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Preface to the Third Edition

It has been a great pleasure for me to have prepared the latest edition of my
book on nonlinear optics. My intrigue in the subject matter of this book is as
strong as it was when the first edition was published in 1992.

The principal changes present in the third edition are as follows: (1) The
book has been entirely rewritten using the SI system of units. I personally
prefer the elegance of the gaussian system of units, which was used in the first
two editions, but I realize that most readers would prefer the SI system, and
the change was made for this reason. (2) In addition, a large number of minor
changes have been made throughout the text to clarify the intended meaning
and to make the arguments easier to follow. I am indebted to the countless
comments received from students and colleagues both in Rochester and from
around the world that have allowed me to improve the writing in this man-
ner. (3) Moreover, several sections that treat entirely new material have been
added. Applications of harmonic generation, including applications within the
fields of microscopy and biophotonics, are treated in Subsection 2.7.1. Elec-
tromagnetically induced transparency is treated in Section 3.8. Some brief but
crucial comments regarding limitations to the maximum size of the intensity-
induced refractive-index change are made in Section 4.7. The use of nonlinear
optical methods for inducing unusual values of the group velocity of light are
discussed briefly in Section 3.8 and in Subsection 6.6.2. Spectroscopy based
on coherent anti—-Stokes Raman scattering (CARS) is discussed in Section
10.5. In addition, the appendix has been expanded to include brief descrip-
tions of both the SI and gaussian systems of units and procedures for conver-
sion between them.

Xiii



Xiv Preface to the Third Edition

The book in its present form contains far too much material to be covered
within a conventional one-semester course. For this reason, I am often asked
for advice on how to structure a course based on the content of my textbook.
Some of my thoughts along these lines are as follows: (1) I have endeavored
as much as possible to make each part of the book self-contained. Thus, the
sophisticated reader can read the book in any desired order and can read only
sections of personal interest. (2) Nonetheless, when using the book as a course
text, I suggest starting with Chapters 1 and 2, which present the basic formal-
ism of the subject material. At that point, topics of interest can be taught in
nearly any order. (3) Special mention should be made regarding Chapters 3
and 6, which deal with quantum mechanical treatments of nonlinear optical
phenomena. These chapters are among the most challenging of any within the
book. These chapters can be skipped entirely if one is comfortable with estab-
lishing only a phenomenological description of nonlinear optical phenomena.
Alternatively, these chapters can form the basis of a formal treatment of how
the laws of quantum mechanics can be applied to provide detailed descrip-
tions of a variety of optical phenomena. (4) From a different perspective, I am
sometimes asked for my advice on extracting the essential material from the
book—that is, in determining which are topics that everyone should know.
This question often arises in the context of determining what material stu-
dents should study when preparing for qualifying exams. My best response to
questions of this sort is that the essential material is as follows: Chapter 1 in
its entirety; Sections 2.1-2.3, 2.4, and 2.10 of Chapter 2; Subsection 3.5.1 of
Chapter 3; Sections 4.1, 4.6, and 4.7 of Chapter 4; Chapter 7 in its entirety;
Section 8.1 of Chapter 8; and Section 9.1 of Chapter 9. (5) Finally, I often tell
my classroom students that my course is in some ways as much a course on
optical physics as it is a course on nonlinear optics. I simply use the concept
of nonlinear optics as a unifying theme for presenting conceptual issues and
practical applications of optical physics. Recognizing that this is part of my
perspective in writing, this book could be useful to its readers.

I want to express my thanks once again to the many students and colleagues
who have given me useful advice and comments regarding this book over the
past fifteen years. I am especially indebted to my own graduate students for
the assistance and encouragement they have given to me.

Robert Boyd
Rochester, New York
October, 2007



Preface to the Second Edition

In the ten years since the publication of the first edition of this book, the field
of nonlinear optics has continued to achieve new advances both in fundamen-
tal physics and in practical applications. Moreover, the author’s fascination
with this subject has held firm over this time interval. The present work ex-
tends the treatment of the first edition by including a considerable body of
additional material and by making numerous small improvements in the pre-
sentation of the material included in the first edition.

The primary differences between the first and second editions are as fol-
lows.

Two additional sections have been added to Chapter 1, which deals with the
nonlinear optical susceptibility. Section 1.6 deals with time-domain descrip-
tions of optical nonlinearities, and Section 1.7 deals with Kramers—Kronig
relations in nonlinear optics. In addition, a description of the symmetry prop-
erties of gallium arsenide has been added to Section 1.5.

Three sections have been added to Chapter 2, which treats wave-equation
descriptions of nonlinear optical interactions. Section 2.8 treats optical para-
metric oscillators, Section 2.9 treats quasi-phase-matching, and Section 2.11
treats nonlinear optical surface interactions.

Two sections have been added to Chapter 4, which deals with the intensity-
dependent refractive index. Section 4.5 treats thermal nonlinearities, and Sec-
tion 4.6 treats semiconductor nonlinearities.

Chapter 5 is an entirely new chapter dealing with the molecular origin of
the nonlinear optical response. (Consequently the chapter numbers of all the
following chapters are one greater than those of the first edition.) This chap-
ter treats electronic nonlinearities in the static approximation, semiempirical

XV
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models of the nonlinear susceptibility, the nonlinear response of conjugated
polymers, the bond charge model of optical nonlinearities, nonlinear optics of
chiral materials, and nonlinear optics of liquid crystals.

In Chapter 7 on processes resulting from the intensity-dependent refrac-
tive index, the section on self-action effects (now Section 7.1) has been sig-
nificantly expanded. In addition, a description of optical switching has been
included in Section 7.3, now entitled optical bistability and optical switching.

In Chapter 9, which deals with stimulated Brillouin scattering, a discussion
of transient effects has been included.

Chapter 12 is an entirely new chapter dealing with optical damage and mul-
tiphoton absorption. Chapter 13 is an entirely new chapter dealing with ultra-
fast and intense-field nonlinear optics.

The Appendices have been expanded to include a treatment of the gaussian
system of units. In addition, many additional homework problems and litera-
ture references have been added.

I would like to take this opportunity to thank my many colleagues who
have given me advice and suggestions regarding the writing of this book. In
addition to the individuals mentioned in the preface to the first edition, I would
like to thank G. S. Agarwal, P. Agostini, G. P. Agrawal, M. D. Feit, A. L.
Gaeta, D. J. Gauthier, L. V. Hau, F. Kajzar, M. Kauranen, S. G. Lukishova,
A. C. Melissinos, Q-H. Park, M. Saffman, B. W. Shore, D. D. Smith, 1. A.
Walmsley, G. W. Wicks, and Z. Zyss. I especially wish to thank M. Kauranen
and A. L. Gaeta for suggesting additional homework problems and to thank
A. L. Gaeta for advice on the preparation of Section 13.2.



Preface to the First Edition

Nonlinear optics is the study of the interaction of intense laser light with mat-
ter. This book is a textbook on nonlinear optics at the level of a beginning
graduate student. The intent of the book is to provide an introduction to the
field of nonlinear optics that stresses fundamental concepts and that enables
the student to go on to perform independent research in this field. The au-
thor has successfully used a preliminary version of this book in his course at
the University of Rochester, which is typically attended by students ranging
from seniors to advanced PhD students from disciplines that include optics,
physics, chemistry, electrical engineering, mechanical engineering, and chem-
ical engineering. This book could be used in graduate courses in the areas of
nonlinear optics, quantum optics, quantum electronics, laser physics, elec-
trooptics, and modern optics. By deleting some of the more difficult sections,
this book would also be suitable for use by advanced undergraduates. On the
other hand, some of the material in the book is rather advanced and would be
suitable for senior graduate students and research scientists.

The field of nonlinear optics is now thirty years old, if we take its begin-
nings to be the observation of second-harmonic generation by Franken and
coworkers in 1961. Interest in this field has grown continuously since its be-
ginnings, and the field of nonlinear optics now ranges from fundamental stud-
ies of the interaction of light with matter to applications such as laser fre-
quency conversion and optical switching. In fact, the field of nonlinear optics
has grown so enormously that it is not possible for one book to cover all of the
topics of current interest. In addition, since I want this book to be accessible to
beginning graduate students, I have attempted to treat the topics that are cov-
ered in a reasonably self-contained manner. This consideration also restricts

Xvii
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the number of topics that can be treated. My strategy in deciding what topics
to include has been to stress the fundamental aspects of nonlinear optics, and
to include applications and experimental results only as necessary to illustrate
these fundamental issues. Many of the specific topics that I have chosen to
include are those of particular historical value.

Nonlinear optics is notationally very complicated, and unfortunately much
of the notational complication is unavoidable. Because the notational aspects
of nonlinear optics have historically been very confusing, considerable effort
is made, especially in the early chapters, to explain the notational conventions.
The book uses primarily the gaussian system of units, both to establish a con-
nection with the historical papers of nonlinear optics, most of which were
written using the gaussian system, and also because the author believes that
the laws of electromagnetism are more physically transparent when written in
this system. At several places in the text (see especially the appendices at the
end of the book), tables are provided to facilitate conversion to other systems
of units.

The book is organized as follows: Chapter 1 presents an introduction to the
field of nonlinear optics from the perspective of the nonlinear susceptibility.
The nonlinear susceptibility is a quantity that is used to determine the nonlin-
ear polarization of a material medium in terms of the strength of an applied
optical-frequency electric field. It thus provides a framework for describing
nonlinear optical phenomena. Chapter 2 continues the description of nonlin-
ear optics by describing the propagation of light waves through nonlinear op-
tical media by means of the optical wave equation. This chapter introduces the
important concept of phase matching and presents detailed descriptions of the
important nonlinear optical phenomena of second-harmonic generation and
sum- and difference-frequency generation. Chapter 3 concludes the introduc-
tory portion of the book by presenting a description of the quantum mechan-
ical theory of the nonlinear optical susceptibility. Simplified expressions for
the nonlinear susceptibility are first derived through use of the Schrodinger
equation, and then more accurate expressions are derived through use of the
density matrix equations of motion. The density matrix formalism is itself de-
veloped in considerable detail in this chapter in order to render this important
discussion accessible to the beginning student.

Chapters 4 through 6 deal with properties and applications of the nonlinear
refractive index. Chapter 4 introduces the topic of the nonlinear refractive in-
dex. Properties, including tensor properties, of the nonlinear refractive index
are discussed in detail, and physical processes that lead to the nonlinear re-
fractive index, such as nonresonant electronic polarization and molecular ori-
entation, are described. Chapter 5 is devoted to a description of nonlinearities
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in the refractive index resulting from the response of two-level atoms. Related
topics that are discussed in this chapter include saturation, power broaden-
ing, optical Stark shifts, Rabi oscillations, and dressed atomic states. Chapter
6 deals with applications of the nonlinear refractive index. Topics that are
included are optical phase conjugation, self focusing, optical bistability, two-
beam coupling, pulse propagation, and the formation of optical solitons.

Chapters 7 through 9 deal with spontaneous and stimulated light scatter-
ing and the related topic of acoustooptics. Chapter 7 introduces this area by
presenting a description of theories of spontaneous light scattering and by de-
scribing the important practical topic of acoustooptics. Chapter 8 presents a
description of stimulated Brillouin and stimulated Rayleigh scattering. These
topics are related in that they both entail the scattering of light from material
disturbances that can be described in terms of the standard thermodynamic
variables of pressure and entropy. Also included in this chapter is a descrip-
tion of phase conjugation by stimulated Brillouin scattering and a theoreti-
cal description of stimulated Brillouin scattering in gases. Chapter 9 presents
a description of stimulated Raman and stimulated Rayleigh-wing scattering.
These processes are related in that they entail the scattering of light from dis-
turbances associated with the positions of atoms within a molecule.

The book concludes with Chapter 10, which treats the electrooptic and pho-
torefractive effects. The chapter begins with a description of the electrooptic
effect and describes how this effect can be used to fabricate light modulators.
The chapter then presents a description of the photorefractive effect, which is
a nonlinear optical interaction that results from the electrooptic effect. The use
of the photorefractive effect in two-beam coupling and in four-wave mixing
is also described.

The author wishes to acknowledge his deep appreciation for discussions
of the material in this book with his graduate students at the University of
Rochester. He is sure that he has learned as much from them as they have
from him. He also gratefully acknowledges discussions with numerous other
professional colleagues, including N. Bloembergen, D. Chemla, R. Y. Chiao,
J. H. Eberly, C. Flytzanis, J. Goldhar, G. Grynberg, J. H. Haus, R. W. Hell-
warth, K. R. MacDonald, S. Mukamel, P. Narum, M. G. Raymer, J. E. Sipe,
C.R. Stroud, Jr., C. H. Townes, H. Winful, and B. Ya. Zel’dovich. In addition,
the assistance of J. J. Maki and A. Gamliel in the preparation of the figures is
gratefully acknowledged.



Chapter 1

The Nonlinear Optical Susceptibility

1.1. Introduction to Nonlinear Optics

Nonlinear optics is the study of phenomena that occur as a consequence of
the modification of the optical properties of a material system by the pres-
ence of light. Typically, only laser light is sufficiently intense to modify the
optical properties of a material system. The beginning of the field of nonlin-
ear optics is often taken to be the discovery of second-harmonic generation
by Franken et al. (1961), shortly after the demonstration of the first working
laser by Maiman in 1960.* Nonlinear optical phenomena are “nonlinear” in
the sense that they occur when the response of a material system to an ap-
plied optical field depends in a nonlinear manner on the strength of the optical
field. For example, second-harmonic generation occurs as a result of the part
of the atomic response that scales quadratically with the strength of the ap-
plied optical field. Consequently, the intensity of the light generated at the
second-harmonic frequency tends to increase as the square of the intensity of
the applied laser light.

In order to describe more precisely what we mean by an optical nonlinear-
ity, let us consider how the dipole moment per unit volume, or polarization
P (1), of a material system depends on the strength E(¢) of an applied optical

* It should be noted, however, that some nonlinear effects were discovered prior to the advent of
the laser. The earliest example known to the authors is the observation of saturation effects in the
luminescence of dye molecules reported by G.N. Lewis et al. (1941).
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field.* In the case of conventional (i.e., linear) optics, the induced polarization
depends linearly on the electric field strength in a manner that can often be
described by the relationship

P()=exVE®), (1.1.1)

where the constant of proportionality x (! is known as the linear suscepti-
bility and € is the permittivity of free space. In nonlinear optics, the optical
response can often be described by generalizing Eq. (1.1.1) by expressing the
polarization 13(1‘) as a power series in the field strength E (1) as

P =eo[x VE®) +xPEX ) + xVE 1) + -]
=PV +PP0)+PO)+---. (1.1.2)

The quantities x® and x @ are known as the second- and third-order non-
linear optical susceptibilities, respectively. For simplicity, we have taken the
fields ﬁ(t) and E () to be scalar quantities in writing Egs. (1.1.1) and (1.1.2).
In Section 1.3 we show how to treat the vector nature of the fields; in such
a case x1 becomes a second-rank tensor, x ¥ becomes a third-rank tensor,
and so on. In writing Egs. (1.1.1) and (1.1.2) in the forms shown, we have
also assumed that the polarization at time ¢ depends only on the instantaneous
value of the electric field strength. The assumption that the medium responds
instantaneously also implies (through the Kramers—Kronig relations’) that the
medium must be lossless and dispersionless. We shall see in Section 1.3 how
to generalize these equations for the case of a medium with dispersion and
loss. In general, the nonlinear susceptibilities depend on the frequencies of the
applied fields, but under our present assumption of instantaneous response, we
take them to be constants.

We shall refer to P (t) =¢p X(2>E 2(1) as the second-order nonlinear po-
larization and to P (1) =e€ox OF 3(1) as the third-order nonlinear polariza-
tion. We shall see later in this section that physical processes that occur as
a result of the second-order polarization P® tend to be distinct from those
that occur as a result of the third-order polarization P In addition, we shall
show in Section 1.5 that second-order nonlinear optical interactions can occur
only in noncentrosymmetric crystals—that is, in crystals that do not display
inversion symmetry. Since liquids, gases, amorphous solids (such as glass),

* Throughout the text, we use the tilde (~) to denote a quantity that varies rapidly in time. Constant
quantities, slowly varying quantities, and Fourier amplitudes are written without the tilde. See, for
example, Eq. (1.2.1).

f See, for example, Loudon (1973, Chapter 4) or the discussion in Section 1.7 of this book for a
discussion of the Kramers—Kronig relations.
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and even many crystals display inversion symmetry, x ®) vanishes identically
for such media, and consequently such materials cannot produce second-order
nonlinear optical interactions. On the other hand, third-order nonlinear optical
interactions (i.e., those described by a x ) susceptibility) can occur for both
centrosymmetric and noncentrosymmetric media.

We shall see in later sections of this book how to calculate the values of the
nonlinear susceptibilities for various physical mechanisms that lead to optical
nonlinearities. For the present, we shall make a simple order-of-magnitude
estimate of the size of these quantities for the common case in which the non-
linearity is electronic in origin (see, for instance, Armstrong et al., 1962). One
might expect that the lowest-order correction term P would be compara-
ble to the linear response P(1 when the amplitude of the applied field E is of
the order of the characteristic atomic electric field strength Ey = ¢/(dmepa é ),
where —e is the charge of the electron and ag = 4w eghi’/me? is the Bohr ra-
dius of the hydrogen atom (here # is Planck’s constant divided by 277, and m is
the mass of the electron). Numerically, we find that E, = 5.14 x 101! V/m.*
We thus expect that under conditions of nonresonant excitation the second-
order susceptibility x ? will be of the order of x !/ Ey. For condensed mat-
ter x1 is of the order of unity, and we hence expect that x ®) will be of the
order of 1/E, or that

x®~1.94 %1072 m/V. (1.1.3)

2

2> which for condensed

Similarly, we expect x ) to be of the order of x V' /E
matter is of the order of

x® ~3.78 x 1072 m?/V>. (1.1.4)

These predictions are in fact quite accurate, as one can see by comparing these
values with actual measured values of x @ (see, for instance, Table 1.5.3) and
X @) (see, for instance, Table 4.3.1).

For certain purposes, it is useful to express the second- and third-order
susceptibilities in terms of fundamental physical constants. As just noted,
for condensed matter x ! is of the order of unity. This result can be justi-
fied either as an empirical fact or can be justified more rigorously by noting
that x (1 is the product of atomic number density and atomic polarizability.
The number density N of condensed matter is of the order of (ap) 3, and
the nonresonant polarizability is of the order of (ap)®. We thus deduce that
x D is of the order of unity. We then find that ¥ @ ~ (4rep) / m2e> and
x® ~ (4e0)®hn8 /m*e'0. See Boyd (1999) for further details.

* Except where otherwise noted, we use the SI (MKS) system of units throughout this book. The
appendix to this book presents a prescription for converting among systems of units.
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The most usual procedure for describing nonlinear optical phenomena is
based on expressing the polarization P () in terms of the applied electric field
strength E (1), as we have done in Eq. (1.1.2). The reason why the polarization
plays a key role in the description of nonlinear optical phenomena is that a
time-varying polarization can act as the source of new components of the
electromagnetic field. For example, we shall see in Section 2.1 that the wave
equation in nonlinear optical media often has the form

o= n?d’E 1 9*PN-

V“E 202 e o2 (1.1.5)
where 7 is the usual linear refractive index and c is the speed of light in vac-
uum. We can interpret this expression as an inhomogeneous wave equation
in which the polarization PN associated with the nonlinear response drives
the electric field E. Since 82 PNL /812 is a measure of the acceleration of the
charges that constitute the medium, this equation is consistent with Larmor’s
theorem of electromagnetism which states that accelerated charges generate
electromagnetic radiation.

It should be noted that the power series expansion expressed by Eq. (1.1.2)
need not necessarily converge. In such circumstances the relationship between
the material response and the applied electric field amplitude must be ex-
pressed using different procedures. One such circumstance is that of resonant
excitation of an atomic system, in which case an appreciable fraction of the
atoms can be removed from the ground state. Saturation effects of this sort
can be described by procedures developed in Chapter 6. Even under nonreso-
nant conditions, Eq. (1.1.2) loses its validity if the applied laser field strength
becomes comparable to the characteristic atomic field strength Ej, because
of strong photoionization that can occur under these conditions. For future
reference, we note that the laser intensity associated with a peak field strength
of E, is given by

1
Iy= EeocEgt =3.5x 102 W/m?> =3.5 x 10'* W/cm?. (1.1.6)

We shall see later in this book (see especially Chapter 13) how nonlinear
optical processes display qualitatively distinct features when excited by such
super-intense fields.

1.2. Descriptions of Nonlinear Optical Processes

In the present section, we present brief qualitative descriptions of a number
of nonlinear optical processes. In addition, for those processes that can oc-
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FIGURE 1.2.1 (a) Geometry of second-harmonic generation. (b) Energy-level dia-
gram describing second-harmonic generation.

cur in a lossless medium, we indicate how they can be described in terms of
the nonlinear contributions to the polarization described by Eq. (1.1.2).* Our
motivation is to provide an indication of the variety of nonlinear optical phe-
nomena that can occur. These interactions are described in greater detail in
later sections of this book. In this section we also introduce some notational
conventions and some of the basic concepts of nonlinear optics.

1.2.1. Second-Harmonic Generation

As an example of a nonlinear optical interaction, let us consider the process of
second-harmonic generation, which is illustrated schematically in Fig. 1.2.1.
Here a laser beam whose electric field strength is represented as

E(t)=Ee ' +c.c. (1.2.1)

is incident upon a crystal for which the second-order susceptibility x® is
nonzero. The nonlinear polarization that is created in such a crystal is given
according to Eq. (1.1.2) as PA ) =egx P E?(t) or explicitly as

P (1) =2e0x PEE* + (eox P E?e > +c.c.). (1.2.2)

We see that the second-order polarization consists of a contribution at zero fre-
quency (the first term) and a contribution at frequency 2w (the second term).
According to the driven wave equation (1.1.5), this latter contribution can
lead to the generation of radiation at the second-harmonic frequency. Note
that the first contribution in Eq. (1.2.2) does not lead to the generation of elec-
tromagnetic radiation (because its second time derivative vanishes); it leads
to a process known as optical rectification, in which a static electric field is
created across the nonlinear crystal.

* Recall that Eq. (1.1.2) is valid only for a medium that is lossless and dispersionless.
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Under proper experimental conditions, the process of second-harmonic
generation can be so efficient that nearly all of the power in the incident
beam at frequency w is converted to radiation at the second-harmonic fre-
quency 2w. One common use of second-harmonic generation is to convert the
output of a fixed-frequency laser to a different spectral region. For example,
the Nd: YAG laser operates in the near infrared at a wavelength of 1.06 pum.
Second-harmonic generation is routinely used to convert the wavelength of
the radiation to 0.53 um, in the middle of the visible spectrum.

Second-harmonic generation can be visualized by considering the interac-
tion in terms of the exchange of photons between the various frequency com-
ponents of the field. According to this picture, which is illustrated in part (b)
of Fig. 1.2.1, two photons of frequency w are destroyed, and a photon of fre-
quency 2w is simultaneously created in a single quantum-mechanical process.
The solid line in the figure represents the atomic ground state, and the dashed
lines represent what are known as virtual levels. These levels are not energy
eigenlevels of the free atom but rather represent the combined energy of one of
the energy eigenstates of the atom and of one or more photons of the radiation
field.

The theory of second-harmonic generation is developed more fully in Sec-
tion 2.6.

1.2.2. Sum- and Difference-frequency Generation

Let us next consider the circumstance in which the optical field incident upon
a second-order nonlinear optical medium consists of two distinct frequency
components, which we represent in the form

E(t)=Eje " 4+ Eye 2 4 cc. (1.2.3)

Then, assuming as in Eq. (1.1.2) that the second-order contribution to the
nonlinear polarization is of the form

PO ) =eoxPE@), (1.2.4)
we find that the nonlinear polarization is given by
};(2) ([) =€ox 2) [Elzefzia)lt + E%efzia)zt + 2E] Eze*l’(a)l +wy)t

+2E 1 Eje @7 ¢ cc] + 2e0x P[E1ET + E2E3).
(1.2.5)
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It is convenient to express this result using the notation

PP =" P(wp)e ™, (1.2.6)

where the summation extends over positive and negative frequencies w, . The
complex amplitudes of the various frequency components of the nonlinear
polarization are hence given by

PQwy) =eoxPE} (SHG),
PQuwn) =ex@E5 (SHG),
P(w1 +wn) =2¢0x P E1E2  (SFG), (1.2.7)
P(w1 —w) =2e0xPE1E3  (DFG),
P(0) =2¢ox P (EI1E} + E2E3)  (OR).
Here we have labeled each expression by the name of the physical process
that it describes, such as second-harmonic generation (SHG), sum-frequency
generation (SFG), difference-frequency generation (DFG), and optical rectifi-

cation (OR). Note that, in accordance with our complex notation, there is also
a response at the negative of each of the nonzero frequencies just given:

P(201) =exPE{?,  P(=2w)=eox?E}?,

P(—w) —wp) = ZEOX(Z)ETE; P(wy —wy) = ZEOX(Z)EzET.
(1.2.8)
However, since each of these quantities is simply the complex conjugate of

one of the quantities given in Eq. (1.2.7), it is not necessary to take explicit
account of both the positive and negative frequency components.*

* Not all workers in nonlinear optics use our convention that the fields and polarizations are given
by Egs. (1.2.3) and (1.2.6). Another common convention is to define the field amplitudes according to

~ 1 : .
E@) = E(E;e—’“’lf + Ehe™' 2" cc),

1 .
O
n
where in the second expression the summation extends over all positive and negative frequencies.
Using this convention, one finds that
1 1
P'Quwy) = 5eox(z)E’lz, P’ Quy) = 550X<2>E§2,
Pl +w) =exPE[E),  Pl(o] —w)=ecxPEEY,
P'(0) = eox P (E} Ef* + ELELY).

Note that these expressions differ from Eqs. (1.2.7) by factors of %
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We see from Eq. (1.2.7) that four different nonzero frequency components
are present in the nonlinear polarization. However, typically no more than one
of these frequency components will be present with any appreciable intensity
in the radiation generated by the nonlinear optical interaction. The reason for
this behavior is that the nonlinear polarization can efficiently produce an out-
put signal only if a certain phase-matching condition (which is discussed in
detail in Section 2.7) is satisfied, and usually this condition cannot be satisfied
for more than one frequency component of the nonlinear polarization. Oper-
ationally, one often chooses which frequency component will be radiated by
properly selecting the polarization of the input radiation and the orientation
of the nonlinear crystal.

1.2.3.  Sum-Frequency Generation

Let us now consider the process of sum-frequency generation, which is illus-
trated in Fig. 1.2.2. According to Eq. (1.2.7), the complex amplitude of the
nonlinear polarization describing this process is given by the expression

P(w) + wy) =2e0x PE Es. (1.2.9)

In many ways the process of sum-frequency generation is analogous to that of
second-harmonic generation, except that in sum-frequency generation the two
input waves are at different frequencies. One application of sum-frequency
generation is to produce tunable radiation in the ultraviolet spectral region by
choosing one of the input waves to be the output of a fixed-frequency visible
laser and the other to be the output of a frequency-tunable visible laser. The
theory of sum-frequency generation is developed more fully in Sections 2.2
and 2.4.

