes are needed for an adequate treatment.
Decide how to model the light sources and work out how they drive the
system [4].

This statement sums up the approach we will take throughout this book.

Weisskopf and Wigner applied the newly developed ideas of non-relativistic
quantum mechanics to the dynamics of spontaneous emission and resonance
fluorescence, predicting the exponential law for excited-state decay. This work
already exhibited the self-energy problems, which were to plague quantum elec-
trodynamics for the next 20 years until the development of the renormalization
programme by Schwinger, Feynman, Tomonaga, and Dyson. The observation
of the anomalous magnetic moment of the electron by Kusch, and of radiative
level shifts of atoms by Lamb and Retherford, were the highlights of this era.
The interested reader will find the history of this period very ably described by
Schweber in his magisterial account of QED [5]. This period of research demon-
strated the importance of considering the vacuum as a field which had observable
consequences. In a remarkable development in the late 1940s, triggered by the
observation that colloids were more stable than expected from considerations
of van der Waals interactions, Casimir showed that long-range intermolecular
forces were intrinsically quantum electrodynamic. He linked them to the idea of
zero-point motion of the field and showed that metal plates in vacuum attract as
a consequence of such zero-point motion.

Einstein had continued his study of the basic nature of quantum mechanics
and in 1935 in a remarkable paper with Podolsky and Rosen was able to show how
peculiar quantum correlations were. The ideas in this paper were to explode into
one of the most active parts of modern physics with the development by Bohm
and Bell of concrete predictions of the nature of these correlations; this laid the
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foundations of what was to become the new subject of quantum information
processing.

Optical coherence had been investigated for many years using amplitude inter-
ference: a first-order correlation. Hanbury Brown and Twiss in the 1950s worked
on intensity correlations as a tool in stellar interferometry, and showed how ther-
mal photon detection events were “bunched.” This led to the development of
the theory of photon statistics and photon counting and to the beginnings of
quantum optics as a separate subject. At the same time as ideas of photon statis-
tics were being developed, researchers had begun to investigate coherence in
light-matter interactions. Radio-frequency spectroscopy had already been initi-
ated with atomic beams with the work of Rabi, Ramsey and others. Sensitive
optical pumping probes of light interaction with atoms were developed in the
1950s and 1960s by Kastler, Brossel, Series, Dodd and others.

By the early 1950s, Townes and his group, and Basov and Prokhorov, had
developed molecular microwave sources of radiation: the new masers, based on
precise initial state preparation, population inversion and stimulated emission. Ed
Jaynes in the 1950s played a major role in studies of whether quantization played
a role in maser operation (and this set the stage for much later work on fully
quantized atom—field coupling in what became known as the Jaynes—Cummings
model). Extending the maser idea to the optical regime and the development of
lasers of course revolutionized modern physics and technology.

Glauber, Wolf, Sudarshan, Mandel, Klauder and many others developed a
quantum theory of coherence based on coherent states and photodetection. Coher-
ent states allowed us to describe the behaviour of light in phase space, using the
quasi-probabilities developed much earlier by Wigner and others.

For several years after the development of the laser there were no tuneable
sources: researchers interested in the details of atom-light or molecule-light
interactions had to rely on molecular chance resonances. Nevertheless, this led
to the beginning of the study of coherent interactions and coherent transients
such as photon echoes, self-induced transparency, optical nutation and so on
(well described in the standard monograph by Allen and Eberly). Tuneable lasers
became available in the early 1970s, and the dye laser in particular transformed
precision studies in quantum optics and laser spectroscopy. Resonant interactions,
coherent transients and the like became much more straightforward to study and
led to the beginnings of quantum optics proper as we now understand it: for the
first time we were able to study the dynamics of single atoms interacting with
light in a non-perturbative manner. Stroud and his group initiated studies of reso-
nance fluorescence with the observation of the splitting of resonance fluorescence
spectral lines into component parts by the coherent driving predicted earlier by
Mollow. Mandel, Kimble and others demonstrated how the resonance fluores-
cence light was antibunched, a feature studied by a number of theorists including
Walls, Carmichael, Cohen-Tannoudji, Mandel and Kimble. The observation of
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antibunching, and the associated (but inequivalent) sub-Poissonian photon
statistics laid the foundation of the study of “non-classical light”. During the
1970s, several experiments explored the nature of photons: their indivisibility
and the build up of interference at the single photon level. Laser cooling rapidly
developed in the 1980s and 1990s and allowed the preparation of states of mat-
ter under precise control. Indeed, this has become a major subject in its own
right and we have taken the decision here to exclude laser cooling from this
text.

Following the development of high-intensity pulses of light from lasers, a
whole set of nonlinear optical phenomena were investigated, starting with the
pioneering work in Ann Arbor by Franken and co-workers. Harmonic generation,
parametric down-conversion and other phenomena were demonstrated. For the
most part, none of this early work on nonlinear optics required field quantization
and quantum optics proper for its description. But there were early signs that
some could well do so: quantum nonlinear optics was really initiated by the study
by Burnham and Weinberg (see Chapter 9) of unusual nonclassical correlations
in down-conversion. In the hands of Mandel and many others, these correlations
in down-conversion became the fundamental tool used to uncover fundamental
insights into quantum optics.

Until the 1980s, essentially all light fields investigated had phase-independent
noise; this changed with the production of squeezed light sources with phase-
sensitive noise. These squeezed light sources enabled us to investigate Heisenberg
uncertainty relations for light fields. Again, parametric down-conversion proved
to be the most effective tool to generate such unusual light fields.

Quantum opticians realized quite early that were atoms to be confined in res-
onators, then atomic radiative transition dynamics could be dramatically changed.
Purcell, in a remarkable paper in 1946 within the context of magnetic resonance,
had already predicted that spontaneous emission rates, previously thought of as
pretty immutable were in fact modified by enclosing the source atom within a
cavity whose mode structure and densities are significantly different from those
of free space. Putting atoms within resonators or close to mirrors became possi-
ble at the end of the 1960s. By the 1980s the theorists’ dream of studying single
atoms interacting with single modes of the electromagnetic field became possi-
ble. At this point the transition dynamics becomes wholly reversible, as the atom
coherently exchanges excitation with the field, until coherence is eventually lost
through a dissipative “decoherence” process. This dream is called the Jaynes—
Cummings model after its proposers and forms a basic building block of quantum
optics (and is discussed in detail in this book).

New fundamental concepts in information processing, leading to quantum
cryptography and quantum computation, have been developed in recent years by
Feynman, Benioff, Deutsch, Jozsa, Bennett, Ekert and others. Instead of using
classical bits that can represent either the values 0 or 1, the basic unit of a



