'S

@

r i E e & & B

e
e m v eede, N\ oo




Miguel Orszag

Quantum Optics

Including Noise Reduction,
Trapped Ions, Quantum Trajectories,
and Decoherence

With 75 Figures
and 79 Problems with Hints for Solutions

Springer




Professor Dr. Miguel Orszag
Facultad de Fisica

Pontifica Universidad Catolica de Chile
Casilla 306

22 Santiago .

Chile

E-mail: morszag@chopin.fis.puc.cl

ISSN 1439-2674
ISBN 3-540-65008-3 Springer-Verlag Berlin Heidelberg New York

Library of Congress Cataloging-in-Publication Data.

Orszag, Miguel, 1944-, Quantum otics / Miguel Orszag. p. cm. Includes bibliographical references and
index. ISBN 3-540-65008-3 (alk. paper) 1. Quantum optics. I. Title. QC446.2.078 1999 535°.15-dc21
99-33296 CIP '

This work is subject to copyright. All rights are reserved, whether the whole or part of the material
is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broad-
casting, reproduction on microfilm or in any other way, and storage in data banks. Duplication of
this publication or parts thereof is permitted only under the provisions of the German Copyright Law
of September 9, 1965, in its current version, and permission for use must always be obtained from
Springer-Verlag. Violations are liable for prosecution under the German Copyright Law.

© Springer-Verlag Berlin Heidelberg 2000
Printed in Germany

The use of general descriptive names, registered names, trademarks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant pro-
tective laws and regulations and therefore free for general use.

Data conversion by Steingraeber Satztechnik GmbH, Heidelberg
Cover design: design & production GmbH, Heidelberg

SPIN: 10691798 56/3144/mf - 5 4 3 21 0 - Printed on acid-free paper



Quantum Optics

Springer
Berlin
Heidelberg
New York
Barcelona
Hong Kong
London
Milan
Paris
Singapore
Tokyo



Advanced Texts in Physics

This program of advanced texts covers a broad spectrum of topics which are of
current and emerging interest in physics. Each book provides a comprehensive and
yet accessible introduction to a field at the forefront of modern research. As such,
these texts are intended for senior undergraduate and graduate students at the MS
and PhD level; however, research scientists seeking an introduction to particular
areas of physics will also benefit from the titles in this collection.
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Preface

This graduate text originated from lectures given by the author at the Uni-
versidad Catdlica de Chile in Santiago, as well as at the University of New
Mexico. Also, material has been drawn from short summer courses given in
Rio de Janeiro and Caracas.

Chapter 1 is devoted to some basic ideas of the interaction of radiation
and matter, starting from Einstein’s ideas of emission and absorption, and
ending with elementary laser theory.

The quantum mechanical description of the atom-radiation interaction is
dealt with in Chap. 2, and includes Rabi’s oscillations and Bloch’s equations.

Chapter 3 contains the basic quantization of the electromagnetic field,
while Chaps. 4, 5 and 6 study special states of the electromagnetic field and
the quantum theory of coherence.

The Jaynes-Cummings model, which describes in a fully quantized man-
ner, the atom-radiation interaction, is studied in Chap.8, along with the
phenomena of collapse and revival. We also introduce the dressed state de-
scription, which is useful when studying resonance fluorescence (Chap. 10).

Real physical systems are open, that is, one must always consider dissipa-
tive mechanisms, including electromagnetic losses in cavity walls or atomic
decay. All these effects can be considered in great detail, by studying system—
reservoir interactions, leading to the master and Fokker-Planck equations.
These reservoirs can also be phase dependent, an effect that can modify the
decay rate of an atom (Chap. 9). As we mentioned before, Chap. 10 is entirely
devoted to resonance fluorescence, and the study and observation of photon
antibunching.

The invention of the laser, in the 1960s, opened up a new area of re-
search, baptized quantum optics. This discovery spurred the growth of new
research fields such as non-linear optics and non-linear spectroscopy. First
the semiclassical theory, and then the quantum theory of the laser was well
developed by the late 1960s. The quantum theory of the laser, based on the
master equation and the Langevin equation approach, is extensively treated
in Chaps. 11 and 12, respectively. We have also added some more recent ma-
terial, including the micromaser and the effect of pump statistics, as a form
of noise reduction scheme. Although pump statistics did not play any role in
the original laser theory, recent experiments and theoretical calculations have _



VIII Preface

shown that one could reduce considerably the photon number fluctuations if
one is careful enough in pumping the atoms in an orderly way.