(a) b ________
o, )
— > o 0, =0 to, 2
)
, X SR R S X
— >
o,

FIGURE 1.2.2 Sum-frequency generation. (a) Geometry of the interaction.
(b) Energy-level description.
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1.2.4. Difference-Frequency Generation

The process of difference-frequency generation is described by a nonlinear
polarization of the form

P(w) — ) =2e0x P E\E} (1.2.10)

and is illustrated in Fig. 1.2.3. Here the frequency of the generated wave is
the difference of those of the applied fields. Difference-frequency generation
can be used to produce tunable infrared radiation by mixing the output of a
frequency-tunable visible laser with that of a fixed-frequency visible laser.
Superficially, difference-frequency generation and sum-frequency gener-
ation appear to be very similar processes. However, an important differ-
ence between the two processes can be deduced from the description of
difference-frequency generation in terms of a photon energy-level diagram
(part (b) of Fig. 1.2.3). We see that conservation of energy requires that
for every photon that is created at the difference frequency w3 = w1 — w;,
a photon at the higher input frequency (w;) must be destroyed and a pho-
ton at the lower input frequency (w») must be created. Thus, the lower-
frequency input field is amplified by the process of difference-frequency
generation. For this reason, the process of difference-frequency generation
is also known as optical parametric amplification. According to the photon
energy-level description of difference-frequency generation, the atom first
absorbs a photon of frequency w; and jumps to the highest virtual level.
This level decays by a two-photon emission process that is stimulated by
the presence of the w, field, which is already present. Two-photon emission
can occur even if the w; field is not applied. The generated fields in such
a case are very much weaker, since they are created by spontaneous two-
photon emission from a virtual level. This process is known as parametric

(a) (b)

w
IH w, =0 —0
©) 3 1 2
o, X _—>
ﬁ

FIGURE 1.2.3 Difference-frequency generation. (a) Geometry of the interaction.
(b) Energy-level description.
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fluorescence and has been observed experimentally (Byer and Harris, 1968;
Harris et al., 1967).

The theory of difference-frequency generation is developed more fully in
Section 2.5.

1.2.5.  Optical Parametric Oscillation

We have just seen that in the process of difference-frequency generation the
presence of radiation at frequency w; or w3 can stimulate the emission of
additional photons at these frequencies. If the nonlinear crystal used in this
process is placed inside an optical resonator, as shown in Fig. 1.2.4, the w;
and/or w3 fields can build up to large values. Such a device is known as an op-
tical parametric oscillator. Optical parametric oscillators are frequently used at
infrared wavelengths, where other sources of tunable radiation are not readily
available. Such a device is tunable because any frequency w; that is smaller
than w; can satisfy the condition wy + w3 = w; for some frequency w3. In
practice, one controls the output frequency of an optical parametric oscillator
by adjusting the phase-matching condition, as discussed in Section 2.7. The
applied field frequency w is often called the pump frequency, the desired out-
put frequency is called the signal frequency, and the other, unwanted, output
frequency is called the idler frequency.

1.2.6. Third-Order Nonlinear Optical Processes
We next consider the third-order contribution to the nonlinear polarization
POt =eoxPVE@)>. (1.2.11)

For the general case in which the field E(r) is made up of several different
frequency components, the expression for P (¢) is very complicated. For
this reason, we first consider the simple case in which the applied field is

/\ o, (signal)
2 3 _—

> )
(pump) _—
@, (idler)

(!)1=(D +0

FIGURE 1.2.4 The optical parametric oscillator. The cavity end mirrors have high
reflectivities at frequencies w; and/or w3. The output frequencies can be tuned by
means of the orientation of the crystal.
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monochromatic and is given by
E(t)=Ecoswt. (1.2.12)

Then, through use of the identity cos® wr = Alf cos 3wt + % cOs wt, wWe can ex-
press the nonlinear polarization as

- 1 3
PO = Zeox(3)83 cos 3wt + Zeox(3)€3 cos wt. (1.2.13)

The significance of each of the two terms in this expression is described briefly
below.

1.2.7. Third-Harmonic Generation

The first term in Eq. (1.2.13) describes a response at frequency 3w that is
created by an applied field at frequency w. This term leads to the process
of third-harmonic generation, which is illustrated in Fig. 1.2.5. According to
the photon description of this process, shown in part (b) of the figure, three
photons of frequency w are destroyed and one photon of frequency 3w is
created in the microscopic description of this process.

1.2.8. Intensity-Dependent Refractive Index

The second term in Eq. (1.2.13) describes a nonlinear contribution to the po-
larization at the frequency of the incident field; this term hence leads to a
nonlinear contribution to the refractive index experienced by a wave at fre-
quency . We shall see in Section 4.1 that the refractive index in the presence
of this type of nonlinearity can be represented as

n=ng+nl, (1.2.14a)
(a) b) ——g---1-
®

w __1__

LN 2 ) 30

3w

_— I

A

FIGURE 1.2.5 Third-harmonic generation. (a) Geometry of the interaction.
(b) Energy-level description.
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9_—
_)_—>n >0

2

FIGURE 1.2.6 Self-focusing of light.

where ng is the usual (i.e., linear or low-intensity) refractive index, where

3
ny=——x" (1.2.14b)
2ngepc

is an optical constant that characterizes the strength of the optical nonlinearity,
and where I = %noeocé’ 2 is the intensity of the incident wave.

Self-Focusing  One of the processes that can occur as a result of the intensity-
dependent refractive index is self-focusing, which is illustrated in Fig. 1.2.6.
This process can occur when a beam of light having a nonuniform transverse
intensity distribution propagates through a material for which n, is positive.
Under these conditions, the material effectively acts as a positive lens, which
causes the rays to curve toward each other. This process is of great practical
importance because the intensity at the focal spot of the self-focused beam is
usually sufficiently large to lead to optical damage of the material. The process
of self-focusing is described in greater detail in Section 7.1.

1.2.9. Third-Order Interactions (General Case)
Let us next examine the form of the nonlinear polarization
PO =eoxPE3 ) (1.2.15a)
induced by an applied field that consists of three frequency components:
E(t) = Eje " 4 Epe™ 2 4 E3e7i3 4 g (1.2.15b)

When we calculate £3(r), we find that the resulting expression contains 44
different frequency components, if we consider positive and negative frequen-
cies to be distinct. Explicitly, these frequencies are

w1, w2, w3, 3w1, 3w, 3ws, (W1 + w2 + w3), (W1 + W2 — w3),
(w1 + w3 —w2), (w2 + w3 —wy), Qo £ w2), Qo £ w3), Cwr £ wy),
Qwr £ w3), CQwsz £ 1), Qwsz £ wy),
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and the negative of each. Again representing the nonlinear polarization as
PO =" P(oy)e ™", (1.2.16)
n
we can write the complex amplitudes of the nonlinear polarization for each of
the positive frequencies as
P(w1) = eox P (3EIE} + 6E2E5 + 6E3E}) Ey,
P(w) = eox P (6EIE} + 3E2E5 + 6E3E}) Ea,
P(w3) = eox P (6EIET + 6E2E5 + 3E3E}) Es,
PGBo) =eoxVE], PG =exVE,  PGws) =ecoxVE3,

P (01 + w2 + w3) = 6e0x P E1 E> E3,
P(w1 + 0y — w3) = 660V E| Ey Ef,
P(w1 + w3 — w)) = 6€0x Y E| E3E3,
P(wr + w3 — w1) = 6e0x P E2E3EF,

PQw; +w) =3eox P ETE,, PQw; +w3) = 3eox P ETEs,
PQRwr+ w)) = 3€0X(3)E%E1, PQRwr + w3) = 3€0X(3)E%E3,
PQws+w1) =3¢xVEJE;,  PQuws+aw) =3cxVESEs,
PQw — ) =3eox P EIES, PQw; — w3) =3eox Y ETES,
PQwy — w1) =3eox P ESE}, PQwy — w3) =3eox P ESES,
PQw; —w) =3eox P ESE}, P Qw3 — wp) =3eox P EZE;
(1.2.17)

We have displayed these expressions in complete detail because it is very
instructive to study their form. In each case the frequency argument of P
is equal to the sum of the frequencies associated with the field amplitudes
appearing on the right-hand side of the equation, if we adopt the convention
that a negative frequency is to be associated with a field amplitude that appears
as a complex conjugate. Also, the numerical factor (1, 3, or 6) that appears in
each term on the right-hand side of each equation is equal to the number of
distinct permutations of the field frequencies that contribute to that term.

Some of the nonlinear optical mixing processes described by Eq. (1.2.17)
are illustrated in Fig. 1.2.7.

1.2.10. Parametric versus Nonparametric Processes

All of the processes described thus far in this chapter are examples of what
are known as parametric processes. The origin of this terminology is obscure,
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(@)

O —> 0, =0 +0,+0,
3

0, > 2@ -y

0, >

(b)

0 —> 0, =0 +0, -0,
3 ;

0, —> X _

0, — >

FIGURE 1.2.7 Two of the possible mixing processes described by Eq. (1.2.17) that
can occur when three input waves interact in a medium characterized by a x® sus-
ceptibility.

but the word parametric has come to denote a process in which the initial and
final quantum-mechanical states of the system are identical. Consequently, in
a parametric process population can be removed from the ground state only
for those brief intervals of time when it resides in a virtual level. According
to the uncertainty principle, population can reside in a virtual level for a time
interval of the order of /i/§ E, where § E is the energy difference between the
virtual level and the nearest real level. Conversely, processes that do involve
the transfer of population from one real level to another are known as non-
parametric processes. The processes that we describe in the remainder of the
present section are all examples of nonparametric processes.

One difference between parametric and nonparametric processes is that
parametric processes can always be described by a real susceptibility; con-
versely, nonparametric processes are described by a complex susceptibility
by means of a procedure described in the following section. Another differ-
ence is that photon energy is always conserved in a parametric process; photon
energy need not be conserved in a nonparametric process, because energy can
be transferred to or from the material medium. For this reason, photon en-
ergy level diagrams of the sort shown in Figs. 1.2.1, 1.2.2, 1.2.3, 1.2.5, and
1.2.7 to describe parametric processes play a less definitive role in describing
nonparametric processes.
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As a simple example of the distinction between parametric and nonpara-
metric processes, we consider the case of the usual (linear) index of refrac-
tion. The real part of the refractive index describes a response that occurs as a
consequence of parametric processes, whereas the imaginary part occurs as a
consequence of nonparametric processes. This conclusion holds because the
imaginary part of the refractive index describes the absorption of radiation,
which results from the transfer of population from the atomic ground state to
an excited state.

1.2.11. Saturable Absorption

One example of a nonparametric nonlinear optical process is saturable absorp-
tion. Many material systems have the property that their absorption coefficient
decreases when measured using high laser intensity. Often the dependence of
the measured absorption coefficient @ on the intensity / of the incident laser
radiation is given by the expression*
ap
o=—-,
14+ 1/1

where «q is the low-intensity absorption coefficient, and I is a parameter
known as the saturation intensity.

(1.2.18)

Optical Bistability One consequence of saturable absorption is optical bista-
bility. One way of constructing a bistable optical device is to place a saturable
absorber inside a Fabry—Perot resonator, as illustrated in Fig. 1.2.8. As the
input intensity is increased, the field inside the cavity also increases, lowering
the absorption that the field experiences and thus increasing the field inten-
sity still further. If the intensity of the incident field is subsequently lowered,
the field inside the cavity tends to remain large because the absorption of the
material system has already been reduced. A plot of the input-versus-output
characteristics thus looks qualitatively like that shown in Fig. 1.2.9. Note that

1 1
in saturable out
> absorber ;

FIGURE 1.2.8 Bistable optical device.

* This form is valid, for instance, for the case of homogeneous broadening of a simple atomic
transition.
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FIGURE 1.2.9 Typical input-versus-output characteristics of a bistable optical device.

over some range of input intensities more than one output intensity is possible.
The process of optical bistability is described in greater detail in Section 7.3.

1.2.12.  Two-Photon Absorption

In the process of two-photon absorption, which is illustrated in Fig. 1.2.10,
an atom makes a transition from its ground state to an excited state by the
simultaneous absorption of two laser photons. The absorption cross section o
describing this process increases linearly with laser intensity according to the
relation

o=0P1, (1.2.19)

where 0@ is a coefficient that describes strength of the two-photon-
absorption process. (Recall that in conventional, linear optics the absorption
cross section o is a constant.) Consequently, the atomic transition rate R due
to two-photon absorption scales as the square of the laser intensity. To justify
this conclusion, we note that R = o I /fiw, and consequently that

@2

R= . 1.2.20
P ( )

FIGURE 1.2.10 Two-photon absorption.



1.3. Formal Definition of the Nonlinear Susceptibility 17

(a) ()
® Raman |%s =@~ 9y
> medium 3

FIGURE 1.2.11 Stimulated Raman scattering.

Two-photon absorption is a useful spectroscopic tool for determining the po-
sitions of energy levels that are not connected to the atomic ground state by a
one-photon transition. Two-photon absorption was first observed experimen-
tally by Kaiser and Garrett (1961).

1.2.13.  Stimulated Raman Scattering

In stimulated Raman scattering, which is illustrated in Fig. 1.2.11, a photon
of frequency w is annihilated and a photon at the Stokes shifted frequency
ws = w — wy is created, leaving the molecule (or atom) in an excited state with
energy Awy. The excitation energy is referred to as w, because stimulated Ra-
man scattering was first studied in molecular systems, where %, corresponds
to a vibrational energy. The efficiency of this process can be quite large, with
often 10% or more of the power of the incident light being converted to the
Stokes frequency. In contrast, the efficiency of normal or spontaneous Raman
scattering is typically many orders of magnitude smaller. Stimulated Raman
scattering is described more fully in Chapter 10.

Other stimulated scattering processes such as stimulated Brillouin scatter-
ing and stimulated Rayleigh scattering also occur and are described more fully
in Chapter 9.

1.3. Formal Definition of the Nonlinear Susceptibility

Nonlinear optical interactions can be described in terms of a nonlinear po-
larization given by Eq. (1.1.2) only for a material system that is lossless and
dispersionless. In the present section, we consider the more general case of a
material with dispersion and/or loss. In this more general case the nonlinear
susceptibility becomes a complex quantity relating the complex amplitudes of
the electric field and polarization.
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We assume that we can represent the electric field vector of the optical wave
as the discrete sum of a number of frequency components as

Er.n=Y E.r.0), (13.1)

where
E,(r,t) =E,(r)e " +c.c. (13.2)

The prime on the summation sign of Eq. (1.3.1) indicates that the summation
is to be taken over positive frequencies only. It is also convenient to define the
spatially slowly varying field amplitude A,, by means of the relation

E,(r) = A,e*T, (1.3.3)
so that
Er =Y A®ren e, (1.3.4)
n

On occasion, we shall express these field amplitudes using the alternative no-
tation

E,=E(w,) and A, =A(w,), (1.3.5)
where
E(—w,) =E(w,)* and A(—wy,) =A(w,)*. (1.3.6)

Using this new notation, we can write the total field in the more compact form

E(r, 1) = Z E(w,)e !

n

= Awp)e!*rrment), (1.3.7)
n

where the unprimed summation symbol denotes a summation over all fre-
quencies, both positive and negative.
Note that according to our definition of field amplitude, the field given by

E(r,1) =Ecos(k - — wt) (1.3.8)
is represented by the complex field amplitudes

E(w) = %Ee""", E(—o0) = %ge_ik'r, (1.3.9)
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or alternatively, by the slowly varying amplitudes
1 1
A(w) = 55, A(—w) = 55. (1.3.10)

In either representation, factors of % appear because the physical field ampli-
tude &£ has been divided equally between the positive- and negative-frequency
field components.

Using a notation similar to that of Eq. (1.3.7), we can express the nonlinear
polarization as

P(r,1) = Zp(a)ﬂ)e—iwn’, (1.3.11)

where, as before, the summation extends over all positive- and negative-
frequency field components.

We now define the components of the second-order susceptibility tensor
Xi(jzlg (wp + wm, Wy, @) as the constants of proportionality relating the ampli-
tude of the nonlinear polarization to the product of field amplitudes according
to

Pi(wn+om)=€0 Y Y X7 (@n + O, 0, 0n) Ej(@0n) Ex(@n). (13.12)
Jk (nm)

Here the indices ijk refer to the Cartesian components of the fields. The no-
tation (nm) indicates that, in performing the summation over n and m, the
sum w, + wy,, is to be held fixed, although w, and w,, are each allowed
to vary. Since the amplitude E(w,) is associated with the time dependence
exp(—iw,t), and the amplitude E(w,) is associated with the time depen-
dence exp(—iwy,t), their product E (w,) E (w,,) is associated with the time de-
pendence exp[—i (wy, + wy,)t]. Hence the product E(w,)E (w,,) does in fact
lead to a contribution to the nonlinear polarization oscillating at frequency
Wy + wpy, as the notation of Eq. (1.3.12) suggests. Following convention, we
have written x ® as a function of three frequency arguments. This is tech-
nically unnecessary in that the first argument is always the sum of the other
two. To emphasize this fact, the susceptibility x ® (w3, w2, w1) is sometimes
written as X(2) (w3; w2, w1) as a reminder that the first argument is different
from the other two, or it may be written symbolically as ¥ (w3 = wy + w1).
Let us examine some of the consequences of the definition of the nonlinear
susceptibility as given by Eq. (1.3.12) by considering two simple examples.

1. Sum-frequency generation. We let the input field frequencies be w; and
w7 and the sum frequency be w3, so that w3 = w; + wy. Then, by carrying
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out the summation over w, and w,, in Eq. (1.3.12), we find that

Pi(w3)=éoz uk(“)3 w1, ) Ej(w1) Ex(w2)

+ X (@3, 02, 01) Ej (@2) Ex(@1)]. (1.3.13)

We now note that j and k are dummy indices and thus can be interchanged
in the second term. We next assume that the nonlinear susceptibility pos-
sesses intrinsic permutation symmetry (this symmetry is discussed in more
detail in Eq. (1.5.6) below), which states that

2
Xish @ + On, O, ) = X5 (@ + On, O, On). (1.3.14)

Through use of this relation, the expression for the nonlinear polarization
becomes

P(w3)—2€oZXUk(w3,w1 @) Ej(w1) Ex(@2), (1.3.15)

and for the special case in which both input fields are polarized in the x
direction the polarization becomes

Pi(3) = 20X (@3, @1, 2) Ex (1) Ex (). (1.3.16)

XX

Second-harmonic generation. We take the input frequency as w; and the
generated frequency as w3 = 2w; . If we again perform the summation over
field frequencies in Eq. (1.3.12), we obtain

2
Pi(w3)=e0 Y xin (@3, o1, 0) Ej(@1) Ex(). (1.3.17)
Jjk
Again assuming the special case of an input field polarization along the x
direction, this result becomes

Pi(@3) = €ox 2 (w3, w1, 1) Ex (1) (1.3.18)

Note that a factor of two appears in Eqgs. (1.3.15) and (1.3.16), which de-
scribe sum-frequency generation, but not in Eqs. (1.3.17) and (1.3.18), which
describe second-harmonic generation. The fact that these expressions re-
main different even as w» approaches w; is perhaps at first sight surprising,
but is a consequence of our convention that X( ik (@3, w1, @2) must approach
Xz Y k(a)3 w1, w1) as w approaches w,. Note that the expressions for P(2w;)
and P (w1 + w2) that apply for the case of a dispersionless nonlinear suscepti-
bility (Eq. (1.2.7)) also differ by a factor of two. Moreover, one should expect
the nonlinear polarization produced by two distinct fields to be larger than that
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produced by a single field (both of the same amplitude, say), because the total
light intensity is larger in the former case.

In general, the summation over field frequencies (Z(nm)) in Eq. (1.3.12)
can be performed formally to obtain the result

2
Pi(wn + wm) = €D Z X,'(j]g (@n + Om, 0n, 0m) E j(0n) Ex(©n),
Jjk
(1.3.19)
where D is known as the degeneracy factor and is equal to the number of
distinct permutations of the applied field frequencies w, and wy,.

The expression (1.3.12) defining the second-order susceptibility can readily
be generalized to higher-order interactions. In particular, the components of
the third-order susceptibility are defined as the coefficients relating the ampli-
tudes according to the expression

3
Pi(wo + wn + @p) = GOZ Z X,‘(j]zl(wo + wn + Om, o, WO, O)
jkl (mno)

X E j(wo) Ex(wn) Ei(wm). (1.3.20)
We can again perform the summation over m, n, and o to obtain the result

Pi(wo + wy + wm) = €gD Z Xi(f;gl(wo + wn + Om, o, W, )
I
x Ej(wo) Ex(wn) El(wp), (1.3.21)

where the degeneracy factor D represents the number of distinct permutations
of the frequencies wy,, ®,, and w,.

1.4. Nonlinear Susceptibility of a Classical Anharmonic Oscillator

The Lorentz model of the atom, which treats the atom as a harmonic oscillator,
is known to provide a very good description of the linear optical properties of
atomic vapors and of nonmetallic solids. In the present section, we extend the
Lorentz model by allowing the possibility of a nonlinearity in the restoring
force exerted on the electron. The details of the analysis differ depending
upon whether or not the medium possesses inversion symmetry.* We first treat
the case of a noncentrosymmetric medium, and we find that such a medium

* The role of symmetry in determining the nature of the nonlinear susceptibilty is discussed from a
more fundamental point of view in Section 1.5. See especially the treatment leading from Eq. (1.5.31)
to (1.5.35).
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can give rise to a second-order optical nonlinearity. We then treat the case of
a medium that possesses a center of symmetry and find that the lowest-order
nonlinearity that can occur in this case is a third-order nonlinear susceptibility.
Our treatment is similar to that of Owyoung (1971).

The primary shortcoming of the classical model of optical nonlinearities
presented here is that this model ascribes a single resonance frequency (wp)
to each atom. In contrast, the quantum-mechanical theory of the nonlinear
optical susceptibility, to be developed in Chapter 3, allows each atom to pos-
sess many energy eigenvalues and hence more than one resonance frequency.
Since the present model allows for only one resonance frequency, it cannot
properly describe the complete resonance nature of the nonlinear susceptibil-
ity (such as, for example, the possibility of simultaneous one- and two-photon
resonances). However, it provides a good description for those cases in which
all of the optical frequencies are considerably smaller than the lowest elec-
tronic resonance frequency of the material system.

1.4.1.  Noncentrosymmetric Media

For the case of noncentrosymmetric media, we take the equation of motion of
the electron position x to be of the form

;+2y§+wéi+ai2=—el§(t)/m. (14.1)

In this equation we have assumed that the applied electric field is given by
E(t), that the charge of the electron is —e, that there is a damping force of the
form™ —2my X, and that the restoring force is given by

L 2~ ~2
Frestoring = —mwyX — max~, (1.4.2)

where a is a parameter that characterizes the strength of the nonlinearity. We
obtain this form by assuming that the restoring force is a nonlinear function
of the displacement of the electron from its equilibrium position and retaining
the linear and quadratic terms in the Taylor series expansion of the restoring
force in the displacement X. We can understand the nature of this form of the
restoring force by noting that it corresponds to a potential energy function of
the form

Y - TR S Y5 SO S
Ux) = Flestoring dX = 2ma)0x + 3max . (1.4.3)

* The factor of two is introduced to make y the dipole damping rate. 2y is therefore the full width
at half maximum in angular frequency units of the atomic absorption profile in the limit of linear
response.
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FIGURE 1.4.1 Potential energy function for a noncentrosymmetric medium.

Here the first term corresponds to a harmonic potential and the second term
corresponds to an anharmonic correction term, as illustrated in Fig. 1.4.1.
This model corresponds to the physical situation of electrons in real mate-
rials, because the actual potential well that the atomic electron feels is not
perfectly parabolic. The present model can describe only noncentrosymmet-
ric media because we have assumed that the potential energy function U (X)
of Eq. (1.4.3) contains both even and odd powers of X; for a centrosymmetric
medium only even powers of X could appear, because the potential function
U (x) must possess the symmetry U (x) = U(—x). For simplicity, we have
written Eq. (1.4.1) in the scalar-field approximation; note that we cannot treat
the tensor nature of the nonlinear susceptibility without making explicit as-
sumptions regarding the symmetry properties of the material.
We assume that the applied optical field is of the form

E(t) = Eje ' 4 Epe™ @2 4 coc. (1.4.4)

No general solution to Eq. (1.4.1) for an applied field of the form (1.4.4) is
known. However, if the applied field is sufficiently weak, the nonlinear term
ax? will be much smaller than the linear term wéi for any displacement X
that can be induced by the field. Under this circumstance, Eq. (1.4.1) can be
solved by means of a perturbation expansion. We use a procedure analogous
to that of Rayleigh—Schrodinger perturbation theory in quantum mechanics.
We replace E (t) in Eq. (1.4.1) by LE (t), where X is a parameter that ranges
continuously between zero and one and that will be set equal to one at the end
of the calculation. The expansion parameter A thus characterizes the strength
of the perturbation. Equation (1.4.1) then becomes

X 42y% + 0ff 4+ ai? = —reE(1)/m. (1.4.5)
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We now seek a solution to Eq. (1.4.5) in the form of a power series expan-
sion in the strength A of the perturbation, that is, a solution of the form

F=a5D 4 a25@ 350 4 (1.4.6)

In order for Eq. (1.4.6) to be a solution to Eq. (1.4.5) for any value of the
coupling strength X, we require that the terms in Eq. (1.4.5) proportional to A,
A2, A3, etc., each satisfy the equation separately. We find that these terms lead
respectively to the equations

P02y 1 280 = —eEy/m,  (147)
i 42y ~‘2)+w 25@ 4 a7 V] =0, (1.4.7b)
942989 £ 02i® £ 203 V5D =0, ete. (1.4.7¢)

We see from Eq. (1.4.7a) that the lowest-order contribution ¥V is governed
by the same equation as that of the conventional (i.e., linear) Lorentz model.
Its steady-state solution is thus given by

0@ =xD(w)e @ + xD(wy)e 2 4 coc., (1.4.8)

where the amplitudes xD(w ;) have the form

Dy =& _Ei 1.4.9
(a)]) mD(a)J) (1.4.9)

where we have introduced the complex denominator function
D(w)) = o) — o} —2iw;y. (1.4.10)

This expression for D () is now squared and substituted into Eq. (1.4.7b),
which is solved to obtain the lowest-order correction term %®. The square
of ¥V (¢) contains the frequencies +2w;, +2w;, +(w1 + w2), £(w] — w2),
and 0. To determine the response at frequency 2wi, for instance, we must
solve the equation

2 ,—2iwt
,.,(2) 2~(2) —a(eE]/m) e
2y X = 1.4.11
+ 2y wyx Do) ( )
We seek a steady-state solution of the form
@ (1) =xP Qwy)e HoM (1.4.12)
Substitution of Eq. (1.4.12) into Eq. (1.4.11) leads to the result
252
— E
2@ 2y = 4/ E; (1.4.13)

DQwi)D*(w1)’
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where we have made use of the definition (1.4.10) of the function D(w;).
Analogously, the amplitudes of the responses at the other frequencies are
found to be

2 _ —a(e/m)zEg
x (sz)——D(sz)Dz(a)Z), (1.4.14a)
—2a(e/m)*E\E>
@) _ 1.4.14
et ) = o) D@ D(@y)’ (1.4.14b)
- 2 *
xP () — ) = 2ae/myErE; (1.4.14¢)
D(w1 — w2) D(w1) D(—wy)
@) —2a(e/m)?E\E} —2a(e/m)?E>E}
X = .
DO0)D(w1)D(—w1)  D(0)D(w2) D(—w2)
(1.4.14d)

We next express these results in terms of the linear ( x 1) and nonlinear
(x @) susceptibilities. The linear susceptibility is defined through the relation

PV (w)) =eoxV(w)E(w)). (1.4.15)
Since the linear contribution to the polarization is given by
PY(w;)=—NexPD(w)), (1.4.16)
where N is the number density of atoms, we find using Eqs. (1.4.8) and (1.4.9)
that the linear susceptibility is given by

xV(wj) = —L—. (1.4.17)
€0 ;

The nonlinear susceptibilities are calculated in an analogous manner. The
nonlinear susceptibility describing second-harmonic generation is defined by
the relation

PP Qwy) =eox® Qwi, wr, w1)E(w1)?, (1.4.18)

where P (2w) is the amplitude of the component of the nonlinear polariza-
tion oscillating at frequency 2w and is defined by the relation

PP Qw) = —Nex® 2w)). (1.4.19)
Comparison of these equations with Eq. (1.4.13) gives

N(eS/mz)a
€0DQwi)D*(wy)

x?Qwi, w1, 0)) = (1.4.20)
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Through use of Eq. (1.4.17), this result can be written instead in terms of the
product of linear susceptibilities as

2
eoma

WX(I)(ZwI)[X(l)(wl)]Z. (1.4.21)

x?P w1, w1, w1) =

The nonlinear susceptibility for second-harmonic generation of the w» field
is obtained trivially from Eqgs. (1.4.20) and (1.4.21) through the substitution
W] —> w.

