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Preface

“. . . the image that will be formed in a photo-
graphic camera — i.e. the distribution of intensity
on the sensitive layer — is present in an invisible,
mysterious way in the aperture of the lens, where

the intensity is equal at all points.”
F. Zernike, discussing coherence in
a lecture published in Proc. Phys.
Soc. (London), 61 (1948), 158.

The optical coherence and polarization phenomena with which this book is concerned have
their origin in the fact that all optical fields, whether encountered in nature or generated in
a laboratory, have some random fluctuations associated with them. The monochromatic
sources and monochromatic fields discussed in most optics textbooks are not encountered
in real life.

For thermal light, the fluctuations are mainly due to spontaneous emission of radiation
from atoms which generate the field. For laser light the fluctuations are due to uncontrol-
lable causes such as mechanical vibrations of the mirrors at the end of the cavity, tempera-
ture fluctuations and, again, arise also because contributions from spontaneous emission
are always present. For a well-stabilized laser these effects are largely manifested in phase
fluctuations rather than in amplitude fluctuations and also in the chaotic behavior of the
laser output that may be detected over a sufficiently long time. In the optical region of the
electromagnetic spectrum, the field fluctuations are too rapid to be directly measurable.
The theory of coherence and polarization involves average quantities that can be measured.
Consequently, the theory deals with observable quantities.

When I started writing this book my intention was to provide an introductory text on the
subject of classical optical coherence theory alone. Although there are now several books and
book chapters devoted to coherence, none of them seems to me to treat the subject at a level
appropriate for a reader who has a reasonable knowledge of elementary optics and none
presents the basic concepts and results of coherence theory in a sufficiently sound and yet
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not too abstract manner. By the time I had written several chapters, a new development had
taken place, namely the discovery that coherence and polarization of light are two aspects
of statistical optics which are intimately related and can be treated in a unified manner.
Until then coherence and polarization had been considered as being essentially independ-
ent of each other — the only apparent link was the term “coherency matrix,” a 2 X 2 correla-
tion matrix which has been used in the analysis of elementary polarization problems since
the 1930s. This term is actually a misnomer, because such a matrix has nothing to do with
coherence, as the term is now understood. Coherence is essentially a consequence of correla-
tions between some components of the fluctuating electric field at two (or more) points and
is manifested by the sharpness of fringes in Young’s interference experiment. Polarization,
on the other hand, is a manifestation of correlations involving components of the fluctuat-
ing electric field at a single point and may be determined with the help of polarizers, rota-
tors and phase plates. Both concepts reflect “degrees of order” in an electromagnetic field,
but they pertain to somewhat different statistical aspects of it. The theories of coherence
and polarization are, however, concerned not only with order and disorder in optical fields.
Their basic tools are correlation functions and correlation matrices which, unlike some
directly measurable quantities such as the spectrum of light, obey precise propagation laws.
With the help of these laws one may determine, for example, spectral and polarization
changes as light propagates, whether in free space or in a medium, which may be either
deterministic (e.g. a glass fiber) or random (e.g. the turbulent atmosphere). Consequences of
these laws are among the most useful aspects of the theory.

Until very recently, coherence phenomena have been studied largely on the basis of scalar
theory, whereas polarization requires a vector treatment. It was actually a generalization of
the concept of coherence from scalar fields to electromagnetic vector fields, introduced only
a few years ago, that has made it evident that coherence and polarization of light, whilst
distinct phenomena, are just two closely related aspects of statistical optics; and that many
features of fluctuating electromagnetic fields can be fully understood only when they are
treated in close partnership.' This discovery has not only enriched both subjects, but also has
already provided new insights into many aspects of statistical optics. This development, which
is discussed in the concluding chapter, is likely to find useful applications, for example, in
connection with optical communication, with imaging by laser radar and in medical diag-
nostics, but undoubtedly other applications will be forthcoming.

In order to provide a treatment of the subject which is not too demanding mathematically
and which will help the reader to acquire a working knowledge of it, detailed proofs are
sometimes omitted. Most of them can be found in M. Born and E. Wolf, Principles of Optics
(Cambridge University Press, Cambridge, 7th (expanded) edition, 1999) and in L. Mandel
and E. Wolf, Optical Coherence and Quantum Optics (Cambridge University Press,

! Developments leading to the recognition that there exists an intimate relationship between the phenomena of
coherence and polarization are discussed in an article by E. Wolf, “Young’s interference experiment and its
influence on the development of statistical optics™ in volume 50 of Progress in Optics (Amsterdam, Elsevier,
2007).
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Cambridge, 1995),! which also contain more detailed accounts of the subject, with full ref-
erences. The historical development of coherence theory is outlined in an article in Selected
Works of Emil Wolf with Commentary (World Scientific, Singapore, 2001), pp. 620-633.
Accounts of the development of the theory of polarization can be found in E. Collett, Polarized
Light (M. Dekker, New York, 1993) and in C. Brosseau, Fundamentals of Polarized Light
(J. Wiley, New York, 1998).