We further study quantum noise reduction in correlated emission lasers
and the generation of squeezed states, typically from a parametric oscillator.
These subjects are studied in Chaps. 13 and 14 respectively. In Chap. 14 we
also introduce the input-output theory, which is very appropriate for describ-
ing the parametric oscillator and other non-linear optical systems.

Quantum phase, which started with Dirac, is a controversial subject, even
today (Chap.15). Most of the time optical experiments deal with direct or
indirect measurement of a phase. For this reason, I felt it was important to
include it in this book, even if it may not be a mature subject.

The last five chapters deal with more recent topics in quantum and atom
optics. The Monte Carlo method and the stochastic Schrédinger equation
(Chap. 16) are recent tools that have been used to attack optical problems
with losses. Theoretically, it takes a different point of view from the more tra-
ditional way via the master or Fokker-Planck equations, and it is convenient
for practical simulations.

Measurements in optics, and physics in general, play a central role. This
was recognized early in the history of quantum mechanics. We introduce
the reader to the notions of quantum standard limits and quantum non-
demolition measurcments (Chap. 18). A detailed example is studied in con-
nection with the QND measurement of the photon number in a cavity.
Continuous measurements are also studied. A related subject, decoherence
(Chap. 20), is quite relevant for quantum computing. This intriguing phe-
nomenon is connected with dissipation and measurement.

Finally, although a bit outside the scope of quantum optics, we have
included the topics of atom optics (Chap.17) and trapped ions (Chap. 19).
These are fast-growing areas of research.

Over the years I have collaborated with many colleagues and students,
who directly or indirectly contributed to this work; in particular: G.S. Agar-
wal, Claus Benkert, Janos Bergou, Wilhelm Becker, Luiz Davidovich, Mary
Fuka, Mark Hillery, T. Kist, Maria Loreto Ladron de Guevara, Jack. K.
Mclver, Douglas Mundarain, L.M. Narducci, Ricardo Ramirez, Juan Car-
los Retamal, Luis Roa, Jaime Roessler, Bernd Rohwedder, Carlos Saavedra,
Wolfgang Schleich, Marlan O. Scully, D.F. Walls, Herbert Walther, K. Wod-
kiewicz, Nicim Zagury, F.X. Zhao, Sh.Y Zhu. I thank them all.

I want to thank Prof. Juan Carlos Retamal and Mr E. Massoni for reading
and correcting the whole manuscript, Dr. H. Lotsch for the encouragement to
write this book, as well as Dr. H.J. Kdlsch, Dr. Victoria Wicks. Ms Jacqueline
Lenz, Ms Friedhilde Meyer and the whole editorial team at Springer for a
great job, and Prof. Hernan Chuaqui and Mr Jaime Fernandez for invaluable
help with the computer generated figures and photography.

Finally, last but not least, I would like to thank my wife Marta Montoya
(Martita) for her love and constant support during this project.

Santiago, April 1999 Muguel Orszag
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1. Einstein’s Theory
of Atom—Radiation Interactién

In 1917, Einstein formulated a theory of spontaneous stimulated emission
and absorption, based on purely phenomenological considerations [1.1]. His
results paved the way for an understanding, in a qualitative way, of the basic
ingredients of the atom-radiation interaction, and could be useful for de-
scribing the processes of absorption, light scattering by atoms, stimulated
emission in a variety of laser and maser systems, etc. This happened after
Planck found that the spectral distribution of blackbody radiation could be
explained by quantizing the energy [1.2], and Einstein had explained the pho-
toelectric effect [1.3] by postulating the existence of energy packets that were
later called photons.

Einstein's theory is based on reasonable postulates, which will be justi-
fled more rigorously later, when we treat the same problem using quantum
mechanics. The present arguments are of a heuristic nature [1.1]:

‘Recently I found a derivation of Planck’s radiation formula which is
based upon the basic assumption of quantum theory and which is re-
lated to Wien's original consideration: in this derivation, the relation-
ship between the Maxwell distribution and the chromatic black-body
distribution plays a role. The derivation is of interest not only be-
cause it is simple, but especially because it seems to clarify somewhat
the at present unexplained phenomena of emission and absorption of
radiation by matter. I have shown, on the basis of a few assumptions,
about emission and absorption of radiation by molecules, which are
closely related to quantum theory, that molecules distributed in tem-
perature equilibrium over states, in a way which is compatible with
quantum theory, are in dynamic equilibrium with Planck’s radiation.
In this way, I deduced in a remarkablv simple and general manner,
Planck’s formula.’ {1.4]

1.1 The A and B Coeﬁ'icients

We assume a closed cavity with NV identical atoms, with two relevant bound-
state energy levels, which we shall label Ey and E, and which are quasi-