The nonlinear susceptibility describing sum-frequency generation is ob-
tained from the relations

PP () + w3) =2€0x? (w1 + w2, w1, 02) E(w1) E (w2) (1.4.22)

and
p® (w1 + ) = —Nex® (w1 + w2). (1.4.23)

Note that in this case the relation defining the nonlinear susceptibility con-
tains a factor of two because the two input fields are distinct, as discussed in
relation to Eq. (1.3.19). By comparison of these equations with (1.4.14b), the
nonlinear susceptibility is seen to be given by

N(es/mz)a
eoD(w1 + w2)D(w1)D(wy)’

x @ (01 + w2, 01, w2) = (1.4.24)

which can be expressed in terms of the product of linear susceptibilities as

2
GOI’I’lCl

Fra X @i+ o)x P @nx V). (1425

x P (01 + w2, 01, 1) =
It can be seen by comparison of Eqs. (1.4.20) and (1.4.24) that, as w» ap-
proaches w1, X(z) (w1 4+ w3, w1, w2) approaches X<2) w1, w1, w1).

The nonlinear susceptibilities describing the other second-order processes
are obtained in an analogous manner. For difference-frequency generation we
find that

N(e3/eom2)a
D(w) — w2) D(w1) D(—w?)

xP(w1 — w2, w1, —an) =

2
eEma
= %xm(wl — ) x V() x P (—wn),

(1.4.26)
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and for optical rectification we find that
N(e3 / m?)a
€0D(0)D(w1)D(—w1)

x@(0, w1, —w1) =

2
= %X(1)(0)X(1)(w1)X(1)(—0)1)- (1.4.27)
The analysis just presented shows that the lowest-order nonlinear contri-
bution to the polarization of a noncentrosymmetric material is second order
in the applied field strength. This analysis can readily be extended to include
higher-order effects. The solution to Eq. (1.4.7¢), for example, leads to a third-
order or x @ susceptibility, and more generally terms proportional to A” in the
expansion described by Eq. (1.4.6) lead to a x ™ susceptibility.

1.4.2. Miller’s Rule

An empirical rule due to Miller (Miller, 1964; see also Garrett and Robinson,
1966) can be understood in terms of the calculation just presented. Miller
noted that the quantity

x P (w1 + w2, w1, @)
x V(w1 + @2) x D (1) x D(wn)

is nearly constant for all noncentrosymmetric crystals. By comparison with
Eq. (1.4.25), we see this quantity will be constant only if the combination

(1.4.28)

maeg

NZe3
is nearly constant. In fact, the atomic number density N is nearly the same
(~10%2 cm™?) for all condensed matter, and the parameters m and e are fun-
damental constants. We can estimate the size of the nonlinear coefficient a by
noting that the linear and nonlinear contributions to the restoring force given
by Eq. (1.4.2) would be expected to become comparable when the displace-
ment X of the electron from its equilibrium position is approximately equal to
the size of the atom. This distance is of the order of the separation between
atoms—that is, of the lattice constant d. This reasoning leads to the order-of-
magnitude estimate that ma)(z)d = mad? or that

(1.4.29)

% (1.4.30)
a=—. A,
d

Since wp and d are roughly the same for most solids, the quantity a would
also be expected to be roughly the same for all materials where it does not
vanish by reasons of symmetry.
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We can also make use of the estimate of the nonlinear coefficient a given
by Eq. (1.4.30) to estimate of the size of the second-order susceptibility under
highly nonresonant conditions. If we replace D(w) by a)(z) in the denominator
of Eq. (1.4.24), set N equal to 1/d3, and set a equal to w(z)/d, we find that x @
is given approximately by

@ e’

= 1.4.31
X eomZa)gdA' ( )
Using the values wp = 1 x 100 rad/s, d =3 A, e = 1.6 x 1071 C, and
m=9.1 x 1073! kg, we find that

x® ~69x%x107"2m/V, (1.4.32)

which is in good agreement with the measured values presented in Table 1.5.3
(see p. 50).

1.4.3.  Centrosymmetric Media

For the case of a centrosymmetric medium, we assume that the electronic
restoring force is given not by Eq. (1.4.2) but rather by

Frestoring = —ma)%i + mbi3, (1.4.33)

where b is a parameter that characterizes the strength of the nonlinearity. This
restoring force corresponds to the potential energy function

. 1 1
U@F)=— / Frestoringd ¥ = Emngz — Zmbi“. (1.4.34)

This potential function is illustrated in the Fig. 1.4.2 (for the usual case in
which b is positive) and is seen to be symmetric under the operation X — —X,
which it must be for a medium that possesses a center of inversion symmetry.
Note that —mbx* /4 is simply the lowest-order correction term to the parabolic
potential well described by the term %mw(z)fc'z. We assume that the electronic
displacement X never becomes so large that it is necessary to include higher-
order terms in the potential function.

We shall see below that the lowest-order nonlinear response resulting from
the restoring force of Eq. (1.4.33) is a third-order contribution to the polar-
ization, which can be described by a x® susceptibility. As in the case of
non-centrosymmetric media, the tensor properties of this susceptibility can-
not be specified unless the internal symmetries of the medium are completely
known. One of the most important cases is that of a material that is isotropic



1.4. Nonlinear Susceptibility of a Classical Anharmonic Oscillator 29

Utx) A

— parabola parabola —

\

actual
potential

N,
>

X

FIGURE 1.4.2 Potential energy function for a centrosymmetric medium.

(as well as being centrosymmetric). Examples of such materials are glasses
and liquids. In such a case, we can take the restoring force to have the form

Frestoring = —mw3F + mb(F - )F. (1.4.35)
The second contribution to the restoring force must have the form shown be-
cause it is the only form that is third-order in the displacement r and is di-
rected in the r direction, which is the only possible direction for an isotropic
medium.

The equation of motion for the electron displacement from equilibrium is
thus

T+ 29T 4 02F — b(F - P)F = —eE(1)/m. (1.4.36)
We assume that the applied field is given by
E(t) = Eje " + Epe '@ L Bze ' 4 cc; (1.4.37)

we allow the field to have three distinct frequency components because this is
the most general possibility for a third-order interaction. However, the algebra
becomes very tedious if all three terms are written explicitly, and hence we
express the applied field as

E(t) = ZE(wn)e_i“’"’. (1.4.38)

The method of solution is analogous to that used above for a noncentrosym-
metric medium. We replace E(t) in Eq. (1.4.36) by AE‘(t), where A is a pa-
rameter that characterizes the strength of the perturbation and that is set equal
to unity at the end of the calculation. We seek a solution to Eq. (1.4.36) having
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the form of a power series in the parameter A:
t(0) =280 + P20 + FV @) + - (1.4.39)

We insert Eq. (1.4.39) into Eq. (1.4.36) and require that the terms proportional
to A" vanish separately for each value of n. We thereby find that

D 42y FD 4 28D = —eE(1)/m, (1.4.40a)
@ 4+ 2yF? 4+ 2F? =0, (1.4.40b)
i3 4283 4 w(Z)fG) _ b(f“) ) f(l))f-(l) =0 (1.4.40¢)

for n =1, 2, and 3, respectively. Equation (1.4.40a) is simply the vector ver-
sion of Eq. (1.4.7a), encountered above. Its steady-state solution is

P00 =)t (@p)eien, (1.4.41a)
where
r®(w,) = w (1.4.41b)

with D(w,) given as above by D(w,) = w% — wﬁ — 2iwyy. Since the polar-
ization at frequency w, is given by

PO (w,) = —Ner" (w,), (1.4.42)

we can describe the Cartesian components of the polarization through the
relation

P (@) =0 Y %) (@) Ej(@n). (1.4.43a)
j
Here the linear susceptibility is given by
%5 (@n) = x V()8 (1.4.43b)
with x (" (w,) given as in Eq. (1.4.17) by
N 2
XD () = N/ (1.4.43c)
€0D(wn)

and where §;; is the Kronecker delta, which is defined such that §;; =1 for
i=jandé;; =0fori#j.

The second-order response of the system is described by Eq. (1.4.40b).
Since this equation is damped but not driven, its steady-state solution
vanishes, that is,

i@ —o. (1.4.44)
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To calculate the third-order response, we substitute the expression for
¥ () given by Eq. (1.4.41a) into Eq. (1.4.40c), which becomes

EO 120 4o = -3

mnp

be? [E(wn) - E(a)n)]E(wp)
m3D(wm)D(wn)D(a)p)

« e~ i@mtontop)t (1.4.45)

Because of the summation over m, n, and p, the right-hand side of this equa-
tion contains many different frequencies. We denote one of these frequencies
by wy = wm + w, + wp. The solution to Eq. (1.4.45) can then be written in
the form

V1) =Y 1P (wy)e . (1.4.46)
q

We substitute Eq. (1.4.46) into Eq. (1.4.45) and find that r® (wgq) is given by

be*[E(wp) - E(w,)E(w),)
m3D(wm)D(a)n)D(wp) ’

(-0} oy + o) =~ 3
(mnp)

(1.4.47)

where the summation is to be carried out over frequencies wy,, w,, and w,

with the restriction that w,, + w, + @, must equal w, . Since the coefficient of
r® (wgq) on the left-hand side is just D(w,), we obtain

Do = Y @) E@IE®,)

3 . (1.4.48)
m D(wq)D(wm)D(a)n)D(wp)

(mnp)
The amplitude of the polarization component oscillating at frequency w, then
is given in terms of this amplitude by

PO (w,) = —Ner® (w,). (1.4.49)

We next recall the definition of the third-order nonlinear susceptibility
Eq. (1.3.20),

P =c0Y Y Xin(@q om, o, 0p) E;(@n) Ex(@n) Ei(p).
Jkl (mnp)
(1.4.50)

Since this equation contains a summation over the dummy variables m, n,
and p, there is more than one possible choice for the expression for the nonlin-
ear susceptibility. An obvious choice for this expression for the susceptibility,
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based on the way in which Eqgs. (1.4.48) and (1.4.49) are written, is

Nbe*s ji8i
€om? D(wg) D(wm) D(wn) D(wp)

3)
,Jkl(wqa W, Wp s (Up)

(1.4.51)

While Eq. (1.4.51) is a perfectly adequate expression for the nonlinear sus-
ceptibility, it does not explicitly show the full symmetry of the interaction
in terms of the arbitrariness of which field we call E;(w;), which we call
Ey(wy), and which we call Ej(w)). It is conventional to define nonlinear
susceptibilities in a manner that displays this symmetry, which is known as
intrinsic permutation symmetry. Since there are six possible permutations of
the orders in which E;(wy,), Ex(w,), and E;(w,) may be taken, we define
the third-order susceptibility to be one-sixth of the sum of the six expressions
analogous to Eq. (1.4.51) with the input fields taken in all possible orders.
When we carry out this prescription, we find that only three distinct contribu-
tions occur and that the resulting form for the nonlinear susceptibility is given
by

Nbe*[8;8k1 + 8ik 1 + 8i18 k]
3eom3 D(wq) D(wm) D(wy) D(w)p)

(1.4.52)

Xz]kl (wg, Om, wp, wp) =

This expression can be rewritten in terms of the linear susceptibilities at the
four different frequencies wg, Wy, w,, and w, by using Eq. (1.4.43c) to elim-
inate the resonance denominator factors D(w). We thereby obtain

bmey (1) ) (1)
e I @ x P mx Ve Vwp)]

X [8;0k1 + 8ikdj1 + 8i1d k] (1.4.53)

X,Jkl(a)q» O, Wy, Wp) =

We can estimate the value of the phenomenological constant b that appears
in this result by means of an argument analogous to that used above (see
Eq. (1.4.30)) to estimate the value of the constant a that appears in the ex-
pression for x ). We assume that the linear and nonlinear contributions to the
restoring force given by Eq. (1.4.33) will become comparable in magnitude
when the displacement X becomes comparable to the atomic dimension d, that
is, when mw}d = mbd?, which implies that

2
@y

ar
Using this expression for b, we can now estimate the value of the nonlinear
susceptibility. For the case of nonresonant excitation, D(w) is approximately

b= (1.4.54)
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equal to (u(z), and hence from Eq. (1.4.52) we obtain

Nb 4 4
PRSI - (1.4.55)
eom3wy  €om3wyd>
Taking d =3 A and wo =7 X 1015 rad/sec, we obtain
x @ ~ 344 pm?/V? (1.4.56)

We shall see in Chapter 4 that this value is typical of the nonlinear suscepti-
bility of many materials.

1.5. Properties of the Nonlinear Susceptibility

In this section we study some of the formal symmetry properties of the non-
linear susceptibility. Let us first see why it is important that we understand
these symmetry properties. We consider the mutual interaction of three waves
of frequencies w1, wy, and w3 = w| + wy, as illustrated in Fig. 1.5.1. A com-
plete description of the interaction of these waves requires that we know the
nonlinear polarizations P(w;) influencing each of them. Since these quantities
are given in general (see also Eq. (1.3.12)) by the expression

Pi(wn + om) = €0 Z Z Xl(fk)(wn + Wm, Wy, 6Um)Ej (wn) Ex(@m), (1.5.1)
Jjk (nm)

we therefore need to determine the six tensors

2 2 2
Xl'(jk)(a)l , @3, —@2), X,~(jk)(w1, —w2, w3), Xj(jk)(a)27 w3, —w1),

2 2 2
Xi(jk)(wz,—wl,ws), X,~(jk)(w3,w1,w2), and Xl'(jk)(w?)’wval)

and six additional tensors in which each frequency is replaced by its negative.
In these expressions, the indices i, j, and k can independently take on the
values x, y, and z. Since each of these 12 tensors thus consists of 27 Cartesian
components, as many as 324 different (complex) numbers need to be specified
in order to describe the interaction.

0 —
(,()2 >
o, 5

FIGURE 1.5.1 Optical waves of frequencies w1, w;, and w3 = @] + w» interact in a
lossless second-order nonlinear optical medium.
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Fortunately, there are a number of restrictions resulting from symmetries
that relate the various components of x @ and hence far fewer than 324 num-
bers are usually needed to describe the nonlinear coupling. In this section, we
study some of these formal properties of the nonlinear susceptibility. The dis-
cussion will deal primarily with the second-order x ® susceptibility, but can
readily be extended to x® and higher-order susceptibilities.

1.5.1. Reality of the Fields

Recall that the nonlinear polarization describing the sum-frequency response
to input fields at frequencies w, and w,, has been represented as

Pi(r, 1) = Pi(wy 4 wp)e {@ntem) L p(—w, — wy)et @t (1.5.2)

Since P;i(r,t) is a physically measurable quantity, it must be purely real, and
hence its positive- and negative-frequency components must be related by

Pi(—w, — wm) = Pi(wy + 0p)™. (1.5.3)

The electric field must also be a real quantity, and its complex frequency com-
ponents must obey the analogous conditions:

Ej(—wy) = Ej(wn)", (1.5.4a)
Ex(—wm) = Ex(on)”. (1.5.4b)

Since the fields and polarization are related to each other through the second-
order susceptibility of Eq. (1.5.1), we conclude that the positive- and negative-
frequency components of the susceptibility must be related according to

2 2
Xi(jlg(_wn — Wy —Wp, — W) = Xi(j]z(wn + W, O, O™ (1.5.5)

1.5.2.  Intrinsic Permutation Symmetry

Earlier we introduced the concept of intrinsic permutation symmetry when we
rewrote the expression (1.4.51) for the nonlinear susceptibility of a classical,
anharmonic oscillator in the conventional form of Eq. (1.4.52). In the present
section, we treat the concept of intrinsic permutation symmetry from a more
general point of view.

According to Eq. (1.5.1), one of the contributions to the nonlinear polar-
ization P;(wy + wy,) is the product Xi(jzk) (wn + ©p, Op, W) E j () Ex (wp).
However, since j, k, n, and m are dummy indices, we could just as well have
written this contribution with n interchanged with m and with j interchanged
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with k, that is, as Xi(kz} (wn + @p, W, 0y) Ex(wm) E j(wy). These two expres-
sions are numerically equal if we require that the nonlinear susceptibility be
unchanged by the simultaneous interchange of its last two frequency argu-
ments and its last two Cartesian indices:

Xish @n + Oy O, ) = X5 (@ + Oy Oy D). (1.5.6)
This property is known as intrinsic permutation symmetry. More physically,
this condition is simply a statement that it cannot matter which is the first field
and which is the second field in products such as E; (w;) Ex ().

Note that this symmetry condition is introduced purely as a matter of conve-
nience. For example, we could set one member of the pair of elements shown
in Eq. (1.5.6) equal to zero and double the value of the other member. Then,
when the double summation of Eq. (1.5.1) was carried out, the result for the
physically meaningful quantity P;(w, + wy) would be left unchanged.

This symmetry condition can also be derived from a more general point
of view using the concept of the nonlinear response function (Butcher, 1965;
Flytzanis, 1975).

1.5.3.  Symmetries for Lossless Medlia

Two additional symmetries of the nonlinear susceptibility tensor occur for the
case of a lossless nonlinear medium.

The first of these conditions states that for a lossless medium all of the com-
ponents of Xi(jzlg (wn +om, @y, 0y) are real. This result is obeyed for the classi-
cal anharmonic oscillator described in Section 1.4, as can be verified by evalu-
ating the expression for x ®) in the limit in which all of the applied frequencies
and their sums and differences are significantly different from the resonance
frequency. The general proof that x® is real for a lossless medium is ob-
tained by verifying that the quantum-mechanical expression for x ® (which
is derived in Chapter 3) is also purely real in this limit.

The second of these new symmetries is full permutation symmetry. This
condition states that all of the frequency arguments of the nonlinear suscep-
tibility can be freely interchanged, as long as the corresponding Cartesian
indices are interchanged simultaneously. In permuting the frequency argu-
ments, it must be recalled that the first argument is always the sum of the
latter two, and thus that the signs of the frequencies must be inverted when
the first frequency is interchanged with either of the latter two. Full permuta-
tion symmetry implies, for instance, that

2 2
X (@3 =01 + @) = X p)(—01 = w0y — w3). (1.5.7)
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However, according to Eq. (1.5.5), the right-hand side of this equation is equal

to Xﬁ? (w1 = —wy + w3)*, which, due to the reality of x® for a lossless
medium, is equal to xﬁz (w1 = —wy + w3). We hence conclude that
2 2
X3 =01 + ) = X fH @1 = —0y + w3). (1.5.8)

By an analogous procedure, one can show that
2 2
Xz'(jk)(“)3 =01 + ) ZXzfi}(wzzm —w1). (1.5.9)

A general proof of the validity of the condition of full permutation symme-
try entails verifying that the quantum-mechanical expression for x ® (which
is derived in Chapter 3) obeys this condition when all of the optical frequen-
cies are detuned many linewidths from the resonance frequencies of the op-
tical medium. Full permutation symmetry can also be deduced from a con-
sideration of the field energy density within a nonlinear medium, as shown
below.

1.5.4. Field Energy Density for a Nonlinear Medium

The condition that the nonlinear susceptibility must possess full permutation
symmetry for a lossless medium can be deduced from a consideration of the
form of the electromagnetic field energy within a nonlinear medium. For the
case of a linear medium, the energy density associated with the electric field

Ei(t)=)_ Ei(wy)e " (1.5.10)
is given according to Poynting’s theorem as
1~ - 1 i
U=§(D'E)=§Z( i E;), (1.5.11)

i
where the angular brackets denote a time average. Since the displacement
vector is given by
Dity=eo Y ejEjt)=e0 Y Y eij(@)Ej(@e ", (1.5.12)
J jon

where the dielectric tensor is given by

€ij(@n) =8 + X} (@), (1.5.13)



1.5. Properties of the Nonlinear Susceptibility 37

we can write the energy density as

= %OZZE (@0 Ei(0n) + 7 ZZE @D} (@) Ej(@n).

(1.5.14)

Here the first term represents the energy density associated with the electric
field in vacuum and the second term represents the energy stored in the polar-
ization of the medium.

For the case of a nonlinear medium, the expression for the electric field
energy density (Armstrong et al., 1962; Kleinman, 1962; Pershan, 1963) as-
sociated with the polarization of the medium takes the more general form

ZZX(”«%)E (n) Ej(en)

€0 2y
3 D2 D Kii (—on — o o on) Ef (@ + 0n) Ej(@n) Ei(wn)

ijk mn

€0
T30 D Xt (— 00 = On = O, @ 0, ) (1.5.15)

z]kl mno
X E,*(a)m + w, + CUo)Ej(wm)Ek(a)n)El(wo) + -

For the present, the quantities X(Z)/, X(S)/, ... are to be thought of simply
as coefficients in the power series expansion of U in the amplitudes of the
applied field; later these quantities will be related to the nonlinear susceptibil-
ities. Since the order in which the fields are multiplied together in determining
U is immaterial, the quantities x )’ clearly possess full permutation symme-
try, that is, their frequency arguments can be freely permuted as long as the
corresponding indices are also permuted.

In order to relate the expression (1.5.15) for the energy density to the non-
linear polarization, and subsequently to the nonlinear susceptibility, we use
the result that the polarization of a medium is given (Landau and Lifshitz,

1960; Pershan, 1963) by the expression
oU
P; = 1.5.16
i (@n) DEF (@n) ( )

Thus, by differentiation of Eq. (1.5.15), we obtain an expression for the linear
polarization as

PV (wn )—GOZX( ) (Om) E j (@m), (1.5.17a)
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and for the nonlinear polarization as*

2 2)’
P,'( )(wm + wp) = €0 Z in(j']g (—wm — on, Om, 0p) E j(@m) Ex (0n)

Jk (mn)
(1.5.17b)
3 3y
P,'( )(a)m + wn + w,) = €0 Z Z Xi(j]zl(_wm — Wy — Wo, W, Wp, Wp)
jkl (mno)
X E j(wm) Ex (wn) Ei(wo). (1.5.17¢)

We note that these last two expressions are identical to Eqgs. (1.3.12) and
(1.3.20), which define the nonlinear susceptibilities (except for the unimpor-
tant fact that the quantities x ) and x ™" use opposite conventions regarding
the sign of the first frequency argument). Since the quantities x @' possess
full permutation symmetry, we conclude that the susceptibilities ™ do also.
Note that this demonstration is valid only for the case of a lossless medium,
because only in this case is the internal energy a function of state.

1.5.5.  Kleinman’s Symmetry

Quite often nonlinear optical interactions involve optical waves whose fre-
quencies w; are much smaller than the lowest resonance frequency of the
material system. Under these conditions, the nonlinear susceptibility is es-
sentially independent of frequency. For example, the expression (1.4.24) for
the second-order susceptibility of an anharmonic oscillator predicts a value of
the susceptibility that is essentially independent of the frequencies of the ap-
plied waves whenever these frequencies are much smaller than the resonance
frequency wq. Furthermore, under conditions of low-frequency excitation the
system responds essentially instantaneously to the applied field, and we have
seen in Section 1.2 that under such conditions the nonlinear polarization can
be described in the time domain by the relation

P(t) =eoxPE* 1), (1.5.18)

where x® can be taken to be a constant.

Since the medium is necessarily lossless whenever the applied field fre-
quencies w; are very much smaller than the resonance frequency wy, the con-
dition of full permutation symmetry (1.5.7) must be valid under these circum-
stances. This condition states that the indices can be permuted as long as the

* In performing the differentiation, the prefactors %, %, z]T* ... of Eq. (1.5.15) disappear because 2,
3,4, ... equivalent terms appear as the result of the summations over the frequency arguments.
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frequencies are permuted simultaneously, and it leads to the conclusion that
X,Jk(wa =] twy)= Xjk) (w1 =—w +w3) = Xk,)(w2 = w3 — wy)
—xlkj(w3 w2+w1)—xkj)(wz——w1 + w3)
—Xﬂk(wl ®3 — @2).

However, under the present conditions x ¥ does not actually depend on the
frequencies, and we can therefore permute the indices without permuting the
frequencies, leading to the result

,]k(w3_w1 +w2)—xjk,(w3 w1+ w) = Xkl)(w3—w1 + w2)
= X[k)(w3 w] + )= X,,k(w3 w1+ w2)
= X (@3 = w1 + ). (1.5.19)

This result is known as the Kleinman symmetry condition. It is valid whenever
dispersion of the susceptibility can be neglected.

1.5.6. Contracted Notation

We now introduce a notational device that is often used when the Kleinman
symmetry condition is valid. We introduce the tensor
e
dijk_ 2X1]k (1520)
and for simplicity suppress the frequency arguments. The factor of % is a

consequence of historical convention. The nonlinear polarization can then be
written as

Pi(wn +om)=€0 Y _ Y 2dijxE(0n) Ex(0m). (1.5.21)
jk (nm)

We now assume that d; jx is symmetric in its last two indices. This assumption
is valid whenever Kleinman’s symmetry condition is valid and in addition is
valid in general for second-harmonic generation, since in this case w, and wy,
are equal. We then simplify the notation by introducing a contracted matrix
d;; according to the prescription

jk: 11 22 33 23,32 31,13 12,21

I: 1 2 3 4 5 6 (1.5.22)
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The nonlinear susceptibility tensor can then be represented as the 3 x 6 matrix

dun dip diz dis dis die
dii=|dn dy dy d dys dy |. (1.5.23)
dy1 dx di3z dig dis  dse

If we now explicitly introduce the Kleinman symmetry condition—that is, we
assert that the indices d;jx can be freely permuted, we find that not all of the
18 elements of d;; are independent. For instance, we see that

dp=din=dy2=d (1.5.24a)

and that
dia=d123 =do13 =dps. (1.5.24b)

By applying this type of argument systematically, we find that d;; has only 10
independent elements when the Kleinman symmetry condition is valid; the
form of d;; under these conditions is

diy dip diz disa dis dis
diy=|die dyp dy dyy dis di2|. (1.5.25)
dis dy di3z dyz diz dia

We can describe the nonlinear polarization leading to second-harmonic gen-
eration in terms of d;; by the matrix equation

E(w)?
E 2
P Qw) diy dip diz dig dis die Eyg;z
PyQw) | =20 | dy1 dp drz day dys dy ¢
P,(2w) dyi dy dy du dss dsg | | 2o @QE@)
2 3odn dyw dudss das | e p ()
_2Ex(w)Ey(w)_
(1.5.26)

When the Kleinman symmetry condition is valid, we can describe the nonlin-
ear polarization leading to sum-frequency generation (with w3 = w1 + w3) by
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the equation

Py (w3) din dip diz dis dis dig
Py(w3) | =4eo | do1 dan drz dys dps dae
P (w3) d31 dy dyz dyg dss  die
i Ey(w1)Ex(w2)
Ey(wl)Ey(Q)Z)
E;(w1)E (02)
X ' : . 1.5.27
Ey (@) E<(n) + E: (@) Ey(w) |~ 27
Ey(w1)E;(w2) + E;(w1) Ex(w2)
_Ex(wl)Ey(wZ)+Ey(a)1)Ex(w2)_

As described above in relation to Eq. (1.3.16), the extra factor of 2 comes
from the summation over n and m in Eq. (1.5.21).