Some readers may note that parts of the presentation resemble fairly closely the treat-
ments given in B&W and M&W. This is mainly due to the fact that I had difficulties in pro-
viding a different formulation, but it should be clear that this book uses more elementary
and less rigorous analysis, aimed at non-specialists, especially teachers and students, who
might perhaps also find it helpful that problems are included at the end of each chapter.
Additional problems can be found in M&W.

I am grateful to Dr. Gale Gant and Dr. Don Nicolson for the photograph of the 20-foot
Michelson stellar interferometer at Mount Wilson Observatory, built in the 1920s. The pho-
tograph, reproduced as Fig. 3.12, was taken around the year 2000.

In writing this book I have greatly benefited from the assistance of many colleagues and
students who read drafts of the manuscript and helped in weeding out errors and improving
the text. I would particularly like to acknowledge substantial advice that I received from
Professor Taco Visser and also useful suggestions from Prof. Jannick Rolland, Mrs. Nicole
Carlson-Moore, Dr. David Fischer, Dr. Olga Korotkova, Dr. Mircea Mujat, Mr. Jonathan
Petruccelli, Mr. Mohamed Salem, Mr. Thijs Stegeman, Dr. Tomohiro Shirai, Mr. Mayukh
Lahiri and Mr. Thomas van Dijk. I am also obliged to Mr. Mohamed Salem and Dr. Sergei
Volkov for help with checking the proofs.

The staff of the Physics—Optics—Astronomy Library of the University of Rochester pro-
vided much help, especially with locating articles and checking references. I am much
obliged to Mrs. Patricia Sulouff, the Head Librarian, and to Mrs. Sandra Cherin and Mrs.
Miriam Margala for their assistance.

I am greatly obliged to Dr. Greg Gbur for preparing the excellent line drawings of most
of the figures and also for the beautiful figure which appears on the front cover.

Some of the research described in this book, especially that connected with the unified
theory of coherence and polarization discussed in Chapter 9, was supported by the Air
Force Office of Scientific Research (AFOSR). I am much indebted to Dr. Arje Nachman of
AFOSR for his continued support over many years and for his interest in our work.

I acknowledge, with many thanks, the very substantial help provided by my secretary,
Mrs. Ellen Calkins, who, without any complaints, typed and re-typed numerous versions of
the manuscript and also prepared the author index.

I wish to express my appreciation to my patient wife, Marlies, who spent long periods in
solitude whilst I was preparing the manuscript.

I presented much of the material contained in this book in courses to Physics and Optics
graduate students at the University of Rochester and at the University of Central Florida;

! References to these books are abbreviated in the present work as B&W and M&W, respectively.
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but a good part of the text is an expanded version of notes that I prepared for a course which
I taught for many years at Annual Meetings of the Optical Society of America. I am
indebted to Dr. Simon Capelin, the Publishing Director for Physical Sciences of Cambridge
University Press, for suggesting that I expand the notes into a book and for encouraging me
to do so.

Finally I wish to express my appreciation to the staff of Cambridge University Press and,
particularly, to J. Bottrill, the production editor, K. Howe, the production manager and to
Dr. S. Holt who copy-edited the manuscript, for their cooperation and for having trans-
formed an imperfect manuscript into a beautiful end product.

Department of Physics and Astronomy Emil Wolf
University of Rochester
Rochester, NY 14627, USA

Spring 2007
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1

Elementary coherence phenomena

1.1 Interference and statistical similarity

The simplest manifestation of coherence between light vibrations at different points in an
optical field is provided by the phenomenon of interference. In fact, as we will learn later,
some features of the interference pattern provide a quantitative measure of the coherence
between light vibrations at two points in space and at the two instants of time.

Let us first consider light vibrations at a point P in an optical field. For the sake of sim-
plicity we will ignore, to begin with, the polarization properties of light and we may then
represent the light vibrations at a point in the field by a scalar, say U(z). If the light were
monochromatic, it would be expressed as

U(t) = a cos(¢p — wi), (1)

where a and ¢ are the (constant) amplitude and phase, respectively, w is the frequency and
t denotes the time. However, as we have already noted, monochromatic light is an idealiza-
tion which is never encountered in nature or in a laboratory. Light that in some respects
imitates monochromatic light most closely is so-called guasi-monochromatic light. It is
defined by the property that its effective bandwidth, Aw is much smaller than its mean fre-
quency @, i.e. that

Aw

7]

< 1. (2)
For such light the amplitude and the phase are no longer constant and its vibrations at a
point in space may be represented by a generalization of Eq. (1), viz.,

U(r) = a(t)cos[¢(1) — wt], (3)

where the amplitude a(f) and the phase ¢(f) now depend on time, and generally fluctuate
randomly. With the help of elementary Fourier analysis one can show (M&W, Section 3.1,
especially pp. 99-100) that for quasi-monochromatic light a(r) and ¢(r) will vary very