1.5.7.  Effective Value of d (deg)

For a fixed geometry (i.e., for fixed propagation and polarization directions) it
is possible to express the nonlinear polarization giving rise to sum-frequency
generation by means of the scalar relationship

P(w3) = 4epder E(w1) E(w2), (1.5.28)
and analogously for second-harmonic generation by
P (2w) = 2€deft E (w)?, (1.5.29)
where
E(w)=|E(w)| and P(0)=|P(w)|.

In each case, d.fr is obtained by first determining P explicitly through use of
Eq. (1.5.26) or (1.5.27).

A general prescription for calculating desr for each of the crystal classes
has been presented by Midwinter and Warner (1965); see also Table 3.1 of
Zernike and Midwinter (1973). They show, for example, that for a negative
uniaxial crystal of crystal class 3m the effective value of d is given by the
expression

deff = d31 Sin0 — dp» cos 6 sin 3¢ (1.5.30a)

under conditions (known as type I conditions) such that the two lower-
frequency waves have the same polarization, and by

dett = dpo cos” 6 cos 3¢ (1.5.30b)
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under conditions (known as type II conditions) such that the polarizations are
orthogonal. In these equations, 6 is the angle between the propagation vector
and the crystalline z axis (the optic axis), and ¢ is the azimuthal angle between
the propagation vector and the xz crystalline plane.

1.5.8.  Spatial Symmetry of the Nonlinear Medium

The forms of the linear and nonlinear susceptibility tensors are constrained by
the symmetry properties of the optical medium. To see why this should be so,
let us consider a crystal for which the x and y directions are equivalent but
for which the z direction is different. By saying that the x and y directions are
equivalent, we mean that if the crystal were rotated by 90 degrees about the
z axis, the crystal structure would look identical after the rotation. The z axis
is then said to be a fourfold axis of symmetry. For such a crystal, we would
expect that the optical response would be the same for an applied optical field
polarized in either the x or the y direction, and thus, for example, that the
second-order susceptibility components Xz(ﬂ and XZ()Z; would be equal.

For any particular crystal, the form of the linear and nonlinear optical sus-
ceptibilities can be determined by considering the consequences of all of the
symmetry properties for that particular crystal. For this reason, it is necessary
to determine what types of symmetry properties can occur in a crystalline
medium. By means of the mathematical method known as group theory, crys-
tallographers have found that all crystals can be classified as belonging to one
of 32 possible crystal classes depending on what is called the point group
symmetry of the crystal. The details of this classification scheme lie outside
of the subject matter of the present text.* However, by way of examples, a
crystal is said to belong to point group 4 if it possesses only a fourfold axis
of symmetry, to point group 3 if it possesses only a threefold axis of sym-
metry, and to belong to point group 3m if it possesses a threefold axis of
symmetry and in addition a plane of mirror symmetry perpendicular to this
axis.

1.5.9. Influence of Spatial Symmetry on the Linear Optical
Properties of a Material Medium

As an illustration of the consequences of spatial symmetry on the optical
properties of a material system, let us first consider the restrictions that this

* The reader who is interested in the details should consult Buerger (1963) or any of the other
books on group theory and crystal symmetry listed in the bibliography at the end of this chapter.
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symmetry imposes on the form of the linear susceptibility tensor x 1. The
results of a group theoretical analysis shows that five different cases are pos-
sible depending on the symmetry properties of the material system. These
possibilities are summarized in Table 1.5.1. Each entry is labeled by the crys-
tal system to which the material belongs. By convention, crystals are cate-
gorized in terms of seven possible crystal systems on the basis of the form
of the crystal lattice. (Table 1.5.2 on p. 47 gives the correspondence be-
tween crystal system and each of the 32 point groups.) For completeness,
isotropic materials (such as liquids and gases) are also included in Table
1.5.1. We see from this table that cubic and isotropic materials are isotropic
in their linear optical properties, because x ! is diagonal with equal diag-
onal components. All of the other crystal systems are anisotropic in their
linear optical properties (in the sense that the polarization P need not be
parallel to the applied electric field E) and consequently display the prop-
erty of birefringence. Tetragonal, trigonal, and hexagonal crystals are said
to be uniaxial crystals because there is one particular direction (the z axis)
for which the linear optical properties display rotational symmetry. Crystals
of the triclinic, monoclinic, and orthorhombic systems are said to be biax-
ial.

TABLE 1.5.1 Form of the linear susceptibility tensor x ) as determined by the
symmetry properties of the optical medium, for each of the seven crystal classes
and for isotropic materials. Each nonvanishing element is denoted by its cartesian
indices

[xx x y Xz 1
Triclinic yx yy yz
L X 2y 2T |
[xx 0 Xz ]
Monoclinic 0 yy O
[ z2x 0 =z
[xx 0]
Orthorhombic 0 yy O
0 0 zz
Tetragonal [xx 0 o0
Trigonal 0 xx O
Hexagonal 0 0 zz
[xx 0 0
Cubi
Isl(l)trlz ic 0 xx 0
i
P L 0 0 xx
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1.5.10. Influence of Inversion Symmetry on the Second-Order
Nonlinear Response

One of the symmetry properties that some but not all crystals possess is cen-
trosymmetry, also known as inversion symmetry. For a material system that is
centrosymmetric (i.e., possesses a center of inversion) the x ) nonlinear sus-
ceptibility must vanish identically. Since 11 of the 32 crystal classes possess
inversion symmetry, this rule is very powerful, as it immediately eliminates
all crystals belonging to these classes from consideration for second-order
nonlinear optical interactions.

Although the result that x ® vanishes for a centrosymmetric medium is
general in nature, we shall demonstrate this fact only for the special case of
second-harmonic generation in a medium that responds instantaneously to the
applied optical field. We assume that the nonlinear polarization is given by

P(t)=eox PE* (1), (1.5.31)
where the applied field is given by
E(t) = Ecoswt. (1.5.32)

If we now change the sign of the applied electric field E(1), the sign of the
induced polarization P (t) must also change, because we have assumed that
the medium possesses inversion symmetry. Hence the relation (1.5.31) must
be replaced by

s d 2
—P)=eoxP[-ED]". (1.5.33)
which shows that
—P(t) =eox PE>(1). (1.5.34)

By comparison of this result with Eq. (1.5.31), we see that P (1) must equal
— P(t), which can occur only if P(¢) vanishes identically. This result shows
that

x@ =0. (1.5.35)

This result can be understood intuitively by considering the motion of an
electron in a nonparabolic potential well. Because of the nonlinearity of the
associated restoring force, the atomic response will show significant harmonic
distortion. Part (a) of Fig. 1.5.2 shows the waveform of the incident mono-
chromatic electromagnetic wave of frequency w. For the case of a medium
with linear response (part (b)), there is no distortion of the waveform asso-
ciated with the polarization of the medium. Part (c) shows the induced po-
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FIGURE 1.5.2 Waveforms associated with the atomic response.
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larization for the case of a nonlinear medium that possesses a center of sym-
metry and whose potential energy function has the form shown in Fig. 1.4.2.
Although significant waveform distortion is evident, only odd harmonics of
the fundamental frequency are present. For the case (part (d)) of a nonlinear,
noncentrosymmetric medium having a potential energy function of the form
shown in Fig. 1.4.1, both even and odd harmonics are present in the wave-
form associated with the atomic response. Note also the qualitative difference
between the waveforms shown in parts (c) and (d). For the centrosymmet-
ric medium (part (c)), the time-averaged response is zero, whereas for the
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noncentrosymmetric medium (part (d)) the time-average response is nonzero,
because the medium responds differently to an electric field pointing, say, in
the upward direction than to one pointing downward.*

1.5.11. Influence of Spatial Symmetry on the Second-Order
Susceptibility

We have just seen how inversion symmetry when present requires that the
second-order vanish identically. Any additional symmetry property of a non-
linear optical medium can impose additional restrictions on the form of the
nonlinear susceptibility tensor. By explicit consideration of the symmetries
of each of the 32 crystal classes, one can determine the allowed form of the
susceptibility tensor for crystals of that class. The results of such a calculation
for the second-order nonlinear optical response, which was performed origi-
nally by Butcher (1965), are presented in Table 1.5.2. Under those conditions
(described following Eq. (1.5.21)) where the second-order susceptibility can
be described using contracted notation, the results presented in Table 1.5.2
can usefully be displayed graphically. These results, as adapted from Zernike
and Midwinter (1973), are presented in Fig. 1.5.3. Note that the influence of
Kleinman symmetry is also described in the figure. As an example of how to
use the table, the diagram for a crystal of class 3m is meant to imply that the
form of the d;; matrix is

0 0 0 0 d31 —dxp
diy=|—dyp dp 0 d3 0 0
dy1 dy1 diyz O 0 0

The second-order nonlinear optical susceptibilities of a number of crystals
are summarized in Table 1.5.3. This table should be used only with some cau-
tion. There is considerable spread in the values of the nonlinear coefficients
quoted in the literature, both because of the wavelength dependence of the
nonlinear susceptibility and because of measurement inaccuracies. A detailed
analysis of the measurement of nonlinear coefficients has been presented by
Shoji et al. (1997). The references cited in the footnote to the table provide
more detailed tabulations of nonlinear coefficients.

* Parts (a) and (b) of Fig. 1.5.2 are plots of the function sinwt, part (c) is a plot of the function
sinwt — 0.25sin3wt, and part (d) is a plot of —0.2 + sinwt + 0.2 cos 2wt .
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TABLE 1.5.2 Form of the second-order susceptibility tensor for each of the 32
crystal classes. Each element is denoted by its Cartesian indices

Crystal System  Crystal Class Nonvanishing Tensor Elements
Triclinic 1=C All elements are independent and nonzero
1=5, Each element vanishes
Monoclinic 2=0C, XYZ,XZY, XXy, XYX, VXX, YYY, YZZ, YIX, YXZ,2YZ,
22y, 2xy, zyx (twofold axis parallel to )
m=Cyy XXX, XYY, XZZ,XZX,XXZ, YYZ, YZV, YXY, YYX, XX,
7YYy, 222, 22X, zxz (mirror plane perpendicular to y)
2/m = Cyy, Each element vanishes
Orthorhombic 222 = D, XYZ,XZY, YZX, YXZ,ZXY, ZyX
mm?2 = Cp, XZX,XXZ, YYZ, YZY,2ZXX, ZYY, 222
mmm = Dy, Each element vanishes
Tetragonal 4=0Cy XYZ = —YyXZ,XZy = —YIX,XIX = YTy, XXZ =YYz,
XX = ZYY, 222, ZXY = —ZyX
4=25 XyZ = yXZ,XZy = yIX,XZX = —yZy,XXZ = —YyZ,
XX = —ZYY, ZXy = ZyX
422 =Dy XyZ = —YXZ,XZY = —YIX,ZXy = —ZyX
Amm = Cyy XZX = yZy,XXZ = YyZ,ZXX =2ZYY, 2%
42m = Doy XyZ = yXZ,XZy = yIX,ZXy = ZyX
4/m = Cyp Each element vanishes
4/mmm = Dyy, Each element vanishes
Cubic 432=0 XYZ = —XZy = YIX = —YXZ=2ZXy = —ZyX
43m = Ty XyZ =XZY = YIX = YXZ =2ZXy =YX
23=T XYZ = yIX = ZXYy, XZy = YXZ =YX
m3 =Ty, m3m = O,  Each element vanishes
Trigonal 3=C3 XXX = —Xyy = —yyZ = —YyXY,XyZ = —yXZ,XZy = —yIX,
XZX = YZY,XXZ = yYZ, YYy = —yXX = —XXYy = —XYX,
XX =Z2YyY,322,ZXY = —ZyX
32=D3 XXX = —XYy = —YYX = —YyXy, Xy = —yXZ,
XZy = —YyIX,IXy = —IyX
3m=Csy XZX = Y2, XXZ = YYZ, ZXX =2YY,22L, YYY = —YXX =
—xxy = —xyx (mirror plane perpendicular to x)
3=S,3m= D3y Each element vanishes
Hexagonal 6=Cg XYZ = —YyXZ,XZy = —yZX, XX = YyZy,XXZ =YYz,
XX = ZYY, 222, ZXY = —ZYX
6=Cy, XXX = —XYY = =YXy = — )X,
VYY = —YXX = —XYX = —XXY
622 = Dg XYZ = —YyXZ,XZy = —YXZ,ZXy = —Z)X
6mm = Cgy XZX =YY, XXZ = YYyZ,IXX =Yy, 222
6m2 = D3, YYY = —YXX = —XXy = —Xyx
6/m = Cgp, Each element vanishes

6/mmm = Dgy,

Each element vanishes
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1.5.12. Number of Independent Elements of Xi(jzk) (w3, W, w1)
We remarked in relation to Eq. (1.5.1) that as many as 324 complex numbers
must be specified in order to describe the general interaction of three optical
waves. In practice, this number is often greatly reduced.

Because of the reality of the physical fields, only half of these numbers are
independent (see Eq. (1.5.5)). Furthermore, the intrinsic permutation symme-
try of x® (Eq. (1.5.6)) shows that there are only 81 independent parameters.

Biaxial crystal classes

* .8 & 08 ¢ #o2 2 __l*;_'..-—.
e N,

class ] o--8 (@ m; W - class2 o --§ e - w
»

class m . OB T class222 . . . . Va

»

classmm2 . , .- .

Uniaxial crystal classes

class 3 :% class 3m 0_/
/” ”’
” "
—ee . . . e - .
class 6 ;j>:<z class Emzo"/

FIGURE 1.5.3 Form of the d;; matrix for the 21 crystal classes that lack inversion
symmetry. Small dot: zero coefficient; large dot: nonzero coefficient; square: coeffi-
cient that is zero when Kleinman’s symmetry condition is valid; connected symbols:
numerically equal coefficients, but the open-symbol coefficient is opposite in sign
to the closed symbol to which it is joined. Dashed connections are valid only under
Kleinman’s symmetry conditions. (After Zernike and Midwinter, 1973.)
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Uniaxial crystal classes (Continued)
classes S x C:S?:ifls ... / .
6andd °~ ° " _- and -
—eo e - - - 4mm e—e e -

classes ’ \I * o X ;
622 T T . class4 , ., . .
and P .
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class32 . . . . class 42m , ., \

. . . . . . . . . . . ®

Isotropic crystal classes

classes class 432
Im . % e (allelements . . . .
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FIGURE 1.5.3 (continued)

For a lossless medium, all elements of x ® are real and the condition of full
permutation symmetry is valid, implying that only 27 of these numbers are in-
dependent. For second-harmonic generation, contracted notation can be used,
and only 18 independent elements exist. When Kleinman’s symmetry is valid,
only 10 of these elements are independent. Furthermore, any crystalline sym-
metries of the nonlinear material can reduce this number further.

1.5.13. Distinction between Noncentrosymmetric and
Cubic Crystal Classes

It is worth noting that a material can possess a cubic lattice and yet be non-
centrosymmetric. In fact, gallium arsenide is an example of a material with
just these properties. Gallium arsenide crystallizes in what is known as the
zincblende structure (named after the well-known mineral form of zinc sul-
fide), which has crystal point group 43m. As can be seen from Table 1.5.2
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TABLE 1.5.3 Second-order nonlinear optical susceptibilities for several crystals

Material Point Group d;j; (pm/V)
Ag3AsS3 3m=Czy dyy =18
(proustite) dis=11
AgGaSe, 42m = Doy dzg =33
AgSbSy 3m=Czy dis =38
(pyrargyrite) dy =9
beta-BaB,O4 (BBO) 3m = Cszy dy =22
(beta barium borate)
CdGeAs, 42m = Doy d3g =235
CdS 6mm = Cgy dz3 =178
dy1 =—40
GaAs 43m d3g =370
KH,POy4 2m dzg =0.43
(KDP)
KD,POy4 2m dzg =0.42
(KD*P)
LilO3 6=Cg di5=-5.5
d3) =—1
LiNbO3 3m =Czy d3y =-30
d3; =-59
Quartz 32=D3 d;; =03
d14 =0.008

Notes: Values are obtained from a variety of sources. Some of the more complete tabulations are
those of R.L. Sutherland (1996), that of A.V. Smith, and the data sheets of Cleveland Crystals, Inc.

To convert to the gaussian system, multiply each entry by (3 x 10_8)/471 =2.386 x 1072 to obtain
d in esu units of cm/statvolt.

In any system of units, x @ =24 by convention.

or from Fig. 1.5.3, materials of the 43m crystal class possess a nonvanish-
ing second-order nonlinear optical response. In fact, as can be seen from
Table 1.5.3, gallium arsenide has an unusually large second-order nonlinear
susceptibility. However, as the zincblende crystal structure possesses a cu-
bic lattice, gallium arsenide does not display birefringence. We shall see in
Chapter 2 that it is necessary that a material possess adequate birefringence
in order that the phase matching condition of nonlinear optics be satisfied.
Because gallium arsenide does not possess birefringence, it cannot normally
participate in phase-matched second-order interactions.
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(a) diamond structure (b) zincblende structure

e C ® GaorZn
O AsorS

FIGURE 1.5.4 TIllustration of (a) the diamond structure and (b) the zincblende struc-
ture. Both possess a cubic lattice and thus cannot display birefringence, but the car-
bon structure is centrosymmetric, whereas the zincblende structure is noncentrosym-
metric.

It is perhaps surprising that a material can possess the highly regular
spatial arrangement of atoms characteristic of the cubic lattice and yet be
noncentrosymmetric. This distinction can be appreciated by examination of
Fig. 1.5.4, which shows both the diamond structure (point group m3m) and
the zincblende structure (point group 43m). One sees that the crystal lattice
is the same in the two cases, but that the arrangement of atoms within the
lattice allows carbon but not zincblende to possess a center of inversion sym-
metry. In detail, a point of inversion symmetry for the diamond structure is
located midway between any two nearest-neighbor carbon atoms. This sym-
metry does not occur in the zincblende structure because the nearest neighbors
are of different species.

1.5.14. Distinction between Noncentrosymmetric and Polar
Crystal Classes

As noted above, of the 32 crystal point groups, only 21 are noncentrosymmet-
ric and consequently can possess a nonzero second-order susceptibility x .
A more restrictive condition is that certain crystal possess a permanent dipole
moment. Crystals of this sort are known as polar crystals, or as ferroelectric
crystals.* This property has important technological consequences, because
crystals of this sort can display the pyroelectric effect (a change of perma-
nent dipole moment with temperature, which can be used to construct optical

* The subtle distinctions among polar, pyroelectric, piezoelectric, and ferroelectric crystals are
described by Nye (1985, pp. 78-81).
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detectors)® or the photorefractive effect, which is described in greater detail
in Chapter 11. Group theoretical arguments (see, for instance, Nye, 1985)
demonstrate that the polar crystal classes are

1 2 3 4 6
m mm2 3m 4mm 6mm

Clearly, all polar crystal classes are noncentrosymmetric, but not all noncen-
trosymmetric crystal classes are polar. This distinction can be seen straightfor-
wardly by means of an example from molecular physics. Consider a molecule
with tetrahedral symmetry such as CCly. In this molecule the four chlorine
ions are arranged on the vertices of a regular tetrahedron, which is centered
on the carbon ion. Clearly this arrangement cannot possess a permanent dipole
moment, but this structure is nonetheless noncentrosymmetric.

1.5.15. Influence of Spatial Symmetry on the Third-Order
Nonlinear Response

The spatial symmetry of the nonlinear optical medium also restricts the form
of the third-order nonlinear optical susceptibility. The allowed form of the sus-
ceptibility has been calculated by Butcher (1965) and has been summarized
by Hellwarth (1977); a minor correction to these results was later pointed out
by Shang and Hsu (1987). These results are presented in Table 1.5.4. Note that
for the important special case of an isotropic optical material, the results pre-
sented in Table 1.5.4 agree with the result derived explicitly in the discussion
of the nonlinear refractive index in Section 4.2.

1.6. Time-Domain Description of Optical Nonlinearities

In the preceding sections, we described optical nonlinearities in terms of the
response of an optical material to one or more essentially monochromatic
applied fields. We found that the induced nonlinear polarization consists of
a discrete summation of frequency components at the harmonics of and the
sums and differences of the frequencies present in the applied field. In partic-
ular, we described the nonlinear response in the frequency domain by relating
the frequency components P (w) of the nonlinear polarization to those of the
applied optical field, E (o).

It is also possible to describe optical nonlinearities directly in the time do-
main by considering the polarization P (1) that is produced by some arbitrary

* The operation of pyroelectric detectors is described, for instance, in Section 13.3 of Boyd (1983).
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TABLE 1.5.4 Form of the third-order susceptibility tensor x® for each of the
crystal classes and for isotropic materials. Each element is denoted by its Carte-
sian indices

Isotropic

There are 21 nonzero elements, of which only 3 are independent. They are:
YYZZ = ZZYY = ZZXX = XXZZ = XXYYy = YYXX,
YZYZ = ZYZY = ZXIX = XIXZ = XYXY = YXYX,
YIZYy = ZYYT = IXXT = XIIX = XYYX = YXXY;

and
XXXX = YYYy = 2222 = XXYYy + XyxXy + xXyyXx.

Cubic
For the two classes 23 and m3, there are 21 nonzero elements, of which only 7 are independent.

They are:
XXXX = yyyy = 2222,
VYIZ = ZZXX = XXYY,
ZZYy = XXZZ = YYXX,
YZYZ = ZXZX = XyXYy,
ZyZy = XIXZ = YXYX,
YZZY = ZXXZ = XYyX,
ZyyZ = XZZX = yXXy.
For the three classes 432, Zl3m, and m3m, there are 21 nonzero elements, of which only 4 are indepen-
dent. They are:
XXXX = Yyyy = 2222,
YYZZ = ZZYY = ZZXX = XXZZ = XXYY = YYXX,
YIYZ = ZYZY = ZXIX = XZXZ = XYXYy = yXYX,

VZZY = ZYYZ = ZXXZ = XZZX = XYYX = yXXy.

Hexagonal
For the three classes 6, 6, and 6/m, there are 41 nonzero elements, of which only 19 are independent.
They are:
XXYy = Yyxx,
2222, VYE = vix
XXXX = Yyyyy = Xxyy +Xyyx + xyxy, %4 IXEY,
XYXYy = yXyx,
yyiz = XXz, Xy2Z = —YXZz,
ZZyy = ZIXX, ZZXY = —IIYX,
ZYyZ = ZXXZ,  ZXYT = —IYXZ,
yZZy = XZZX, XZZYy = —YyIZX,
YIYZ = XIXZ, XIYI = —YIXZ,
Zyzy = ZXZX, ZXZY = —IYIX,
Yyxy = —Xxxyx,
XXXy = —YYyX = yyxy + yxyy +xyyy, YXYYy = —XyXxXx,
Xyyy = —yXxx.

(continued)
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TABLE 1.5.4 (continued)

For the four classes 622, 6mm, 6/mmm, and 6m2, there are 21 nonzero elements, of which only 10
are independent. They are:

XXyy = yyxx,
2222, Xyyx = yxxy
XXXX = YYyyy = XXyy + XYyyX + Xyxy, ’
XyXy = yxyx,
Yyiz = XXZZ,
ZZyy = zZXX,
Yy = TXXZ,
yzZy = X7ZX,
yzZyz = X7XZ,
Zyzy = ZXZX.
Trigonal
For the two classes 3 and 3, there are 73 nonzero elements, of which only 27 are independent. They
are:
XXYy = yyxx,
2222, VYA = VX
XXXX =YYYy =XXYY +XyyXx +Xyxy, Y YXXYs
XyXy = yxyx,
yyiz = XXzz, XyIz = —yXiz,
ZZYy = ZIXX, ZZXy = —ZZYX,
YyZ = 2XXZ, XYy = —2YyXz,
yzzy = XX, Xy = —YIZX,
YIyZ = XXz, XIYI = —YyIXZ,
ZyZy = ZXZX, ZXZYy = —ZIYZX,
YyXy = —XxXyx,
XXXy = —YYYX = yyxXy + yXyy +xyyy, YXYy =—Xyxx,
Xyyy = —yXXX.
YYYZ = —YXXZ = —XYXZ= —XXYZ,
YYLY = —YXZX = —XYIX = —XXZY,
YZYY = —YIXX = —XZyX = —XZX),
ZYyyy = —ZYXX = —ZXYX = —ZXX),
XXXZ = —XYyZ = —yXyZ = —yyxz,
XXZX = —XYIY = —yXZY = —yyIX,
XZXX = —YyZXYy = —YIyX = —XZYY,
ZXXX = —ZXYy = —ZyXYy = —ZYyX.

For the three classes 3m, 3m, and 32, there are 37 nonzero elements, of which only 14 are independent.
They are:

XXyy = yyxx,

XYyx = yxxy,

XyXy = yxyx,

2222,
XXXX = YYYY = XXYY + XYYX + XYXY,
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TABLE 1.5.4 (continued)

yyiz = xXx2z, XXXZ = —XYYZ = —yYXyYZ = —YyyXxz,
ZZYY = ZZXX, XXZX = —XYyIy = —yXZy = —YYZX,
ZYyz = ZXXZ, XZXX = —XZYy = —YZIXy = —YyIYX,
YZZY = XZZX, IXXX = —ZXYY = —ZyXy = —ZYYX,
yZyz = X7XZ,
Zyzy = ZXZX.

Tetragonal
For the three classes 4, 4, and 4/m, there are 41 nonzero elements, of which only 21 are independent.
They are:
XXXX =YyYyyy, 222%,
2ZXX =2Z72yy, XYZZ = —YyXZZ, XXYY =YYXX, XXXy =—YYYX,
XX7Z =22yy, 2IXY = —ZZYX, XYXY = YXYX, XXYX = —YyyXy,
ZXZX =2yzy,  XZIYZ=TYIXZ,  XYYX =YXXY,  XYXX = —YXYY,
XZXZ=YyIyzZ, IXIy = —2IYyIX, YXXX = —XYYYy,
IXXZ =2Z2YyyZ, IXYI=—ZyXZ,
Xz7ZX =yzzy, XZZy = —YIZX.
For the four classes 422, 4mm, 4/mmm, and Z12m, there are 21 nonzero elements, of which only 11
are independent. They are:
XXXX =Yyyyy, 2222,
YYZZ =XXZZ, YIZY =XZZX XXYy = YYXX,
2ZYY =2ZXX, YIYI =XZXZ XYXY = yXYX,
ZYYZ =ZXXZ, ZYZY =ZXZX  XYYX = yXX)Y.
Monoclinic
For the three classes 2, m, and 2/m, there are 41 independent nonzero elements, consisting of:

3 elements with indices all equal,

18 elements with indices equal in pairs,

12 elements with indices having two y’s one x, and one z,
4 elements with indices having three x’s and one z,

4 elements with indices having three z’s and one x.

Orthorhombic
For all three classes, 222, mm?2, and mmm, there are 21 independent nonzero elements, consisting of:

3 elements with indices all equal,

18 elements with indices equal in pairs.
Triclinic
For both classes, 1 and 1, there are 81 independent nonzero elements.

applied field E (). These two methods of description are entirely equivalent,
although description in the time domain is more convenient for certain types
of problems, such as those involving applied fields in the form of short pulses;
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conversely, description in the frequency domain is more convenient when each
input field is nearly monochromatic.

Let us first consider the special case of a material that displays a purely
linear response. We can describe the polarization induced in such a material
by

173“)(t)=eo/oo RO@E( —1)dr. (1.6.1)
0

Here R( () is the linear response function, which gives the contribution to
the polarization produced at time ¢ by an electric field applied at the earlier
time ¢ — 7. The total polarization is obtained by integrating these contributions
over all previous times t. In writing Eq. (1.6.1) as shown, with the lower limit
of integration set equal to zero and not to —oo, we have assumed that RV (1)
obeys the causality condition R (7) = 0 for 7 < 0. This condition expresses
the fact that P(V(¢) depends only on past and not on future values of E(t).

Equation (1.6.1) can be transformed to the frequency domain by introduc-
ing the Fourier transforms of the various quantities that appear in this equa-
tion. We adopt the following definition of the Fourier transform:

E(w) = f - E®)e'“ dt (1.6.2a)
E(t) = 1 / - E()e " dw (1.6.2b)
27 J oo

with analogous definitions for other quantities. By introducing Eq. (1.6.2b)
into Eq. (1.6.1), we obtain

oo [ee]

i J |

PV (1) = eo/ dr/ 4O L) (1) E (@)e—@t—0)
0 oo 2T

o0 da) o 1 . ot
=60/ —/ dt RV (1)e' T E(w)e (1.6.3)
—00 27T 0
or
o0
~ d .
P(l)(t)ze()/ z—wx“)(w; ) E (w)e ", (1.6.4)
_oo 27

where we have introduced an explicit expression for the linear susceptibility
o0 .
x D (w; ) =/ dt RV (1)el". (1.6.5)
0

Equation (1.6.4) gives the time-varying polarization in terms of the frequency
components of the applied field and the frequency dependent susceptibility.
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By replacing the left-hand side of this equation with [ PO (w)exp(—iwt)dw/
27 and noting that the equality must be maintained for each frequency w, we
recover the usual frequency domain description of linear response:

PY(w) =eox V(w; w)E(w). (1.6.6)

The nonlinear response can be described by analogous procedures. The
contribution to the polarization second-order in the applied field strength is
represented as

o0 o
f’(z)(t)zéof dn/ dn RP (1, )E(t —t)E(t — 1), (1.6.7)
0 0

where the causality condition requires that R@ (1, 17p) = 0 if either 7| or 7
is negative. As above, we write E(t — t1) and E(t — 12) in terms of their
Fourier transforms using Eq. (1.6.2b) so that the expression for the second-
order polarization becomes

- d d
P(z)(t):e()/ wl/ a)z/ dn/ d‘L’zR(Z)(‘El )

% E(a)l)eﬂw' (I*TI)E(w )e*lwz(tffz)
da)1 da)g
=60f / x P (@ 01, ) E(@1) E(w)e ™",

(1.6.8)

where we have defined w, = w; + wy and have introduced the second-order
susceptibility

o0 o0
X(Z)(wa;wl,wz)=/ dn/ dr, R? (11, m)e!@mtem) - (1,6.9)
0 0

This procedure can readily be generalized to higher-order susceptibilities. In
particular, we can express the third-order polarization as

- d d d
PO 1) = 60/ e / e / e x O (055 01, 2, ®3)

x E(w1)E(w) E(w3)e !, (1.6.10)
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where w, = w; + wy + w3 and where

o o0 o
X(3)(wa;w1,w2,w3)=/ dn/ dfz/ dt;
0 0 0

% R(3)(‘L’1 7, 13) ol (@1t tontwst)

(1.6.11)

1.7. Kramers—Kronig Relations in Linear and Nonlinear Optics

Kramers—Kronig relations are often encountered in linear optics. These con-
ditions relate the real and imaginary parts of frequency-dependent quantities
such as the linear susceptibility. They are useful because, for instance, they al-
low one to determine the real part of the susceptibility at some particular fre-
quency from a knowledge of the frequency dependence of the imaginary part
of the susceptibility. Since it is often easier to measure an absorption spec-
trum than to measure the frequency dependence of the refractive index, this
result is of considerable practical importance. In this section, we review the
derivation of the Kramers—Kronig relations as they are usually formulated for
a system with linear response, and then show how Kramers—Kronig relations
can be formulated to apply to some (but not all) nonlinear optical interactions.

1.7.1.  Kramers—Kronig Relations in Linear Optics

We saw in the previous section that the linear susceptibility can be represented
as

o0
x V() = xV(w; a)):/ RW (1)l dr, (1.7.1)
0

where the lower limit of integration has been set equal to zero to reflect the
fact that RV (1) obeys the causality condition RMW (1) =0 for t < 0. Note
also (e.g., from Eq. (1.6.1)) that RV (1) is necessarily real, since it relates
two inherently real quantities 13(1) and E (t). We thus deduce immediately
from Eq. (1.7.1) that

x V() = xV(w)*. (1.7.2)

Let us examine some of the other mathematical properties of the linear sus-
ceptibility. In doing so, it is useful, as a purely mathematical artifact, to treat
the frequency w as a complex quantity @ = Re @ + i Im w. An important
mathematical property of x (w) is the fact that it is analytic (i.e., single-valued
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and possessing continuous derivatives) in the upper half of the complex plane,
that is, for Im w > 0. In order to demonstrate that y () is analytic in the up-
per half plane, it is adequate to show that the integral in Eq. (1.7.1) converges
everywhere in that region. We first note that the integrand in Eq. (1.7.1) is of
the form RW (1) expli(Re w)t]exp[—(Im w)T], and since RMD (1) is every-
where finite, the presence of the factor exp[—(Im w)t] is adequate to ensure
convergence of the integral for Im w > 0. For Im w = 0 (that is, along the
real axis) the integral can be shown to converge, either from a mathematical
argument based on the fact the R(!)(r) must be square integrable or from the
physical statement that x (w) for w real is a physically measurable quantity
and hence must be finite.
To establish the Kramers—Kronig relations, we next consider the integral

oo (g, do’
Int:/ X (@)dw (1.7.3)
o W —w

We adopt the convention that in expressions such as (1.7.3) we are to take the
Cauchy principal value of the integral—that is,

/‘OO X(l)(w/) do’ ) |:/w8 X(l)(w/) do’ fOO X(l)(w/)dw/}
— = lim e _— .
w

) §—0| J_oo o —w s O —o
(1.7.4)

We evaluate expression (1.7.3) using the techniques of contour integration,
noting that the desired integral is given by Int = Int(A) — Int(B) — Int(C)
where Int(A), Int(B), and Int(C) are the path integrals of x (') /(' — w)
over the paths shown in Fig. 1.7.1. Since x (') is analytic in the upper half
plane, the only singularity of the integrand x (»’)/(«’ — w) in the upper half-
plane is a simple pole along the real axis at @’ = w. We thus find that Int(A) =
0 by Cauchy’s theorem since its closed path of integration contains no poles.
Furthermore, Int(B) = 0 since the integration path increases as |w’|, whereas
for large |’| the integrand scales as x (@')/|@’|, and thus the product will tend
toward zero so long as x (') approaches zero for sufficiently large «’. Finally,
by the residue theorem Int(C) = —mi x (w). By introducing these values into
Eq. (1.7.3), we obtain the result

. oo (1) Ndw'
/ 1 (@)do (1.7.5)
—o0

1w =— /
T w —w

By separating x"(w) into its real and imaginary parts as x(w) =
Re x D (w) +i Im xV(w), we obtain one form of the Kramers—Kronig re-
lations:
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(a) complex w’plane

Im(w’) ‘
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FIGURE 1.7.1 Diagrams used in the contour integration of Eq. (1.7.3). (a) shows
the complex @’ plane, (b) shows the desired path of integration, and (c), (d), and (e)
show paths over which the integral can be evaluated using the techniques of contour
integration. In performing the integration the limits r{ — oo and r, — 0 are taken.

1 £ ImyD(o)do
Re 3D (w) = _/ w (1.7.62)
T J o —w
1 [® RexV(w)do
T J_so o —w

These integrals show how the real part of x (! can be deduced from a knowl-
edge of the frequency dependence of the imaginary part of x (!, and vice
versa. Since it is usually easier to measure absorption spectra than the fre-
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quency dependence of the refractive index, it can be quite useful to make use
of Eq. (1.7.6a) as a means of predicting the frequency dependence of the real
part of x (1.

The Kramers—Kronig relations can be rewritten to involve integration over
only (physically meaningful) positive frequencies. From Eq. (1.7.2), we see
that

Re xV(—w) =Re x V(w), ImyP(—w)=—-ImxP(w). (1.7.7)
We can thus rewrite Eq. (1.7.6b) as follows:

m 1 (O RexD(@w)de 1 [*®RexD(w)do
Im "/ (w) = —— -t - - A I
T J_ o —w T Jo o —w

_1/°°Rex(1)(a)/)da)’ 1/00 Re x V(o) do’
0 0

4 o' + o b4 o —w
(1.7.8)
and hence
-2 *© Re y D (w/
Imy (o) = —= / — Z‘;) do. (1.7.92)
0 —
We similarly find that
2 © 1 ¢,/
RexV(w) == / “’;12)‘70)(2‘”) do. (1.7.9b)
o _

1.7.2.  Kramers—Kronig Relations in Nonlinear Optics

Relations analogous to the usual Kramers—Kronig relations for the linear re-
sponse can be deduced for some but not all nonlinear optical interactions. Let
us first consider a nonlinear susceptibility of the form X(3) (wg; w1, w2, 3)
with ws, = w1 + w2 + w3 and with w1, wy, and w3 all positive and distinct.
Such a susceptibility obeys a Kramers—Kronig relation in each of the three
input frequencies, for example,

1

3 .
X( )(w0'7w15w27w3):._/ /
it J_« W, — w2

*© xO(w); o1, 0y, w3)

doh,  (1.7.10)

where ), = w| + ) + w3. Similar results hold for integrals involving )
and wj. The proof of this result proceeds in a manner strictly analogous to that
of the linear Kramers—Kronig relation. In particular, we note from Eq. (1.6.11)
that X(3)(a)g; w1, wy, w3) is the Fourier transform of a causal response func-
tion, and hence X(B’)(a)g; w1, wy, w3) considered as a function of its three
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independent variables wj, wp, and w3, is analytic in the region Imw; > 0,
Imw; > 0, and Imw3 > 0. We can then perform the integration indicated on
the right-hand side of Eq. (1.7.10) as a contour integration closed in the up-
per part of the complex w; plane, and obtain the indicated result. In fact, it
is not at all surprising that a Kramers—Kronig-like relation should exist for
the present situation; the expression X(3)(a)g; w1, wy, w3)E(w1)E(w) E(w3)
is linear in the field E (w;) and the physical system is causal, and thus the rea-
soning leading to the usual linear Kramers—Kronig relation is directly relevant
to the present situation.

Note that in Eq. (1.7.10) all but one of the input frequencies are held fixed.
Kramers—Kronig relations can also be formulated under more general circum-
stances. It can be shown (see, for instance, Section 6.2 of Hutchings et al.,
1992) by means of a somewhat intricate argument that

XM (05 01 + pro, 0+ pro, ..., 0y + paw)

_ [P x" @ ot poor 4 pos o ont pae)

ir J_s o —w

(1.7.11)

where p; > 0 for all i and where at least one p; must be nonzero. Among the
many special cases included in Eq. (1.7.11) are those involving the suscepti-
bility for second-harmonic generation

1 oo ,,(2) 2 /; /’ /
x? Qo 0, w) = —/ wdw’ (1.7.12)
T J_o o —w
and for third-harmonic generation
1 oo (3 3 /; /’ /’ /
X(3)(3a);a),a),w)=_—/ X w/ v.L w)da)/. (1.7.13)
i J_co o —w

Kramers—Kronig relations can also be formulated for the change in refrac-
tive index induced by an auxiliary beam, which is described by a susceptibility
of the sort x G (w; w, 1, —w1). In particular, one can show (Hutchings et al.,
1992) that

x(w; 0, 01, —0)) = — (1.7.14)

1 /OO x D@ o, 01, —01)do’
iT J_o o — o '

Probably the most important process for which it is not possible to
form a Kramers—Kronig relation is for the self-induced change in re-
fractive index, that is, for processes described by the nonlinear suscepti-
bility x @ (w; w, w, —w). Note that this susceptibility is not of the form
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of Eq. (1.7.10) or of (1.7.11), because the first two applied frequencies are
equal and because the third frequency is negative. Moreover, one can show
by explicit calculation (see the problems at the end of this chapter) that for
specific model systems the real and imaginary parts of x ) are not related in
the proper manner to satisfy the Kramers—Kronig relations.

To summarize the results of this section, we have seen that Kramers—Kronig

relations, which are always valid in linear optics, are valid for some but not
all nonlinear optical processes.

Problems

Conversion from Gaussian to SI units. For proustite X;?y has the value
1.3 x 10~7 cm/statvolt in Gaussian units. What is its value in MKS units?
[Ans: 5.4 x 10711 m/V.]

Numerical estimate of nonlinear optical quantities. A laser beam of fre-
quency w carrying 1 W of power is focused to a spot size of 30-yum di-
ameter in a crystal having a refractive index of n = 2 and a second-order
susceptibility of x® =4 x 10! m/V. Calculate numerically the ampli-
tude P(2w) of the component of the nonlinear polarization oscillating at
frequency 2w. Estimate numerically the amplitude of the dipole moment
per atom u(2w) oscillating at frequency 2w. Compare this value with the
atomic unit of dipole moment (eag, where ag is the Bohr radius) and with
the linear response of the atom, that is, with the component () of the
dipole moment oscillating at frequency w. We shall see in the next chapter
that, under the conditions stated above, nearly all of the incident power
can be converted to the second harmonic for a 1-cm-long crystal.

[Ans: P(2w) =4.7x 107! C/m3. Assuming that N = 10?8 atoms/m?,
wQRw) = 4.7 x 1073 Cm = 5.56 x 10~%qq, where eag = 8.5 x
10730 Cm. By comparison, P(w) = 9.7 x 107% C/m3 and u(w) =
9.7 x 1073% Cm = 1.14 x 10~*eag, which shows that u(2w)/u(w) =
49 %1076
Perturbation expansion. Explain why it is unnecessary to include the term
195 in the power series of Eq. (1.4.6).

Tensor properties of the anharmonic oscillator model. Starting from
Eq. (1.4.52), relevant to a collection of isotropic, centrosymmetric, an-
harmonic oscillators, show that the nonlinear susceptibility possesses the
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following tensor properties:

X1122 = X1212 = X1221 = X1133 = X1313 = X1331 = X2233 = X2323
= X2332 = X2211 = X2121 = X2112 = X3311 = X3131 = X3113
1 1 1
= X3322 = X3232 = X3223 = 3 X1111 = 3 X2222 = 3 X3333,

with all other elements vanishing. Give a simple physical argument that
explains why the vanishing elements do vanish. Also, give a simple phys-
ical argument that explains why x;;u possesses off-diagonal tensor com-
ponents, even though the medium is isotropic.

Comparison of the centrosymmetric and noncentrosymmetric models. For
the noncentrosymmetric anharmonic oscillator described by Eq. (1.4.1),
derive an expression for the third-order displacement ¥ and conse-
quently for the third-order susceptibility Xl(‘f)“(a)q, O, Wy, Wp). Com-
pare this result to that given by Eq. (1.4.52) for a purely centrosymmetric
medium. Note that for a noncentrosymmetric medium both of these con-
tributions can be present. Estimate the size of each of these contributions
to see which is larger.

Determination of degs. Verify Egs. (1.5.30a) and (1.5.30b).

Formal properties of the third-order response. Section 1.5 contains a de-
scription of some of the formal mathematical properties of the second-
order susceptibility. For the present problem, you are to determine the
analogous symmetry properties of the third-order susceptibility x®. In
your response, be sure to include the equations analogous to Egs. (1.5.1),
(1.5.2), (1.5.5), (1.5.6), (1.5.8), (1.5.9), and (1.5.19).

Consequences of crystalline symmetry. Through explicit consideration of
the symmetry properties of each of the 32 point groups, verify the results
presented in Tables 1.5.2 and 1.5.4 and in Fig. 1.5.3.

[Notes: This problem is lengthy and requires a more detailed knowl-
edge of group theory and crystal symmetry than that presented in this
text. For a list of recommended readings on these subjects, see the refer-
ence list to the present chapter. For a discussion of this problem, see also
Butcher (1965).]

Subtlety regarding crystal class 432. According to Table 1.5.2, x® pos-
sesses nonvanishing tensor elements for crystal class 432, but according
to Fig. 1.5.3 d;; for this crystal class vanishes identically. Justify these two
statements by taking explicit account of the additional constraints that are
implicit in the definition of the d;; matrix.

Kramers—Kronig relations. Show by explicit calculation that the linear
susceptibility of an optical transition modeled in the two-level approx-
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imation obeys the Kramers—Kronig relations, but that neither the total
susceptibility x nor the third-order susceptibility x ) obeys these rela-
tions. Explain this result by finding the location of the poles of x and
of x@.

[Hints: x and x® are given by Eqgs. (6.3.33) and yx is given by
Eq. (6.3.23).]

11. Kramers—Kronig relations. For the classical anharmonic oscillator model
of Eq. (1.4.20) show by explicit calculation that x ® (2w; w, w) obeys
the Kramers—Kronig relations in the form (1.7.12). Show also that
x D (w1; w3, —wy) does not satisfy Kramers—Kronig relations.

12. Example of the third-order response. The third-order polarization in-
cludes a term oscillating at the fundamental frequency and given by

PO (@) =3e0x P |E(@) [ E (o).

Assume that the field at frequency w includes two contributions that prop-
agate in the directions given by wave vectors k; and ky. Assume also that
the second contribution is sufficiently weak that it can be treated linearly.
Calculate the nonlinear polarization at the fundamental frequency and
give the physical interpretation of its different terms.
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Chapter 2

Wave-Equation Description of
Nonlinear Optical Interactions

2.1. The Wave Equation for Nonlinear Optical Media

We have seen in the last chapter how nonlinearity in the response of a material
system to an intense laser field can cause the polarization of the medium to
develop new frequency components not present in the incident radiation field.
These new frequency components of the polarization act as sources of new
frequency components of the electromagnetic field. In the present chapter,
we examine how Maxwell’s equations describe the generation of these new
components of the field, and more generally we see how the various frequency
components of the field become coupled by the nonlinear interaction.

Before developing the mathematical theory of these effects, we shall give
a simple physical picture of how these frequency components are generated.
For definiteness, we consider the case of sum-frequency generation as shown
in part (a) of Fig. 2.1.1, where the input fields are at frequencies w; and w;.
Because of nonlinearities in the atomic response, each atom develops an os-
cillating dipole moment which contains a component at frequency w; + w;.
An isolated atom would radiate at this frequency in the form of a dipole ra-
diation pattern, as shown symbolically in part (b) of the figure. However, any
material sample contains an enormous number N of atomic dipoles, each os-
cillating with a phase that is determined by the phases of the incident fields.
If the relative phasing of these dipoles is correct, the field radiated by each
dipole will add constructively in the forward direction, leading to radiation in
the form of a well-defined beam, as illustrated in part (c) of the figure. The
system will act as a phased array of dipoles when a certain condition, known
as the phase-matching condition (see Eq. (2.2.14) in the next section), is satis-

69
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FIGURE 2.1.1 Sum-frequency generation.

fied. Under these conditions, the electric field strength of the radiation emitted
in the forward direction will be N times larger than that due to any one atom,
and consequently the intensity will be N2 times as large.

Let us now consider the form of the wave equation for the propagation of
light through a nonlinear optical medium. We begin with Maxwell’s equa-
tions, which we write in SI units in the form*

V.-D=p, (2.1.1)
V-B=0, (2.1.2)
- oB
VxE=——, (2.1.3)
at
. oD -
VxH=_"+]. (2.1.4)

We are primarily interested in the solution of these equations in regions of
space that contain no free charges, so that

5 =0, 2.1.5)

* Throughout the text we use a tilde (~) to denote a quantity that varies rapidly in time.
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and that contain no free currents, so that
J=o0. (2.1.6)
We also assume that the material is nonmagnetic, so that
B = uoH. (2.1.7)

H0w§ver, we allow the material to be nonlinear in the sense that the fields D
and E are related by

D = ¢E + P, (2.1.8)
where in general the polarization vector P depends nonlinearly upon the local
value of the electric field strength E.

We now proceed to derive the optical wave equation in the usual manner.
We take the curl of the curl-E Maxwell equation (2.1.3), interchange the order
of space and time derivatives on the right-hand side of the resulting equation,
and use Egs. (2.1.4), (2.1.6), and (2.1.7) to replace V x B by u0(81~)/8t), to
obtain the equation

- 92 .
VxVxE+MoﬁD=O. (2.1.92)
We now use Eq. (2.1.8) to eliminate D from this equation, and we thereby
obtain the expression

1 92 - 1 3?p

VxVxE+—-—E=——1—.
v +628t2 €oc? 912

(2.1.9b)
On the right-hand side of this equation we have replaced s by 1/€yc? for
future convenience.

This is the most general form of the wave equation in nonlinear optics.
Under certain conditions it can be simplified. For example, by using an iden-
tity from vector calculus, we can write the first term on the left-hand side of
Eq. (2.1.9b) as

VxVxE=V(V-E)- VE. (2.1.10)

In the linear optics of isotropic source-free media, the first term on the right-
hand side of this equation vanishes because the Maxwell equation V - D = 0
implies that V - E = 0. However, in nonlinear optics this term is generally
nonvanishing even for isotropic materials, as a consequence of the more gen-
eral relation (2.1.8) between D and E. Fortunately, in nonlinear optics the first
term on the right-hand side of Eq. (2.1.10) can usually be dropped for cases of
interest. For example, if E is of the form of a transverse, infinite plane wave,
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V - E vanishes identically. More generally, the first term can often be shown to
be small, even when it does not vanish identically, especially when the slowly
varying amplitude approximation (see Section 2.2) is valid. For the remain-
der of this book, we shall usually assume that the contribution of V(V - E) in
Eq. (2.1.10) is negligible so that the wave equation can be taken to have the
form

.19 1 9P
VE- —-—E=——. 2.1.11
c? 912 €oc? 912 ( )
Alternatively, the wave equation can be expressed as
V2 82f)—o (2.1.12)
€oc 92 o

where D = eOE +P.
It is often convenient to split P into its linear and nonlinear parts as

P=pP" 4+ pNL, (2.1.13)

Here PO is the part of P that depends linearly on the electric field strength E.
We can similarly decompose the displacement field D into its linear and non-
linear parts as

D=D" 4 PN, (2.1.14a)
where the linear part is given by
DY = gE+PW. (2.1.14b)
In terms of this quantity, the wave equation (2.1.11) can be written as
1 a?p® 1 PPNt
€oc?  0t? - epc?  9t2

VZE — (2.1.15)

To see why this form of the wave equation is useful, let us first consider the

case of a lossless, dispersionless medium. We can then express the relation

between DV and E in terms of a real, frequency-independent dielectric tensor
€]

€' as

D = eV -E. (2.1.16a)
For the case of an isotropic material, this relation reduces to simply
DY = e VE, (2.1.16b)

where €1 is a scalar quantity. Note that we are using the convention that €y =
8.85 x 10712 F/m is a fundamental constant, the permittivity of free space,
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whereas €1 is the dimensionless, relative permittivity which is different for
each material. For this (simpler) case of an isotropic, dispersionless material,
the wave equation (2.1.15) becomes

W H’E 1 92PNk
2 a2 epc? a2
This equation has the form of a driven (i.e., inhomogeneous) wave equation;
the nonlinear response of the medium acts as a source term which appears
on the right-hand side of this equation. In the absence of this source term,
Eq. (2.1.17) admits solutions of the form of free waves propagating with
velocity ¢/n, where n is the (linear) index of refraction that satisfies n> = 1.
For the case of a dispersive medium, we must consider each frequency com-
ponent of the field separately. We represent the electric, linear displacement,
and polarization fields as the sums of their various frequency components:

—V2E + (2.1.17)

Er0 =Y E.r,0), (2.1.18a)
DO, =Y "D .0, (2.1.18b)
P =Y B o), (2.1.18¢)

where the summation is to be performed over positive field frequencies only,
and we represent each frequency component in terms of its complex amplitude
as

E,(r,1) =E,(r)e " fcc, (2.1.19a)
DV (r, 1) =DV (e~ c.c., (2.1.19b)
PML(r, 1) = PNL(r)e i - coc. (2.1.19¢)

If dissipation can be neglected, the relationship between 13,(11) and E,, can be
expressed in terms of a real, frequency-dependent dielectric tensor accord-
ing to

D (r, 1) = cpe V) (wy) - Eu(x, 1). (2.1.20)

When Egs. (2.1.18a) through (2.1.20) are introduced into Eq. (2.1.15), we

obtain a wave equation analogous to (2.1.17) that is valid for each frequency
component of the field:

eD(w,) 0’E, 1 9P\t

V’E =
" c? 92 egc? 912

(2.1.21)
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The general case of a dissipative medium is treated by allowing the dielec-
tric tensor to be a complex quantity that relates the complex field amplitudes
according to

DV (r) = eoeV (w,) - E, (1), (2.1.22)

This expression, along with Eqgs. (2.1.17) and (2.1.18), can be introduced into
the wave equation (2.1.15), to obtain

2 a’;% 1) a)% NL
VZE,(r) + e (w,l).En(r):—eocan (r). (2.1.23)

2.2. The Coupled-Wave Equations for Sum-Frequency
Generation

We next study how the nonlinear optical wave equation that we derived
in the previous section can be used to describe specific nonlinear optical
interactions. In particular, we consider sum-frequency generation in a lossless
nonlinear optical medium involving collimated, monochromatic, continuous-
wave input beams. We assume the configuration shown in Fig. 2.2.1, where
the applied waves fall onto the nonlinear medium at normal incidence. For
simplicity, we ignore double refraction effects. The treatment given here can
be generalized straightforwardly to include nonnormal incidence and double
refraction.*

The wave equation in Eq. (2.1.21) must hold for each frequency component
of the field and in particular for the sum-frequency component at frequency
3. In the absence of a nonlinear source term, the solution to this equation for
a plane wave at frequency w3 propagating in the +z direction is

E3(z, 1) = Aze! 37030 e c 2.2.1)

_ 2) =
de= 52X —> ;=0 10,

FIGURE 2.2.1 Sum-frequency generation.

* See, for example, Shen (1984, Chapter 6).
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where*

k=22 2= eW(wy), (22.2)
C

and where the amplitude of the wave A3 is a constant. We expect on physical
grounds that, when the nonlinear source term is not too large, the solution to
Eq. (2.1.21) will still be of the form of Eq. (2.2.1), except that A3 will become
a slowly varying function of z. We hence adopt Eq. (2.2.1) with A3 taken to be
a function of z as the form of the trial solution to the wave equation (2.1.21)
in the presence of the nonlinear source term.

We represent the nonlinear source term appearing in Eq. (2.1.21) as

Py(z,1) = P3e " 4 c.c,, (2.2.3)
where according to Eq. (1.5.28)
P3 = 4epdeirE1 E>. (2.2.4)
We represent the applied fields (i =1, 2) as
Ei(z,t) = E;e™'" +cc., where E; = A;e'i%, (2.2.5)
The amplitude of the nonlinear polarization can then be written as
P3 = 4degderA] Ape' K11K2)7 = p3ei(k1+k2)z. (2.2.6)

We now substitute Eqs. (2.2.1), (2.2.3), and (2.2.6) into the wave equation
(2.1.21). Since the fields depend only on the longitudinal coordinate z, we can
replace V2 by d?/dz>. We then obtain

d?As dAs eD(w3)3A37 g
|: iz + 2ik3— iz —k§A3+#3 el tec.
icszng Ageiltithz—osl 4 ¢ o (2.2.7)
c

Since k% =eWD (wg)w_% / ¢2, the third and fourth terms on the left-hand side of
this expression cancel. Note that we can drop the complex conjugate terms
from each side and still maintain the equality. We can then cancel the factor
exp(—iwst) on each side and write the resulting equation as

d2A3 dAs  —4d.

foig 0 Ty ks )
dz c?

* For convenience, we are working in the scalar field approximation; n3 represents the refractive
index appropriate to the state of polarization of the w3 wave.



76 2 < Wave-Equation Description of Nonlinear Optical Interactions

It is usually permissible to neglect the first term on the left-hand side of this
equation on the grounds that it is very much smaller than the second. This
approximation is known as the slowly varying amplitude approximation and
is valid whenever

‘d2A3 dAs
,488)

— 229
dz? dz (229)
This condition requires that the fractional change in A3 in a distance of the
order of an optical wavelength must be much smaller than unity. When this

approximation is made, Eq. (2.2.8) becomes

dAsy  2idegw?
d_; - ];4*;2*/4 Ayl Bz (2.2.10)

where we have introduced the quantity
Ak =ki + ko — k3, (2.2.11)

which is called the wavevector (or momentum) mismatch. Equation (2.2.10) is
known as a coupled-amplitude equation, because it shows how the amplitude
of the w3 wave varies as a consequence of its coupling to the w; and w, waves.
In general, the spatial variation of the w; and w, waves must also be taken
into consideration, and we can derive analogous equations for the w; and w;
fields by repeating the derivation given above for each of these frequencies.
We hence find two additional coupled-amplitude equations given by

2id,
dA1 _ﬂA Ale —idkz, (2.2.12a)
dz k]C2
A 2id,
dAy _ ﬂA Afe —iAkz (2.2.12b)
dz kac?

Note that, in writing these equations in the forms shown, we have assumed
that the medium is lossless. For a lossless medium, no explicit loss terms
need be included in these equations, and furthermore we can make use of
the condition of full permutation symmetry (Eq. (1.5.8)) to conclude that the
coupling coefficient has the same value de¢r in each equation.
For future reference, we note that Eq. (2.2.10) can be written more generally
in terms of the slowly varying amplitude p3 of the nonlinear polarization as
@ _ & iAkz

= 2.2.13
dz 2¢€gnsc’ " ( )
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where according to Eq. (2.2.6) p3 is given by P3 = p3expli(k; + k2)z]. Anal-
ogous equations can be written of course for the spatial variations of Aj
and Aj.

2.2.1.  Phase-Matching Considerations

For simplicity, let us first assume that the amplitudes A; and A; of the input
fields can be taken as constants on the right-hand side of Eq. (2.2.10). This
assumption is valid whenever the conversion of the input fields into the sum-
frequency field is not too large. We note that, for the special case

Ak =0, (2.2.14)

the amplitude A3z of the sum-frequency wave increases linearly with z, and
consequently that its intensity increases quadratically with z. The condition
(2.2.14) is known as the condition of perfect phase matching. When this con-
dition is fulfilled, the generated wave maintains a fixed phase relation with
respect to the nonlinear polarization and is able to extract energy most ef-
ficiently from the incident waves. From a microscopic point of view, when
the condition (2.2.14) is fulfilled the individual atomic dipoles that constitute
the material system are properly phased so that the field emitted by each di-
pole adds coherently in the forward direction. The total power radiated by the
ensemble of atomic dipoles thus scales as the square of the number of atoms
that participate.

When the condition (2.2.14) is not satisfied, the intensity of the emit-
ted radiation is smaller than for the case of Ak = 0. The amplitude of the
sum-frequency (w3) field at the exit plane of the nonlinear medium is given
in this case by integrating Eq. (2.2.10) from z =0 to z = L, yielding

2idefrw3 A1 Az /Lemkz e 2idefrw3 A1 As (efAkL - 1>
0

A3(L) =
3(@) k32 k3c2 i Ak

(2.2.15)

The intensity of the w3 wave is given by the magnitude of the time-averaged
Poynting vector, which for our definition of field amplitude is given by

I; =2nieoc|Ai?, i=1,2,3. (2.2.16)
‘We thus obtain
8n3eodwi|A11?| A | AL — 1 |2
3= > (2.2.17)
k3c Ak
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The squared modulus that appears in this equation can be expressed as

G AKL _ 1|2 G DKL _ |\ [ o—ifAKL _ | (1 —cos AkL)
Ak =L’ AKL AKL =2L (AKL)?
s 2
AKL/2
_ 2% = L%sinc’(AkL/2). (2.2.18)

Finally, our expression for /3 can be written in terms of the intensities of the
incident fields by using Eq. (2.2.16) to express | A; |? in terms of the intensities,
yielding the result

8d2. w2l I AkL
L= 37172 2 G2 (252, (2.2.19)
n1n2n36062 2

Note that the effect of wavevector mismatch is included entirely in the factor
sinc?>(AkL/2). This factor, which is known as the phase mismatch factor, is
plotted in Fig. 2.2.2.

It should be noted that the efficiency of the three-wave mixing process
decreases as |Ak|L increases, with some oscillations occurring. The reason
for this behavior is that if L is greater than approximately 1/Ak, the output
wave can get out of phase with its driving polarization, and power can flow
from the w3 wave back into the w; and w, waves (see Eq. (2.2.10)). For this
reason, one sometimes defines

Leon =2/ Ak (2.2.20)
T T I T T ] T

1 — —
a
=~
3

0 C | | | | | 1 ! i

-3n 0 3n

Ak L/[2

FIGURE 2.2.2 Effects of wavevector mismatch on the efficiency of sum-frequency
generation.
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to be the coherent buildup length of the interaction, so that the phase mismatch
factor in Eq. (2.2.19) can be written as

sinc?(L /Leoh)- (2.2.21)

2.3. Phase Matching

We saw in Section 2.2 that for sum-frequency generation involving undepleted
input beams, the intensity of the generated field at frequency w3 = w1 + w2
varies with the wavevector mismatch

Ak =k +ky— k3 (2.3.1)

according to

- 2
I = [ [w} . (2.3.2)

3 (AKL/2)

This expression predicts a dramatic decrease in the efficiency of the sum-
frequency generation process when the condition of perfect phase matching,
Ak =0, is not satisfied.

For nonlinear mixing processes that are sufficiently efficient to lead to de-
pletion of the input beams, the functional dependence of the efficiency of the
process on the phase mismatch is no longer given by Eq. (2.3.2). However,
even in this case the efficient generation of the output field requires that the
condition Ak = 0 be maintained.

Behavior of the sort predicted by Eq. (2.3.2) was first observed experimen-
tally by Maker et al. (1962) and is illustrated in Fig. 2.3.1. Their experiment
involved focusing the output of a pulsed ruby laser into a single crystal of
quartz and measuring how the intensity of the second-harmonic signal varied
as the crystal was rotated, thus varying the effective path length L through
the crystal. The wavevector mismatch Ak was nonzero and approximately the
same for all orientations used in their experiment.

The phase-matching condition Ak = 0 is often difficult to achieve because
the refractive index of materials that are lossless in the range w; to w3 (we
assume that w; < w» < w3) shows an effect known as normal dispersion: the
refractive index is an increasing function of frequency. As a result, the condi-
tion for perfect phase matching with collinear beams,

moL | nawy 13w

) (2.3.3)

C C c
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quartz crystal photomultiplier
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FIGURE 2.3.1 (a) Experimental setup of Maker et al. (1962). (b) Their experimental
results.

where

wl + wy) = w3, 2.3.4)

cannot be achieved. For the case of second-harmonic generation, with w; =
w2, w3 = 2w1, these conditions require that

n(wy) =nwy), (2.3.9)

which is clearly not possible when 7 (w) increases monotonically with w. For
the case of sum-frequency generation, the argument is slightly more compli-
cated, but the conclusion is the same. To show that phase matching is not
possible in this case, we first rewrite Eq. (2.3.3) as
njwi +nyw
ny= L 22 (23.6)

w3
This result is now used to express the refractive index difference n3 — nj as

niw; +nowy —now3  njwp —np(@3 — )  Nniop —no)

’

n3—nz=

w3 w3 w3
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or finally as

w1

ny—ny=(Mny—ny)—. 2.3.7)

w3
For normal dispersion, n3 must be greater than nj, and hence the left-hand
side of this equation must be positive. However, n, must also be greater
than n1, showing that the right-hand side must be negative, which demon-
strates that Eq. (2.3.7) cannot possess a solution.

In principle, it is possible to achieve the phase-matching condition by mak-
ing use of anomalous dispersion, that is, the decrease in refractive index with
increasing frequency that occurs near an absorption feature. However, the
most common procedure for achieving phase matching is to make use of the
birefringence displayed by many crystals. Birefringence is the dependence of
the refractive index on the direction of polarization of the optical radiation.
Not all crystals display birefringence; in particular, crystals belonging to the
cubic crystal system are optically isotropic (i.e., show no birefringence) and
thus are not phase-matchable.

The linear optical properties of the various crystal systems are summarized
in Table 2.3.1.

In order to achieve phase matching through the use of birefringent crys-
tals, the highest-frequency wave w3 = w; + w; is polarized in the direction
that gives it the lower of the two possible refractive indices. For the case of
a negative uniaxial crystal, as in the example shown in Fig. 2.3.2, this choice
corresponds to the extraordinary polarization. There are two choices for the
polarizations of the lower-frequency waves. Midwinter and Warner (1965) de-
fine type I phase matching to be the case in which the two lower-frequency
waves have the same polarization, and type II to be the case where the polar-
izations are orthogonal. The possibilities are summarized in Table 2.3.2. No
assumptions regarding the relative sizes of w; and w; are implied by the clas-
sification scheme. However, for type II phase matching it is easier to achieve
the phase-matching condition (i.e., less birefringence is required) if wy > w
for the choice of w; and w; used in writing the table. Also, independent of the
relative values of w; and wy, type I phase matching is easier to achieve than
type 1I.

Careful control of the refractive indices at each of the three optical frequen-
cies is required in order to achieve the phase-matching condition (Ak = 0).
Typically phase matching is accomplished by one of two methods: angle tun-
ing and temperature tuning.

Angle Tuning  This method involves precise angular orientation of the crystal
with respect to the propagation direction of the incident light. It is most sim-
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TABLE 2.3.1 Linear optical classification of the various crystal systems

System Linear Optical Classification

Triclinic, monoclinic, orthorhombic  Biaxial

Trigonal, tetragonal, hexagonal Uniaxial
Cubic Isotropic
A
o
Q
E
= n
(3] o
=
=
&
= L
2

frequency, ®
FIGURE 2.3.2 Dispersion of the refractive indices of a negative uniaxial crystal. For

the opposite case of a positive uniaxial crystal, the extraordinary index n. is greater
than the ordinary index n,.

TABLE 2.3.2 Phase-matching methods for uniaxial crys-

tals
Positive uniaxial Negative uniaxial
(ne > np) (ne <ng)
Type 1 nfwz =n{w| +njw; nfwz =njw +njan
Type 1T nfw3 =njw) +nSwy nfw3 =nfo| +njwy

ply described for the case of a uniaxial crystal, and the following discussion
is restricted to this case. Uniaxial crystals are characterized by a particular
direction known as the optic axis (or ¢ axis or z axis). Light polarized per-
pendicular to the plane containing the propagation vector k and the optic axis
is called the ordinary polarization. Such light experiences the ordinary refrac-
tive index n,. Light polarized in the plane containing k and the optic axis is
called the extraordinary polarization and experiences a refractive index n.(6)
that depends on the angle 6 between the optic axis and k according to the
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(0] 19 20
— > k _—

® ordinary I extraordinary

FIGURE 2.3.3 Geometry of angle-tuned phase matching of second-harmonic gener-
ation for the case of a negative uniaxial crystal.

relation™
1 sin?f  cos?6
ne(0)? i n2
Here 1, is the principal value of the extraordinary refractive index. Note that
ne(0) is equal to the principal value 7 for & = 90 degrees and is equal to n,
for & = 0. Phase matching is achieved by adjusting the angle 6 to obtain the
value of n.(0) for which the condition Ak = 0 is satisfied.

As an illustration of angle phase matching, we consider the case of
type I second-harmonic generation in a negative uniaxial crystal, as shown in
Fig. 2.3.3. Since n. is less than n, for a negative uniaxial crystal, one chooses
the fundamental frequency to propagate as an ordinary wave and the second-
harmonic frequency to propagate as an extraordinary wave, in order that the
birefringence of the material can compensate for the dispersion. The phase-
matching condition (2.3.5) then becomes

ne Qw, 0) = no(w), (2.3.9)

(2.3.8)

or
sin® 6 cos? 0 _ 1
e2w)? " no2w)?  no(w)?’

(2.3.10)

In order to simplify this equation, we replace cos?6 by 1 — sin’6 and solve
for sin’ § to obtain

1 1
2 2
sin? = ”0(1‘”) ”0(21“’) . (2.3.11)

MeCw)?  no2w)?
This equation shows how the crystal should be oriented in order to achieve

the phase-matching condition. Note that this equation does not necessarily

* For a derivation of this relation, see, for example, Born and Wolf (1975, Section 14.3), Klein
(1970, Eq. (11.160a)), or Zernike and Midwinter (1973, Eq. (1.26)).
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possess a solution for a physically realizable orientation angle (that is, a real
value of the angle 6). For example, if for some material the dispersion in
the linear refractive index is too large or the birefringence is too small, the
right-hand side of this equation can have a magnitude larger than unity and
consequently the equation will have no solution.

Temperature Tuning  There is one serious drawback to the use of angle tuning.
Whenever the angle 6 between the propagation direction and the optic axis
has a value other than 0 or 90 degrees, the Poynting vector S and the propaga-
tion vector k are not parallel for extraordinary rays. As a result, ordinary and
extraordinary rays with parallel propagation vectors quickly diverge from one
another as they propagate through the crystal. This walkoff effect limits the
spatial overlap of the two waves and decreases the efficiency of any nonlinear
mixing process involving such waves.

For some crystals, notably lithium niobate, the amount of birefringence is
strongly temperature-dependent. As a result, it is possible to phase-match the
mixing process by holding 6 fixed at 90 degrees and varying the temperature
of the crystal. The temperature dependence of the refractive indices of lithium
niobate has been given by Hobden and Warner (1966).

2.4. Quasi-Phase-Matching

Section 2.3 describes techniques that utilize the birefringence of an optical
material to achieve the phase-matching condition of nonlinear optics. This
condition must be maintained for the efficient generation of new frequency
components in any nonlinear optical interaction. However, there are circum-
stances under which these techniques are not suitable. For instance, a particu-
lar material may possess no birefringence (an example is gallium arsenide) or
may possess insufficient birefringence to compensate for the dispersion of the
linear refractive indices over the wavelength range of interest. The problem of
insufficient birefringence becomes increasingly acute at shorter wavelengths,
because (as illustrated very schematically in Fig. 2.3.2) the refractive index of
a given material tends to increase rapidly with frequency at high frequencies,
whereas the birefringence (that is, the difference between the ordinary and
extraordinary refractive indices) tends to be more nearly constant. Another
circumstance under which birefringence phase matching cannot be used is
when a particular application requires the use of the d33 nonlinear coefficient,
which tends to be much larger than the off-diagonal coefficients. However, the
d33 nonlinear coefficient can be accessed only if all the interacting waves are
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polarized in the same direction. Under this circumstance, even if birefringence
is present it cannot be used to compensate for dispersion.

There is a technique known as quasi-phase-matching that can be used when
normal phase matching cannot be implemented. The idea of quasi-phase-
matching is illustrated in Fig. 2.4.1, which shows both a single crystal of non-
linear optical material (part (a)) and a periodically poled material (part (b)).
A periodically poled material is a structure that has been fabricated in such a
manner that the orientation of one of the crystalline axes, often the ¢ axis of a
ferroelectric material, is inverted periodically as a function of position within
the material. An inversion in the direction of the ¢ axis has the consequence
of inverting the sign of the nonlinear coupling coefficient defr. This periodic
alternation of the sign of defr can compensate for a nonzero wavevector mis-
match Ak. The nature of this effect is illustrated in Fig. 2.4.2. Curve (a) of
this figure shows that, in a perfectly phase matched interaction in an ordinary
single-crystal nonlinear optical material, the field strength of the generated
wave grows linearly with propagation distance. In the presence of a wavevec-
tor mismatch (curve c), the field amplitude of the generated wave oscillates
with propagation distance. The nature of quasi-phase-matching is illustrated
by curve (b). Here it is assumed that the period A of the alternation of the
crystalline axis has been set equal to twice the coherent buildup length Lo
of the nonlinear interaction. Then, each time the field amplitude of the gener-
ated wave is about to begin to decrease as a consequence of the wavevector
mismatch, a reversal of the sign of degf occurs which allows the field amplitude
to continue to grow monotonically.

A mathematical description of quasi-phase-matching can be formulated as
follows. We let d(z) denote the spatial dependence of the nonlinear coupling
coefficient. In the example shown in part (b) of Fig. 2.4.1, d(z) is simply the

(a) T

U

A

FIGURE 2.4.1 Schematic representations of a second-order nonlinear optical material
in the form of (a) a homogeneous single crystal and (b) a periodically poled material
in which the positive ¢ axis alternates in orientation with period A.
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(a) with perfect phase-matching ~__ i
L (b) with quasi-phase-matching

(c) with a wavevector
mismatch

field amplitude

z/ Lcoh

FIGURE 2.4.2 Comparison of the spatial variation of the field amplitude of the gener-
ated wave in a nonlinear optical interaction for three different phase matching condi-
tions. Curve (a) assumes that the phase-matching condition is perfectly satisfied, and
consequently the field amplitude grows linearly with propagation distance. Curve (c)
assumes that the wavevector mismatch Ak is nonzero, and consequently the field am-
plitude of the generated wave oscillates periodically with distance. Curve (b) assumes
the case of a quasi-phase-matched interaction, in which the orientation of the positive ¢
axis is periodically modulated with a period of twice the coherent buildup length Lo,
in order to compensate for the influence of wavevector mismatch. In this case the field
amplitude grows monotonically with propagation distance, although less rapidly than
in the case of a perfectly phase-matched interaction.

square-wave function which can be represented as
d(z) = degrsign[cos(2mz/A)]; (2.4.1)

more complicated spatial variations are also possible. In this equation, defr
denotes the nonlinear coefficient of the homogeneous material. The spatial
variation of the nonlinear coefficient leads to a modification of the coupled
amplitude equations describing the nonlinear optical interaction. The nature
of the modification can be deduced by noting that, in the derivation of the cou-
pled amplitude equations, the constant quantity degr appearing in Eq. (2.2.6)
must be replaced by the spatially varying quantity d(z). It is useful to describe
the spatial variation of d(z) in terms of a Fourier series as

d@)=deii Y Gmexp(iknz), (24.2)

m=—0o0
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where k,,, = 2mrm/A is the magnitude of the grating vector associated with
the mth Fourier component of d(z). For the form of modulation given in the
example of Eq. (2.4.1), the coefficients G,, are readily shown to be given by

G = (2/mm)sin(mm /2), (2.4.3)

from which it follows that the fundamental amplitude G is given by G| =
2/m. Coupled amplitude equations are now derived as in Section 2.2. In per-
forming this derivation, one assumes that one particular Fourier component
of d(z) provides the dominant coupling among the interacting waves. After
making the slowly varying amplitude approximation, one obtains the set of
equations

dA; _ 2iwidg A3A§efi(AkQ72km)z’ (2.4.42)
dz nic
dA; _ 2iwndg A3ATe—i(AkQ—2km)z’ (2.4.4b)
dz nac
dA 2iawsd ;

3 _ 4w Q A, Ayei Koz, (2.4.4¢)
dz n3c

where d is the nonlinear coupling coefficient which depends on the Fourier
order m according to

dg =deitGm (24.5)

and where the wavevector mismatch for order m is given by
Akg =ki +ky — k3 + ki (2.4.6)

Note that these coupled amplitude equations are formally identical to those
derived above (that is, Egs. (2.2.10), (2.2.12a), and (2.2.12b)) for a homoge-
neous material, but they involve modified values of the nonlinear coupling
coefficient defr and wavevector mismatch Ak. Because of the tendency for dg
to decrease with increasing values of m (see Eq. (2.9.3)), it is most desirable to
achieve quasi-phase-matching through use of a first-order (m = 1) interaction
for which

Akg =k +ky — k3 =2 /A, do = 2/m)dest. (2.4.7)

From the first of these relations, we see that the optimum period for the quasi-
phase-matched structure is given by

A =2Lconh =2n/(k1 + k2 — k3). (2.4.8)
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As a numerical example, one finds that Loy is equal to 3.4 um for second-
harmonic generation of radiation at a wavelength of 1.06 um in lithium nio-
bate.

A number of different approaches have been proposed for the fabrication of
quasi-phase-matched structures. The idea of quasi-phase-matching originates
in a very early paper by Armstrong et al. (1962), which suggests slicing a non-
linear optical medium into thin segments and rotating alternating segments
by 180 degrees. This approach, while feasible, is hampered by the required
thinness of the individual layers. More recent work has involved the study of
techniques that lead to the growth of crystals with a periodic alternation in
the orientation of the crystalline ¢ axis or of techniques that allow the orien-
tation of the ¢ axis to be inverted locally in an existing crystal. A particularly
promising approach, which originated with Yamada et al. (1993), is the use of
a static electric field to invert the orientation of the ferroelectric domains (and
consequently of the crystalline ¢ axis) in a thin sample of lithium niobate. In
this approach, a metallic electrode pattern in the form of long stripes is de-
posited onto the top surface of a lithium niobate crystal, whereas the bottom
surface is uniformly coated to act as a ground plane. A static electric field of
the order of 21 kV /mm is then applied to the material, which leads to domain
reversal only of the material directly under the top electrode. Khanarian ez al.
(1990) have demonstrated that polymeric materials can similarly be periodi-
cally poled by the application of a static electric field. Quasi-phase-matched
materials offer promise for many applications of nonlinear optics, some of
which are outlined in the review of Byer (1997).

2.5. The Manley-Rowe Relations

Let us now consider, from a general point of view, the mutual interaction of
three optical waves propagating through a lossless nonlinear optical medium,
as illustrated in Fig. 2.5.1.

(1)]—)
(1)2—)

CO3H

FIGURE 2.5.1 Optical waves of frequencies w1, w», and w3 = w; + w» interact in a
lossless nonlinear optical medium.
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We have just derived the coupled-amplitude equations (Egs. (2.2.10)
through (2.2.12b)) that describe the spatial variation of the amplitude of each
wave. Let us now consider the spatial variation of the intensity associated with
each of these waves. Since

I,' =2n,‘6()CA,'A;k, (2.5.1)

the variation of the intensity is described by

ai_, Arddi A (252)
— = ZLN;€ENnC . ; . e
dz i€0 i dz i dz

Through use of this result and Eq. (2.2.12a), we find that the spatial variation
of the intensity of the wave at frequency w is given by

2
an _ 2nieoc%(iA’{A3A§e*’AkZ +cc)
= depdefron (iA3ATAZ€7iAkZ + C.C.)

or by
dl

dz

We similarly find that the spatial variation of the intensities of the waves at
frequencies w; and w3 is given by

= —8edefrwr Im(A3 AT A5e 1 2K%), (2.5.32)

dlp

- = —Seoderrn Im(A3ATA%e ™45, (2.5.3b)
Z
dI .
2 = _Beqderiwz Im(A3 A) Agel 29)
Z

= Beodetrws Im(A3 A A e 14%%). (2.5.3¢)

We see that the sign of d11/dz is the same as that of d I /dz but is opposite to
that of d13/dz. We also see that the direction of energy flow depends on the
relative phases of the three interacting fields.

The set of Eqgs. (2.5.3) shows that the total power flow is conserved, as
expected for propagation through a lossless medium. To demonstrate this fact,
we define the total intensity as

I=5L+5h+5. (2.5.4)
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We then find that the spatial variation of the total intensity is given by
ar _dh  db_drs
dz dz dz dz
= —8eodefi(w) + w2 — w3) Im(A3AT A5 2%) =0,  (25.5)
where we have made use of Eqs. (2.5.3) and where the last equality follows

from the fact that w3 = w; + ws.
The set of Egs. (2.5.3) also implies that

1 I I
d(hy_d(BL)__d(h) (2.5.6)
dz \ w dz \w dz \ w3

as can be verified by inspection. These equalities are known as the Manley—
Rowe relations (Manley and Rowe, 1959). Since the energy of a photon of
frequency w; is fiw;, the quantity I; /w; that appears in these relations is pro-
portional to the intensity of the wave measured in photons per unit area per
unit time. The Manley—Rowe relations can alternatively be expressed as

d (I I d (1 I d (1 I
S(24L58)=o, (A L3 )=, S _22)\_p
dz\w>» w3 dz\w1 w3 dz\w;

2.5.7)

These equations can be formally integrated to obtain the three conserved
quantities (conserved in the sense that they are spatially invariant) My, M>,
and M3, which are given by
=285 B R s
w2 W3 w; w3 w1 w2
These relations tell us that the rate at which photons at frequency w; are
created is equal to the rate at which photons at frequency w» are created and
is equal to the rate at which photons at frequency w3 are destroyed. This re-
sult can be understood intuitively by means of the energy level description
of a three-wave mixing process, which is shown in Fig. 2.5.2. This diagram
shows that, for a lossless medium, the creation of an w; photon must be ac-
companied by the creation of an w; photon and the annihilation of an w3 pho-
ton. It seems at first sight surprising that the Manley—Rowe relations should
be consistent with this quantum-mechanical interpretation, when our deriva-
tion of these relations appears to be entirely classical. Note, however, that
our derivation implicitly assumes that the nonlinear susceptibility possesses
full permutation symmetry in that we have taken the coupling constant de¢s
to have the same value in each of the coupled-amplitude equations (2.2.10),
(2.2.12a), and (2.2.12b). We remarked earlier (following Eq. (1.5.9)) that in
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FIGURE 2.5.2 Photon description of the interaction of three optical waves.

a sense the condition of full permutation symmetry is a consequence of the
laws of quantum mechanics.

2.6. Sum-Frequency Generation

In Section 2.2, we treated the process of sum-frequency generation in the
simple limit in which the two input fields are undepleted by the nonlinear
interaction. In the present section, we treat this process more generally. We
assume the configuration shown in Fig. 2.6.1.

The coupled-amplitude equations describing this interaction were derived
above and appear as Eqs. (2.2.10) through (2.2.12b). These equations can be
solved exactly in terms of the Jacobi elliptic functions. We shall not present
the details of this solution, because the method is very similar to the one that
we use in Section 2.7 to treat second-harmonic generation. Details can be
found in Armstrong et al. (1962); see also Problem 2 at the end of this chapter.

Instead, we treat the somewhat simpler (but more illustrative) case in which
one of the applied fields (taken to be at frequency w) is strong, but the other
field (at frequency w;) is weak. This situation would apply to the conver-
sion of a weak infrared signal of frequency w; to a visible frequency w3 by
mixing with an intense laser beam of frequency w; (see, for example, Boyd
and Townes, 1977). This process is known as upconversion, because in this
process the information-bearing beam is converted to a higher frequency. Usu-
ally optical-frequency waves are easier to detect with good sensitivity than
are infrared waves. Since we can assume that the amplitude A of the field at
frequency w» is unaffected by the interaction, we can take A; as a constant
in the coupled-amplitude equations (Egs. (2.2.10) through (2.2.12b)), which
then reduce to the simpler set
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wl wl
1@
Wy —> dcff=EX() — o,
Wy - > —> 0, =0 t0,

FIGURE 2.6.1 Sum-frequency generation. Typically, no input field is applied at fre-
quency 3.

dA :
L= K AzemidR (2.6.12)
dz
dA :
Z2 — KaAjetik (2.6.1b)
dz
where we have introduced the quantities
2iwldest 2iw3dese
= y = = , 2.6.2
1 e 2 3 2 (2.6.2a)
and
Ak =ky + ky — k3. (2.6.2b)

The solution to Eq. (2.4.1) is particularly simple if we set Ak = 0, and we
first treat this case. We take the derivative of Eq. (2.6.1a) to obtain

d*Ay dAs
—=K;—.
dz? dz
We now use Eq. (2.6.1b) to eliminate d A3 /dz from the right-hand side of this
equation to obtain an equation involving only A (z):

d*A,
dz?
where we have introduced the positive coupling coefficient x2 defined by

dotwid%] Az

(2.6.3)

= —k2A;, (2.6.4)

2
=-K1K3z= 2.6.5
K 1K3 kiksch (2.6.5)
The general solution to Eq. (2.6.4) is
A1(z) = Bcoskz + Csinkz. (2.6.6a)

We now obtain the form of A3(z) through use of Eq. (2.6.1a), which shows
that A3(z) = (dA1/dz)/K1, or

C
~ sinkz + i COSKZ. (2.6.6b)

Ax(z) =
3(2) X X
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We next find the solution that satisfies the appropriate boundary condi-
tions. We assume that the w3 field is not present at the input, so that the
boundary conditions become A3(0) = 0 with A1(0) specified. We find from
Eq. (2.6.6b) that the boundary condition A3(0) = 0 implies that C = 0, and
from Eq. (2.6.6a) that B = A1(0). The solution for the w; field is thus given
by

A1(z) = A1(0)coskz (2.6.7)
and for the ws field by

A3(2) = —A, (O)KL1 sinkz. (2.6.8)

To simplify the form of this equation we express the ratio /K as follows:

K 2wimydefrlAa| ki _i(n1w3>]/2 |As|
K| (kik3)1/2¢c? ZiQ)%deffA; n3wi A; '
The ratio |Az|/ A% can be represented as
[A2] _ Az [Aa| _ AolAo] _ Az _ g,
A5 Ay A |[As2>2 |As '
where ¢, denotes the phase of A;. We hence find that
w3 172 .
A3(2) :i<—*> A1(0)sinkze'?2. (2.6.9)
n3wi

The nature of the solution given by Egs. (2.6.7) and (2.6.9) is illustrated in
Fig. 2.6.2.

Jaf' e
1

intensity

<

Kz

FIGURE 2.6.2 Variation of |A|? and |A3|? for the case of perfect phase matching in
the undepleted-pump approximation.
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Let us next solve Egs. (2.4.1) for the general case of arbitrary wave vector
mismatch. We seek a solution to these equations of the form

A1(z) = (Fe'$% 4 Ge™18%)e 1 AK/2 (2.6.10)
A3(z) = (Ce'$% + De™18%) ! k22 (2.6.11)

where g gives the rate of spatial variation of the fields and where C, D, F,
and G are constants whose values depend on the boundary conditions. We
take this form for the trial solution because we expect the w; and w3 waves
to display the same spatial variation, since they are coupled to each other.
We separate out the factors e*'2¥/2 because doing so simplifies the final
form of the solution. Equations (2.6.10) and (2.6.11) are now substituted into
Eq. (2.6.1a), to obtain

(igFeigZ _ igGe—igz)e—(l/Z)iAkz _ %iAk(FeigZ + Ge—igz)e—(l/Z)iAkz
= (K1Ce'$% + K De™'8%) e~ (1/2iAk, (2.6.12)

Since this equation must hold for all values of z, the terms that vary as ei8?
and e~ ’8% must each maintain the equality separately; the coefficients of these
terms thus must be related by

F(ig — 3iAk) = K/ C, (2.6.13)
~G(ig + %iAk) = K D. (2.6.14)

In a similar fashion, we find by substituting the trial solution into Eq. (2.6.1b)
that

(igceigz _ igDe—igz)e(lﬂ)iAkz + %iAk(CeigZ + De*igz)e(l/Z)iAkz
= (K3Fe'$* + K3Ge'87)e1/2inkz, (2.6.15)

and in order for this equation to hold for all values of z, the coefficients must
satisfy

C(ig + 3i Ak) = K3F, (2.6.16)
—D(ig — YiAk) = K3G. (2.6.17)

Equations (2.6.13) and (2.6.16) constitute simultaneous equations for F
and C. We write these equations in matrix form as

[k ][
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A solution to this set of equations exists only if the determinant of the matrix
of coefficients vanishes, i.e., if

g’ =—KiK3+ Ak (2.6.18)

As before (cf. Eq. (2.6.5)), we introduce the positive quantity x> = — K K3,
so that we can express the solution to Eq. (2.6.18) as

g =1/Kk2+ 1AK% (2.6.19)

In determining g we take only the positive square root in the foregoing ex-
pression, since our trial solution (2.6.10) and (2.6.11) explicitly contains both
the e™8% and e~ 8% spatial variations.

The general solution to our original set of equations (2.6.1) is given by
Egs. (2.6.10) and (2.6.11) with g given by Eq. (2.6.19). We evaluate the arbi-
trary constants C, D, F, and G appearing in the general solution by applying
appropriate boundary conditions. We assume that the fields A; and A3 are
specified at the input plane z = 0 of the nonlinear medium, so that A;(0) and
A3(0) are known. Then, by evaluating Eqgs. (2.6.10) and (2.6.11) at z =0, we
find that

A1(0)=F + G, (2.6.20)
A3(0) = C + D. (2.6.21)

Equations (2.6.13) and (2.6.14) give two additional relations among the quan-
tities C, D, F, and G. Consequently there are four independent linear equa-
tions relating the four quantities C, D, F, and G, and their simultaneous so-
lution specifies these four quantities. The values of C, D, F, and G thereby
obtained are introduced into the trial solutions (2.6.10) and (2.6.11) to obtain
the solution that meets the boundary conditions. This solution is given by

K i Ak .
A1(z) = | A1(0)cos gz + <—1A3(O) + ’Z—Al(O)) singz]e(l/z)’Akz,
g g

(2.6.22)

A3(z) = | A3(0)cos gz + (

—iAk
A
2g

K .
3(0) + _3A1(0)) sin gZ]E(I/Z)zAkz‘
8
(2.6.23)

In order to interpret this result, let us consider the special case in which
no sum-frequency field is incident on the medium, so that A3(0) = 0.
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FIGURE 2.6.3 Spatial variation of the sum-frequency wave in the undepleted-pump
approximation.

Equation (2.6.23) then reduces to

K .
A3(z) = — A1(0) sin gz eI/ 8K (2.6.24)
8
and the intensity of the generated wave is proportional to
K3|* .
@ =) 32' sin gz, (2.6.25)

8

where g is given as before by Eq. (2.6.19). We note that the characteristic scale
length g~! of the interaction becomes shorter as Ak increases. However, as
Ak increases the maximum intensity of the generated wave decreases. Since,
according to Eq. (2.6.25), the intensity of the generated wave is inversely pro-
portional to g2, we see that as Ak is increased the maximum intensity of the
generated wave is decreased by the factor |K31%2/ (k2 + A—{Akz). This sort of
behavior is illustrated in Fig. 2.6.3, in which the predictions of Eq. (2.6.25)
are displayed graphically.

2.7. Second-Harmonic Generation

In this section we present a mathematical description of the process of second-
harmonic generation, shown symbolically in Fig. 2.7.1. We assume that the
medium is lossless both at the fundamental frequency w; and at the second-
harmonic frequency w; =2wj, so that the nonlinear susceptibility obeys the
condition of full permutation symmetry. Our discussion closely follows that
of one of the first theoretical treatments of second-harmonic generation (Arm-
strong et al., 1962).

We take the total electric field within the nonlinear medium to be given by

E(z,t)=E\(z,1) + Ea(z2, 1), Q2.7.1)
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FIGURE 2.7.1 Second-harmonic generation.

where each component is expressed in terms of a complex amplitude E;(z)
and slowly varying amplitude A ;(z) according to

Ej(z,t) = Ej(z)e ™" +-cc., (2.7.2)
where
Ej(z) =A@, (2.7.3)
and where the propagation constant and refractive index are given by

172

ki=njwi/e, nj=[eD ()] (2.7.4)

We assume that each frequency component of the electric field obeys the
driven wave equation (see also Eq. (2.1.21))

PE; D o’E; 1 9 o

072 c2 a2 eyc? ﬁPj' 2.7.5)
The nonlinear polarization is represented as
PNY(z,1) = Py(z.1) + Py (2. 1) (2.7.6)
with
Pi(z,t) = Pj()e " +cc., j=1,2. (2.7.7)

The expressions for the polarization amplitudes are given according to
Eqgs. (1.5.28) and (1.5.29) by

Pi(z) = 4€0deffE2ET = 460deffA2ATei(k27kl)Z (2.7.8)
and
P(2) = 26()deffE% = 2€0deffA%€2ik1Z. 2.7.9)

Note that the degeneracy factors appearing in these two expressions are dif-
ferent. We obtain coupled-amplitude equations for the two frequency com-
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ponents by methods analogous to those used in Section 2.2 in deriving the
coupled-amplitude equations for sum-frequency generation. We find that

dA;  2iwtdes

T he Ay Ate Ak (2.7.10)
and
dd_/Zz - i‘éj;ﬁA%eiAkZ, (2.7.11)
where
Ak =2k; — ks. (2.7.12)

In the undepleted-pump approximation (i.e., A; constant), Eq. (2.7.11) can
be integrated immediately to obtain an expression for the spatial dependence
of the second-harmonic field amplitude. More generally, the pair of coupled
equations must be solved simultaneously. To do so, it is convenient to work
with the modulus and phase of each of the field amplitudes rather than with the
complex quantities themselves. It is also convenient to express these ampli-
tudes in dimensionless form. To do so, we write the complex, slowly varying
field amplitudes as

J 2
Al = < ) upe'? (2.7.13)
2n1€pc

J 12
Ay = < ) ure'?2, (2.7.14)
2ny€pc

Here we have introduced the total intensity of the two waves,
I=1L+1D, (2.7.15)
where the intensity of each wave is given by
1; =2n;eoc|Aj % (2.7.16)

As a consequence of the Manley—Rowe relations, the total intensity / is in-
variant under propagation. The real, normalized field amplitudes u; and uy are
defined such that u% + u% is also a conserved (i.e., spatially invariant) quantity
that satisfies the relation

u1(2)” +ur ()’ = 1. 2.7.17)
We next introduce a normalized distance parameter

¢=z/1, (2.7.18)
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where

| (2nin2 e (2.7.19)
el 2w dett o

is the characteristic distance over which the fields exchange energy. We also
introduce the relative phase of the interacting fields,

0 =2¢1 — ¢ + Akz, (2.7.20)
and a normalized phase mismatch parameter
As = Akl. (2.7.21)

The quantities u j, ¢;, ¢, and As defined in Eqs. (2.7.13) through (2.7.21) are
now introduced into the coupled-amplitude equations (2.7.10) and (2.7.11),
which reduce after straightforward (but lengthy) algebra to the set of coupled
equations for the three real quantities u1, u,, and 6:

d
S wunsine, (2.7.22)
dg

d
22 _WPsine, (2.7.23)
dg

do 0 d

2 = As+ 2225 (nuduy). (2.7.24)
dc sinf d¢

This set of equations has been solved under general conditions by Armstrong
et al. We shall return later to a discussion of the general solution, but for now
we assume the case of perfect phase matching so that Ak and hence As van-
ish. It is easy to verify by direct differentiation that, for As =0, Eq. (2.7.24)
can be rewritten as

d 2

— In (ujup cosf) = 0. (2.7.25)
d¢

Hence the quantity In(cos 9u%u2) is a constant, which we call InT", so that the
solution to Eq. (2.7.25) can be expressed as

uluycos =T. (2.7.26)

The quantity I" is independent of the normalized propagation distance ¢, and
thus the value of I" can be determined from the known values of u1, uy, and 0
at the entrance face to the nonlinear medium, ¢ = 0.

We have thus found two conserved quantities: u% + u% (according to
Eq. (2.7.17)) and u%uz cos6 (according to Eq. (2.7.26)). These conserved
quantities can be used to decouple the set of equations (2.7.22)—(2.7.24).
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Equation (2.7.23), for instance, can be written using Eq. (2.7.17) and the iden-
tity sin®6 + cos26 =1 as

‘2—”;2 = +(1—ud)(1 — cos20) "%, (2.727)

Equations (2.7.26) and (2.7.17) are next used to express cos? 6 in terms of the
conserved quantity I' and the unknown function u;; the resulting expression
is substituted into Eq. (2.7.27), which becomes

duz 5 ( FZ )1/2 5 ( I—Q )1/2
— =x(l—u 1—— =+(1—u 1l-— .
dt ( 2) u‘l‘u% ( 2) a- u%)zu%

(2.7.28)

This result is simplified algebraically to give

2 a1 )
or
2
‘Z—if R (2.7.29)

This equation is of a standard form, whose solution can be expressed in terms
of the Jacobi elliptic functions. An example of the solution for one particular
choice of initial conditions is illustrated in Fig. 2.7.2. Note that, in general,
the fundamental and second-harmonic fields interchange energy periodically.

The solution of Eq. (2.7.29) becomes particularly simple for the special
case in which the constant I vanishes. The condition I' = 0 occurs whenever

J

—
T
|

, u?

fraction of total power

FIGURE 2.7.2 Typical solution to Eq. (2.7.29), after Armstrong et al. (1962).



2.7. Second-Harmonic Generation 101

the amplitude of either of the two input fields is equal to zero or whenever the
fields are initially phased so that cos & = 0. We note that since I" is a conserved
quantity, it is then equal to zero for all values of ¢, which in general requires
(see Eq. (2.7.26)) that

cosf =0. (2.7.30a)

For definiteness, we assume that
sinf = —1 (2.7.30b)

(rather than +1). We hence see that the relative phase of the interacting fields
is spatially invariant for the case of I' = 0. In addition, when I" = 0 the
coupled-amplitude equations (2.7.22) through (2.7.24) take on the relatively
simple forms

d
dLCI = —uius, (2.7.31)
d
22 (2.7.32)
d¢
This second equation can be transformed through use of Eq. (2.7.17) to obtain
duy
P 1 —u3, (2.7.33)
whose solution is
ur = tanh(¢ + &), (2.7.34)

where ¢ is a constant of integration.
We now assume that the initial conditions are

u1(0) =1, u(0) =0. (2.7.35)

These conditions imply that no second-harmonic light is incident on the non-
linear crystal, as is the case in most experiments. Then, since tanh0 = 0, we
see that the integration constant &y is equal to O and hence that

u>(¢) = tanh . (2.7.36)

The amplitude u; of the fundamental wave is found immediately through use
of Eq. (2.7.32) (or through use of Eq. (2.7.17)) to be given by

u1(¢) = sech. (2.7.37)
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FIGURE 2.7.3 Spatial variations of the fundamental and second-harmonic field am-
plitudes for the case of perfect phase matching and the boundary condition u,(0) = 0.

Recall that ¢ = z//. For the case in which only the fundamental field is present
at z =0, the length parameter of Eq. (2.7.19) is given by

_ (mn)'e
- 2widett|A1(0)]

The solution given by Egs. (2.7.36) and (2.7.37) is shown graphically in
Fig. 2.7.3. We see that in the limit { — oo all of the incident radiation is con-
verted into the second harmonic. In addition, we note that tanh (¢ + &) has
the same asymptotic behavior for any finite value of ¢g. Thus, whenever I' is
equal to zero, all of the radiation at the fundamental frequency will eventually
be converted to the second harmonic, for any initial ratio of u| to u5.

As mentioned above, Armstrong et al. have also solved the coupled-
amplitude equations describing second-harmonic generation for arbitrary Ak.
They find that in this case the solution can also be expressed in terms of el-
liptic integrals. We shall not reproduce their derivation here; instead we sum-
marize their results graphically in Fig. 2.7.4 for the case in which no radiation
is incident at the second-harmonic frequency. We see from the figure that the
effect of a nonzero propagation-vector mismatch is to lower the conversion
efficiency.

As an illustration of how to apply the formulas derived in this section, we
estimate the conversion efficiency for second-harmonic generation attainable
using typical cw lasers. We first estimate the numerical value of the parame-
ter ¢ given by Eqgs. (2.7.18) and (2.7.38) at the plane z = L, where L is the
length of the nonlinear crystal. We assume that the incident laser beam carries
power P and is focused to a spot size wy at the center of the crystal. The field

(2.7.38)
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E=z/¢

FIGURE 2.7.4 Effect of wavevector mismatch on the efficiency of second-harmonic
generation.

strength A can then be estimated by the expression

P
Iy = — =2nj€cAf. (2.7.39)
7Tw0

We assume that the beam is optimally focused in the sense that the focal spot
size wy is chosen so that the depth b of the focal region is equal to the length L
of the crystal, that is,*
27 w%
Coha/mi

where A; denotes the wavelength of the incident wave in vacuum. From
Egs. (2.7.39) and (2.7.40), the characteristic value of the laser field amplitude
under these conditions is seen to be given by

P 1/2

Al = , (2.7.41)
€ocA L

hence the parameter { = L/ is given through use of Eq. (2.7.38) by

272 1/2
- (16n deffLP) /
eocnlnzk%

(2.7.40)

(2.7.42)

Typical values of the parameters appearing in this equation are degf = 4 X
1072 m/V,L=1cm, P=1W, A=0.5 x 107% m, and n = 2, which lead

* See also the discussion of nonlinear interactions involving focused gaussian beams presented in
Section 2.10.
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to the value ¢ = 0.14. The efficiency n for conversion of power from the w;
wave to the wy wave can be defined by
- u3(L)
u7(0)

(2.7.43)

and from Eq. (2.7.36), we see that for the values just given, n is of the order
of 2%.

2.7.1.  Applications of Second-Harmonic Generation

Surface Nonlinear Optics  One important application of second-harmonic gen-
eration is its use as an exacting diagnostic of the surface properties of optical
materials. As noted above, second-harmonic generation is a forbidden process
for a material that possesses a center of inversion symmetry. The surface of
a material clearly lacks inversion symmetry, and thus second-harmonic gen-
eration can occur at the surface of a material of any symmetry group. For
the same reason, the intensity and angular distribution of surface second-
harmonic generation depends critically on the morphology of a surface and
on the presence of impurities on the surface of the material. Good reviews of
the early work in this area are given by Shen (1985, 1989), and procedures for
calculating the intensity of the second-harmonic light are given by Mizrahi
and Sipe (1988).

Nonlinear Optical Microscopy ~An important application of harmonic genera-
tion is nonlinear microscopy. One motivation for using nonlinear effects and
in particular harmonic generation in microscopy is to provide enhanced trans-
verse and longitudinal resolution. Resolution is enhanced because nonlinear
processes are excited most efficiently in the region of maximum intensity of a
focused laser beam. Microscopy based on harmonic generation also offers the
advantage that the signal is far removed in frequency from unwanted back-
ground light that results from linear scattering of the incident laser beam.
Moreover, light at a wavelength sufficiently long that it will not damage bio-
logical materials can be used to achieve a resolution that would normally re-
quire a much shorter wavelength. Harmonic-generation microscopy can make
use either of the intrinsic nonlinear response of biological materials or can
be used with materials that are labeled with nonlinear optical chromophores.
Microscopy based on second-harmonic generation in the configuration of a
confocal microscope and excited by femtosecond laser pulses was introduced
by Curley et al. (1992). Also, harmonic-generation microscopy can be used to
form images of transparent (phase) objects, because the phase matching con-
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dition of nonlinear optics depends sensitively on the refractive index variation
within the sample being imaged (Muller e? al., 1998).

Guo et al. (1997) have used tomography based on second-harmonic gen-
eration to characterize biological materials. Gauderon et al. (1998) have
demonstrated three-dimensional imaging based on second-harmonic genera-
tion with fs laser pulses. They used this method to characterize the microcrys-
tal structure of lithium triborate. Campagnola et al. (1999) have used second-
harmonic generation to produce images of live cells. Moreaux et al. (2000)
have used styrl dyes as labels to image membranes using second-harmonic
generation microscopy.

Third-harmonic generation has also been used for imaging applications.
Muller et al. (1998) have demonstrated imaging of transparent objects using
microscopy based on third-harmonic generation. Yelin and Silberberg (1999)
have constructed a scanning microscope based on third-harmonic generation
and have used it for the imaging of biological materials.

Nonlinear optical interactions that do not entail harmonic generation also
have been shown to hold great promise in optical microscopy. For example,
Gustafsson (2005) has shown that through the use of structured illumination
and a sample that exhibits saturable absorption, he was able to achieve a trans-
verse resolution of 50 nm. Moreover, Westphal and Hell (2005) have shown
the depletion of fluorescence by means of stimulated emission can be used
to achieve extremely high subwavelength resolution (in particular, 16 nm or
1/50 of their operating wavelength) in optical microscopy.

2.8. Difference-Frequency Generation and Parametric
Amplification

Let us now consider the situation shown in Fig. 2.8.1, in which optical waves
at frequencies w3 and w; interact in a lossless nonlinear optical medium to
produce an output wave at the difference frequency wy; = w3z — w;. For sim-
plicity, we assume that the w3 wave is a strong wave (i.e., is undepleted by

w3 _—> e w,%
1
O ——> g = ‘2%() —> 0
O, > > 0,=0,-0

FIGURE 2.8.1 Difference-frequency generation. Typically, no input field is applied
at frequency w;.
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the nonlinear interaction, so that we can treat A3 as being essentially con-
stant), and for the present we assume that no field is incident on the medium
at frequency w;.

The coupled-amplitude equations describing this interaction are obtained
by a method analogous to that used in Section 2.2 to obtain the equations
describing sum-frequency generation and have the form

dA 2i wzdeff

1 * zAkz
= AzAse 2.8.1
Az ki (28.12)
dA2 2i6()%deff i Ak
— = Az ATe 2R 2.8.1b
dz ka2 O01¢ (2.8.1b)
where
Ak =k — ki — k. (2.8.2)

We first solve these equations for the case of perfect phase matching—that
is, Ak = 0. We differentiate Eq. (2.8.1b) with respect to z and introduce the
complex conjugate of Eq. (2.8.1a) to eliminate d A}/dz from the right-hand
side. We thereby obtain the equation

d*A;  dolwid?
2 _ 40 A3 A5 Ay = A, (2.8.3)
d22 k]kzc

where we have introduced the real coupling constant ¥ given by

4d>0? w3
2 _ 7% ®1% 4 2 A
—_ A . 2.8.
“ kikac* A3l ( )

The general solution to this equation is
Az(z) = Csinhkz + Dcoshkz, (2.8.5)

where C and D are integration constants whose values depend on the bound-
ary conditions.
We now assume the boundary conditions

A2(0) =0, A1(0) arbitrary. (2.8.6)

The solution to Egs. (2.8.1a) and (2.8.1b) that meets these boundary condi-
tions is readily found to be

Ai(z) = A1(0)coshkz, (2.8.7)
172 A
Az(2) _l<n1w2> 3 px 1(0)sinhkz. (2.8.8)
nawi |A3]
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FIGURE 2.8.2 Spatial evolution of A; and A for difference-frequency generation
for the case Ak = 0 in the constant-pump approximation.

The nature of this solution is shown in Fig. 2.8.2. Note that both the w; and
the w; fields experience monotonic growth and that asymptotically each field
experiences exponential growth (i.e., for kz > 1, each grows as ¢“?). We see
from the form of the solution that the w; field retains its initial phase and is
simply amplified by the interaction, whereas the generated wave at frequency
@» has a phase that depends both on that of the pump wave and on that of the
w1 wave. This behavior of monotonic growth of both waves is qualitatively
dissimilar from that of sum-frequency generation, where oscillatory behavior
occurs.

The reason for the different behavior in this case can be understood intu-
itively in terms of the energy level diagram shown in Fig. 2.8.3. We can think
of diagram (a) as showing how the presence of a field at frequency w; stim-
ulates the downward transition that leads to the generation of the w, field.
Likewise, diagram (b) shows that the w; field stimulates the generation of the
w1 field. Hence the generation of the w; field reinforces the generation of the
w» field, and vice versa, leading to the exponential growth of each wave.

Since the w; field is amplified by the process of difference-frequency gen-
eration, which is a parametric process, this process is also known as para-
metric amplification. In this language, one says that the signal wave (the w;
wave) is amplified by the nonlinear mixing process, and an idler wave (at
w2 = w3 — wy) is generated by the process. If mirrors that are highly reflect-
ing at frequencies w; and/or w; are placed on either side of the nonlinear
medium to form an optical resonator, oscillation can occur as a consequence
of the gain of the parametric amplification process. Such a device is known
as a parametric oscillator and is described in greater detail in the following
section.
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FIGURE 2.8.3 Difference-frequency generation.

The first cw optical parametric oscillator was built by Giordmaine and
Miller in 1965. The theory of parametric amplification and parametric os-
cillators has been reviewed by Byer and Herbst (1977).

The solution to the coupled-amplitude equations (2.8.1) for the general case
of arbitrary Ak # 0 makes a good exercise for the reader (see Problem 4 at
the end of this chapter).

2.9. Optical Parametric Oscillators

We noted in the previous section that the process of difference-frequency gen-
eration necessarily leads to the amplification of the lower-frequency input
field. This amplification process is known as optical parametric amplifica-
tion, and the gain resulting from this process can be used to construct a device
known as an optical parametric oscillator (OPO). These features are summa-
rized in Fig. 2.9.1. Part (a) of the figure shows that in generating the difference
frequency w; = wp — ws, the lower-frequency input wave ws is amplified. Con-
ventionally, w,, is known as the pump frequency, ws the signal frequency, and
wj the idler frequency. The gain associated with the process of optical para-
metric amplification can in the presence of feedback produce oscillation, as
shown in part (b) of the figure. If the end mirrors of this device are highly
reflecting at both frequencies wg and wj, the device is known as a doubly res-
onant oscillator; if they are highly reflecting at ws or w; but not at both, the
device is known as a singly resonant oscillator. Note that when an OPO is
operated near the point of degeneracy (ws = wj) it tends to operate as a dou-
bly resonant oscillator.* The optical parametric oscillator has proven to be a

* In principle, polarization effects can be used to suppress cavity feedback for either the signal or
idler wave for the case of type-II phase matching.
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FIGURE 2.9.1 (a) Relationship between difference-frequency generation and optical
parametric amplification. (b) The gain associated with the process of optical paramet-
ric amplification can be used to construct the device shown, which is known as an
optical parametric oscillator.

versatile source of frequency-tunable radiation throughout the infrared, visi-
ble, and ultraviolet spectral regions. It can produce either a continuous-wave
output or pulses of nanosecond, picosecond, or femtosecond duration.

Let us recall how to calculate the gain of the process of optical paramet-
ric amplification. For convenience, we label the pump, signal, and idler fre-
quencies as wp = w3, ws = w1, and w; = w;. We take the coupled amplitude
equations to have the form (see also Egs. (2.8.1))

dA]  2iwldes

o= IQTA3A§eiAkZ, (2.9.1a)

dAy 2iwld .

e T T (2.9.1b)
4 2C

where Ak = k3 — k1 — k2. These equations possess the solution

| Ak 1
Ai2) =1 410 (Coshgz -5 sinhgz) +“L A%(0) sinh gz | /<72,
g g

(2.9.2a)

| Ak 1
Ar(2) = | A2(0) (cosh gz — 12— sinh gz) + QAT(O) sinh gz el ka2
8 8

(2.9.2b)
where we have introduced the quantities

2iw]destA
and k= =5, (293)
1

g = [kt — (Ak/2)2]'?

For the special case of perfect phase matching (Ak = 0) and under the as-
sumption that the input amplitude of field A, vanishes (A2(0) = 0), the
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solution reduces to

A1(z) = A1(0)coshgz = %Al (0)exp(gz) (2.9.4a)
12 A
Ay(z) = i(”“’”) L3 A%(0) sinh gz = O(1)A%(0) exp(g2).
nywi |Asz]

(2.9.4b)

In each expression, the last form gives the asymptotic value for large z, and the
symbol O (1) means of the order of unity. One sees that asymptotically both
waves experience exponential growth, with an amplitude gain coefficient of g.

Threshold for Parametric Oscillation We next consider the threshold condition
for the establishment of parametric oscillation. We treat the device shown in
Fig. 2.9.1(b), in which the two end mirrors are assumed to be identical but are
allowed to have different (intensity) reflectivities Ry and R at the signal and
idler frequencies.

As a first approximation, we express the threshold condition as a state-
ment that the fractional energy gain per pass must equal the fractional en-
ergy loss per pass. Under the assumptions of exact cavity resonance, of per-
fect phase matching (Ak = 0), and that the cavity is doubly resonant with
the same reflectivity at the signal and idler frequencies (that is, Ry = R =R,
(1 — R) « 1), this condition can be expressed as

(%L —1)=2(1-R). (2.9.5)

Under the realistic condition that the single-pass exponential gain 2gL is not
large compared to unity, this condition becomes

¢L=1—R. (2.9.6)

This is the threshold condition first formulated by Giordmaine and Miller
(1965).

The threshold condition for optical parametric oscillation can be formulated
more generally as a statement that the fields within the resonator must repli-
cate themselves each round trip. For arbitrary end-mirror reflectivities at the
signal and idler frequencies, this condition can be expressed, again assuming
perfect phase matching, as

A1(0) = [Al (0)coshgL + % A%(0) sinh gL](l 1), (2.9.7a)

50) = [A;(O) coshgL + %2 A1(0) sinh gL](l —b), (2.9.7b)
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where [; = 1 — R;e™ %" is the fractional amplitude loss per pass, «; being the
absorption coefficient of the crystal at frequency w;. By requiring that both of
Egs. (2.9.7) be satisfied simultaneously, we find the threshold condition to be

Il

hgL=1+————.
coshg +2—11—lz

(2.9.8)
The threshold conditions for both doubly resonant oscillators and singly res-
onant oscillators are contained in this result. The doubly resonant oscillator is
described by taking the limit of low loss for both the signal and idler waves
(11, I <« 1). In this limit, cosh g L can be approximated by 1 + % g%L?, lead-
ing to the conclusion that the threshold condition for a doubly resonant oscil-
lator is

2L* =11y, (2.9.9)

in consistency with Eq. (2.9.6).

The threshold condition for a singly resonant oscillator can be obtained by
assuming that there is no feedback for the idler frequency, that is, that [, = 1.
If we assume low loss for the signal frequency (that is, /; < 1), the threshold
condition becomes

g*L? =21, (2.9.10)

Note that the threshold value of gL for a singly resonant oscillator is larger
than that of the doubly resonant oscillator by a factor of (2/,)'/2. Despite
this fact, it is usually desirable to configure optical parametric oscillators to
be singly resonant because of the increased stability of singly resonant oscil-
lators, for reasons that are explained below.

For simplicity, the treatment of this subsection has assumed the case of per-
fect phase matching. It is easy to show that the threshold condition for the case
Ak # 0 can be obtained by replacing g? by g> sinc?>(AkL/2) in Eqs. (2.9.9)
and (2.9.10).

Wavelength Tuning of an OPO The condition of energy conservation ws +
w;j = wp allows any frequency ws smaller than w,, to be generated by an optical
parametric oscillator. The output frequency wg can be controlled through the
phase-matching condition Ak = 0, which invariably can be satisfied for at
most one pair of frequencies ws and w;. The output frequency bandwidth can
often be narrowed by placing wavelength-selective items (such as etalons)
inside the OPO cavity.

The principles of phase matching were described earlier in Section 2.3.
Recall that phase matching can be achieved either by varying the orientation



112 2 < Wave-Equation Description of Nonlinear Optical Interactions

of the nonlinear crystal (angle phase matching) or by varying the temperature
of the crystal.

2.9.1. Influence of Cavity Mode Structure on OPO Tuning

Let us now take a more detailed look at the tuning characteristics of an OPO.
We shall see that both the tuning and stability characteristics of an OPO are
very different for the singly resonant and doubly resonant cases.

Note first that under typical conditions the cavity mode spacing and cavity
resonance width tend to be much smaller than the width of the gain curve of
the optical parametric amplification process. This circumstance is illustrated
in Fig. 2.9.2.* Let us next consider which of these cavity modes will actually
undergo oscillation.

For the case of a singly resonant oscillator (displayed in part a of Fig. 2.9.3),
the situation is relatively simple. Oscillation occurs on the cavity mode closest
to the peak of the gain curve. Note also that (barring mechanical instabilities,
etc.) oscillation will occur on only one cavity mode. The reason for this be-
havior is that once oscillation commences on the cavity mode closest to the
peak of the gain curve, the pump power is depleted, thus lowering the gain to
the value of the loss for this mode. By assumption, the gain will be smaller at
the frequencies of the other cavity modes, and thus these modes will be below

10 MHz ~ 100 GHz

[—

Ave ~1 GHz

FIGURE 2.9.2 Schematic representation of the gain spectrum (the broad curve) and
cavity mode structure of an OPO. Note that typically many cavity modes lie beneath
the gain profile of the OPO.

* This example assumes that the cavity length L. is 15 cm so that the cavity mode spacing Ave =
¢/2L. is 1 GHz, that the cavity finesse F is 100 so that the linewidth associated with each mode is
1 GHz/F = 10 MHz and that the width of the gain curve is 100 GHz. This gain linewidth is estimated
by assuming that AkL (which is zero at the center of the gain line and where L is the crystal length)
drops to the value 7 at the edge of the gain line. If we then assume that Ak changes with signal
frequency because of material dispersion, and that dn/dv is of the order of 10715 sec, we obtain
100 GHz as the gain bandwidth.
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(a) , ~—— frequency for which Ak =0
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FIGURE 2.9.3 (a) Symbolic representation of the mode structure of a singly resonant
OPO. (b) Symbolic representation of the mode structure of a doubly resonant OPO.
The signal-frequency and idler-frequency axes increase in opposite directions, such
that at each horizontal point ws + w; has the fixed value wy. Thus, any point on the axis
represents a point where the energy conservation relation ws + wj = wp is satisfied,
although only at points where signal and idler modes occur at the same horizontal
point is the double-resonance condition satisfied.

threshold for oscillation. This behavior is very much analogous to that of a
homogeneously broadened laser, which tends to oscillate on a single cavity
mode.

Consider now the different situation of a doubly resonant oscillator
(Fig. 2.9.3(b)). For a doubly resonant oscillator, oscillation is very much fa-
vored under conditions such that a signal and its corresponding idler mode
can simultaneously support oscillation. Note from the figure that neither of
these modes is necessarily the mode closest to the peak of the gain curve
(which occurs at Ak = 0). As a consequence doubly resonant oscillators tend
not to tune smoothly. Moreover, such devices tend not to run stably, because,
for example, small fluctuations in the pump frequency or the cavity length L
can lead to disproportionately large variations in the signal frequency.

The argument just presented, based on the structure of Fig. 2.9.3(b), presup-
poses that the cavity modes are not equally spaced. In fact, it is easy to show
that the cavity mode spacing for a cavity of length L. filled with a dispersive
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medium is given by

Ave= S0 Gheren® =nty 2.9.11)
‘T n@2L’ B dv o
(see Problems 7 and 8 at the end of this chapter), which clearly is not a con-

stant as a function of frequency. Here n‘® is known as the group index.

Let us next examine more quantitatively the nature of the decreased stabil-
ity of the doubly resonant oscillator. We first estimate the characteristic fre-
quency separation dw between the peak of the gain curve and the frequency
of actual oscillation, which is illustrated pictorially in Fig. 2.9.3(b). To do so,
it is convenient to first introduce the quantity

Aw=wp — o™ — a)i(m), (2.9.12)

S

where a)gm) is one of the signal cavity-mode frequencies and similarly

for a)i(m). Clearly, oscillation can occur only for a pair of modes such that
Aw =~ 0 (or more precisely where Aw < Sw, where Sw, is the spectral width
of the cavity resonance). Note next that in jumping by one cavity mode for
both wg and wj, the quantity Aw will change by the amount

6(Aw)—27r( c __¢ )—E<M> (2.9.13)
2n§g)LC an(g)LC L, n§g)nlgg) : 9.

We next estimate the value of the frequency separation §w by noting that
it corresponds to a change in Aw from its value near the point Ak =0 to its
value (® 0) at the oscillation point. Unless the length of the OPO cavity is
actively controlled, the value of Aw near Ak = 0 can be as large as one-half
of a typical mode spacing or

1 2rce TC
Awy >~ — = , 2.9.14
=5 (Zn(g)Lc) mOL, (29:14)

where n®) is some typical value of the group index. The number of modes
between the peak of the gain curve and the actual operating point under this
situation is thus of the order of

Awp n&

N = = (2.9.15)
§(Aw) 2(n§8) _nlfg))
and the characteristic frequency separation dw is thus given by
2 1
b= AwcN ~ —" e (2.9.16)

———N=—— .
2n@ L, 2L, (ngg) _ nlgg))
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Note that this shift can be very large for ngg) ~ ngg).

The model just presented can be used to estimate an important quantity,
the operational linewidth 8w©P®) of the oscillator. We noted above that in
principle an OPO should oscillate on a single cavity mode. However, because
of unavoidable technical noise, an OPO might be expected to oscillate (si-
multaneously or sequentially) on many different cavity modes. The techni-
cal noise might be in the form of mechanical vibrations of the OPO cavity,
leading to a jitter of amount §w, in the resonance frequency of each cavity
mode. Alternatively, the technical noise might be in the form of the spectral
breadth dw, of the pump radiation. Whichever effect is larger might be ex-
pected to dominate and thus the effective value of the technical noise is given
by dweft = max(dw,, dwp). Analogously to Eq. (2.9.15), one then expects the
number of modes that undergo oscillation to be given by

S Weff _ max(§wp, dwc)

Nose = = 2.9.17
T 8(Aw) 8(Aw) ( )
Consequently, the OPO linewidth is expected to be
50 = NopoAwe = ——5— max(8wp, Swc). (2.9.18)

-

Note that the linewidth of an OPO tends to be much greater than that of the
pump field or that of the bare OPO cavity. Active stabilization can be used to
decrease this linewidth.

Equation (2.9.18) has important implications in the design of OPOs. Note
that this expression formally diverges at the point of degeneracy for a type-I
(but not a type-II) OPO. The narrower linewidth of a type-II OPO compared
to that of a type-1 OPO constructed of the same material has been observed in
practice by Bosenberg and Tang (1990).

We conclude this section with a brief historical summary of progress in the
development of OPOs. The first operating OPO was demonstrated by Giord-
maine and Miller (1965); it utilized the nonlinear optical response of lithium
niobate and worked in the pulsed regime. Continuous-wave operation of an
OPO was demonstrated by Smith er al. (1968) and utilized a BaNaNbsO15
nonlinear crystal. Interest in the development of OPOs was renewed in the
1980s as a consequence of the availability of new nonlinear materials such
as $-BaB;0y4 (beta-barium borate or BBO), LiB3Os5 (lithium borate or LBO),
and KTiOPO4 (KTP), which possess high nonlinearity, high resistance to laser
damage, and large birefringence. These materials led to the rapid develop-
ment of new OPO capabilities, such as continuous tunability from 0.42 to
2.3 um in a BBO OPO with conversion efficiencies as large as 32% (Bosen-
berg et al., 1989), and OPOs that can produce tunable femtosecond pulses in
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KTP (Edelstein et al., 1989). The use of quasi-phase-matching in periodically
poled lithium niobate has also been utilized to produce novel OPOs.

2.10. Nonlinear Optical Interactions with Focused
Gaussian Beams

In the past several sections we have treated nonlinear optical interactions in
the approximation in which all of the interacting waves are taken to be infinite
plane waves. However, in practice, the incident radiation is usually focused
into the nonlinear optical medium in order to increase its intensity and hence
to increase the efficiency of the nonlinear optical process. The present sec-
tion explores the nature of nonlinear optical interactions that are excited by
focused laser beams.

2.10.1. Paraxial Wave Equation

We assume that each frequency component of the beam obeys a wave equation
of the form of Eq. (2.1.21)—that is,
. 1 9%E, 1 8%P,

V’E, — = . 2.10.1
T (e/n)? a2 epc? 012 ( )

We next represent the electric field En and polarization f’n as
E,(r, 1) =A,@)e Fi=od 4 cc. (2.10.2a)
P,(r,1) = pp(r)e’ ®nien) 4 cc. (2.10.2b)

Here we allow E,, and P,, to represent nonplane waves by allowing the com-
plex amplitudes A,, and p,, to be spatially varying quantities. In addition, we
allow the possibility of a wavevector mismatch by allowing the wavevec-
tor of IN’,l to be different from that of En. We next substitute Egs. (2.10.2)
into (2.10.1). Since we have specified the z direction as the dominant di-
rection of propagation of the wave E,, it is useful to express the Laplace
operator as V2 = 32/3z> + V2, where the transverse laplacian is given by
V% = 92/3x> 4+ 8?/8y? in rectangular coordinates and is given by V% =
(1/r)(8/3r)(ra/ar) +(1/r)?9%/3¢>, where r> = x>+ y? in cylindrical coor-
dinates. As in the derivation of Eq. (2.2.10), we now make the slowly varying
amplitude approximation, that is, we assume that longitudinal variation of A,
can occur only over distances much larger than an optical wavelength. We
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hence find that Eq. (2.10.1) becomes

A,

2ik, —
Z

w?> .
+ V2A, = - ppe ik, (2.10.3)
0

where Ak = k], — k. This result is known as the paraxial wave equation,
because the approximation of neglecting the contribution 82A/3z> on the left-
hand side is justifiable insofar as the wave E,, is propagating primarily along
the z axis.

2.10.2. Gaussian Beams

Let us first study the nature of the solution to Eq. (2.10.3) for the case of the
free propagation of an optical wave, that is, for the case in which the source
term containing p, vanishes. The paraxial wave equation is solved in such a
case by a beam having a transverse intensity distribution that is everywhere a
gaussian and that can be represented in the scalar approximation as (Kogelnik
and Li, 1966)

A(r, ) = AL o2 [w @) fiki? 2R (@) i (@) (2.10.4a)
w(z)
where
w(z) = w1 + (rz/mwd)’]"? (2.10.4b)

represents the 1/e radius of the field distribution, where

R(2) = z2[1+ (ww}/r2)’] (2.10.4c)
represents the radius of curvature of the optical wavefront, and where

®(z) = —arctan (Az/Tw) (2.10.4d)

represents the spatial variation of the phase of the wave (measured with re-
spect to that of an infinite plane wave). In these formulas, wq represents the
beam waist radius (that is, the value of w at the plane z =0), and A =27 ¢/nw
represents the wavelength of the radiation in the medium. The angular diver-
gence of the beam in the far field is given by 6 = A/ wq. The nature of this
solution is illustrated in Fig. 2.10.1.

For theoretical work it is often convenient to represent the gaussian beam
in the more compact (but less intuitive) form (see Problem 10 at the end of the
chapter)

A(r,2) = %e—”/w%(l“f). (2.10.52)
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FIGURE 2.10.1 (a) Field amplitude distribution of a gaussian laser beam. (b) Varia-
tion of the beam radius w and wavefront radius of curvature R with position z. (c) Re-
lation between the beam waist radius and the confocal parameter b.

Here*
¢=2z/b (2.10.5b)

is a dimensionless longitudinal coordinate defined in terms of the confocal
parameter
b=2rww}/»=kw, (2.10.5¢)

which, as illustrated in part (c) of Fig. 2.10.1, is a measure of the longitudinal
extent of the focal region of the gaussian beam. The total power P carried
by a gaussian laser beam can be calculated by integrating over the transverse
intensity distribution of the beam. Since P = [ I2rrdr, where the intensity

* Note that the quantity ¢ defined here bears no relation to the quantity ¢ introduced in Eq. (2.7.18)

in our discussion of second-harmonic generation.
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is given by I = 2negc|A|?, we find that
P = negemw| AP (2.10.6)

2.10.3.  Harmonic Generation Using Focused Gaussian Beams

Let us now treat harmonic generation excited by a gaussian fundamental
beam. For generality, we consider the generation of the ¢th harmonic. Accord-
ing to Eq. (2.10.3), the amplitude A, of the w, = gw frequency component
of the optical field must obey the equation
2
. 0A w .
Zlkqa—;+V%Aq =_C_g X(q)A?elAkZ, (2.10.7)

where Ak = gk — k; and where we have set the complex amplitude p, of
the nonlinear polarization equal to p; = €9 (q)A‘II. Here x ) is the nonlinear
susceptibility describing gth-harmonic generation—that s, x©) = x 9 (g =
o+ w+---+w),and A is the complex amplitude of the fundamental wave,
which according to Eq. (2.10.5a) can be represented as

Ay 270 2010
Al(r,2) = ———e " /WoUHD, 2.10.8
1n2) =1 Tict ( )
We work in the constant-pump approximation. We solve Eq. (2.10.7) by
adopting the trial solution

A,z 2,2

Ag(r2)= 1 i( ; —ar/wp (O, (2.10.9)
where A, (z) is a function of z. One might guess this form for the trial so-
lution because its radial dependence is identical to that of the source term in
Eq. (2.10.7). Note also that (ignoring the spatial variation of .4, (z)) the trial
solution corresponds to a beam with the same confocal parameter as the fun-
damental beam Eq. (2.10.8); this behavior makes sense in that the harmonic
wave is generated coherently over a region whose longitudinal extent is equal
to that of the fundamental wave. If the trial solution Eq. (2.10.9) is substi-
tuted into Eq. (2.10.7), we find that to very good approximation it satisfies
this equation so long as A, (z) obeys the (ordinary) differential equation

% — iq_a)X(q)Aq e'th ]

dz ~ 2ng4c Y1 +it)a!

This equation can be integrated directly to obtain

(2.10.10)

Ag@) =7 —x W2 @ AT T, (AK, 20, 7). (2.10.11a)
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where
b4 PNCAY Z
2 (I+ 2i7/ /b)a~1’
and where z( represents the value of z at the entrance to the nonlinear medium.
We see that the harmonic radiation is generated with a confocal parameter
equal to that of the incident laser beam. Hence the beam waist radius of the
gth harmonic radiation is ¢!/ times smaller than that of the incident beam,
and the far-field diffraction angle 0 = A/mwyo is ¢'/? times smaller than that
of the incident laser beam. We have solved Eq. (2.10.7) by guessing the correct
form (Eq. (2.10.9)) for the trial solution; a constructive solution to Eq. (2.10.7)
has been presented by Kleinman et al. (1966) for second-harmonic generation
and by Ward and New (1969) for the general case of gth-harmonic generation.
The integral appearing in Eq. (2.10.11b) can be evaluated analytically for
certain special cases. One such case is the plane-wave limit, where b >
|zol, |z|. In this limit the integral reduces to

Jy(Ak,z0,2) = (2.10.11b)

z ol Dkz _ i Akzo
Jq(Ak, 20, 2) :/ Ay = — (2.10.12a)
20 iAk
which implies that
AkL
|74 (Ak, 20, 2)|* = L2 sinc? (T) (2.10.12b)

where L = z — z is the length of the interaction region.

The opposite limiting case is that in which the fundamental wave is fo-
cused tightly within the interior of the nonlinear medium; this condition im-
plies that zo = —|zo|, z = |z|, and b < |zol, |z|. In this limit the integral in
Eq. (2.10.11b) can be approximated by replacing the limits of integration by
plus and minus infinity—that is,

00 ei Ak7 d Z/

Jq(Ak, z0,2) =/ (2.10.13a)

oo (1 +2iz//b)a— 1
This integral can be evaluated by means of a straightforward contour integra-
tion. One finds that

Ak <0,

(béLk)q_ze_bAk/z’ Ak > 0. (21013b)

0’
Jq(Ak,ZO» Z) = { b 2r
2 (g=2)!
This functional form is illustrated for the case of third-harmonic genera-
tion (¢ = 3) in Fig. 2.10.2. We find the somewhat surprising result that the
efficiency of third-harmonic generation in the tight-focusing limit vanishes



2.10. Nonlinear Optical Interactions with FocusedGaussian Beams 121

T T T
1.2 &

06 =

T lb

00 |; - |
-10 0 10

bAk

FIGURE 2.10.2 Dependence of the phase-matching factor J3 for third-harmonic gen-
eration on the normalized confocal parameter b Ak, in the tight-focusing limit.

identically for the case of perfect phase matching (Ak = 0) and is maximized
through the use of a positive wavevector mismatch. This behavior can be un-
derstood in terms of the phase shift of 7 radians that any beam of light experi-
ences in passing through its focus. This effect is known as the phase anomaly
and was first studied systematically by Gouy (1890). For the case of nonlin-
ear optics, this effect has important consequences over and above the phase
shift imparted to the transmitted light beam, because in general the nonlinear
polarization p = € x ¢ )A? will experience a phase shift that is g times larger
than that experienced by the incident wave of amplitude A;. Consequently,
the nonlinear polarization will be unable to couple efficiently to the gener-
ated wave of amplitude A, unless a wavevector mismatch Ak is introduced to
compensate for the phase shift due to the passage of the incident wave through
its focus. The reason why Ak should be positive in order for this compensa-
tion to occur can be understood intuitively in terms of the argument presented
in Fig. 2.10.3.

Boyd and Kleinman (1968) have considered how to adjust the focus of the
incident laser beam to optimize the efficiency of second-harmonic generation.
They find that the highest efficiency is obtained when beam walkoff effects
(mentioned in Section 2.3) are negligible, when the incident laser beam is fo-
cused so that the beam waist is located at the center of the crystal and the
ratio L /b is equal to 2.84, and when the wavevector mismatch is set equal to
Ak =3.2/L. In this case, the power generated at the second-harmonic fre-
quency is equal to

2,3 12
Pro= K[M]Pj (2.10.14)

c*niny
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FIGURE 2.10.3 Illustration of why a positive value of Ak is desirable in harmonic
generation with focused laser beams. (a) Wavevector diagram for third-harmonic gen-
eration with Ak positive. Even though the process is phase mismatched, the fun-
damental beam contains an angular spread of wavevectors and the phase-matched
process illustrated in (b) can occur with high efficiency. (c) Conversely, for Ak nega-
tive, efficient harmonic generation cannot occur.

Here K is a numerical constant that depends on the system of units in which
this equation is evaluated. For the gaussian system, which was used in the
original work, K = 1.068. In addition, Boyd and Kleinman show heuristi-
cally that other parametric processes, such as sum- and difference-frequency
generation, are optimized by choosing the same confocal parameter for both
input waves and applying the same criteria used to optimize second-harmonic
generation.

2.11. Nonlinear Optics at an Interface

There are certain nonlinear optical processes that can occur at the interface
between two dissimilar optical materials. Two such examples are shown sche-
matically in Fig. 2.11.1. Part (a) shows an optical wave falling onto a second-
order nonlinear optical material. We saw earlier (in Section 2.7) how to predict
the amplitude of the second-harmonic wave generated in the forward direc-
tion. But in fact, a much weaker second-harmonic wave is generated in reflec-
tion at the interface separating the two materials. We shall see in the present
section how to predict the intensity of this reflected harmonic wave. Part (b)
of the figure shows a wave falling onto a centrosymmetric nonlinear optical
material. Such a material cannot possess a bulk second-order nonlinear optical
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FIGURE 2.11.1 Illustration of second-harmonic generation in reflection at the surface
of (a) a second-order nonlinear optical material and (b) a centrosymmetric nonlinear
optical material.

susceptibility, but the presence of the interface breaks the inversion symmetry
for a thin region (of the order of one molecular diameter in thickness) near the
interface, and this thin layer can emit a second-harmonic wave. The intensity
of the light emitted by this surface layer depends sensitively on the structural
properties of the surface and especially upon the presence of molecules ab-
sorbed onto the surface. For this reason surface second-harmonic generation
is an important diagnostic method for studies in surface science.

Let us consider in greater detail the situation illustrated in part (a) of
Fig. 2.11.1. We assume that the wave at the fundamental frequency incident
on the interface can be described by

Ei(r,7) = Ei(w)e ' +cc. where Ej(wj) = Aj(wp)e ST, (2.11.1)

This wave will be partially reflected and partially transmitted into the nonlin-
ear optical material. Let us represent the transmitted component as

Er(w;) = A1(w;)e 1@ T, 2.11.2)

where the amplitude AT (wji) and propagation direction kt(wj) can be deter-
mined from the standard Fresnel equations of linear optics. For simplicity,
in the present discussion we ignore the effects of birefringence; we note that
birefringence vanishes identically in crystals (such as GaAs) that are noncen-
trosymmetric yet possess a cubic lattice. The transmitted fundamental wave
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will create a nonlinear polarization at frequency ws = 2w; within the medium
which we represent as

. ) N 2
iks(ws)- T and P= pEOXéff) A%(wl)

(2.11.3)

P(r,t) =Pe ' 4 c.c. where P = pe

and where Kg(ws) = 2Kkt (w;).

The details of the ensuing analysis differ depending upon whether p lies
within or is perpendicular to the plane of incidence. Here we treat only the
case of p perpendicular to the plane of incidence (also known as the TE
geometry); a treatment of the other case can be found for instance in Bloem-
bergen and Pershan (1962) or in Shen (1984). As described by Eq. (2.1.23),
this nonlinear polarization will give rise to radiation at the second-harmonic
frequency ws. The generation of this radiation is governed by the equation

V2E(ws) + [€(ws)w? /*[E(ws) = — (2 /eoc?)pre™™ (2.11.4)

where p is the component of p perpendicular to the plane of incidence. The
formal solution to this equation consists of any particular solution plus a gen-
eral solution to the homogeneous version of this equation obtained by setting
its right-hand side equal to zero. It turns out that we can meet all of the ap-
propriate boundary conditions by assuming that the homogeneous solution is
an infinite plane wave of as yet unspecified amplitude A (ws) and wavevector
kt(ws). We thus represent the solution to Eq. (2.11.4) as

_@f/ec®) pLesT, (2.11.5)
|ks|? — lkT(s)[*

where ks = +/€(ws)ws/c and where |kt (ws)|? = eT(ws) w?/c*. The electro-
magnetic boundary conditions at the interface require that the components
of E and of H tangential to the plane of the interface be continuous. These
boundary conditions can be satisfied only if we postulate the existence of a
reflected, second-harmonic wave which we represent as

Er(ws) = A(a)s)eikT(ws)'r +

ER(05) = AR (ws)e/KR©)T, (2.11.6)

In order that the boundary conditions be met at each point along the interface,
it is necessary that the nonlinear polarization of wavevector kg = 2kt (w;),
the transmitted second-harmonic wave of wavevector kt(ws), and the re-
flected second-harmonic wave of wavevector Kg (ws) have identical wavevec-
tor components along the plane of the interface. This situation is illustrated in
Fig. 2.11.2, where we let x be a coordinate measured along the interface in
the plane of incidence and let z denote a coordinate measured perpendicular
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FIGURE 2.11.2 (a) Geometry showing the creation of a transmitted and reflected
second-harmonic wave at the surface of a second-order nonlinear optical material.
(b) Definition of the electric and magnetic field vectors for the case in which P is
perpendicular to the plane of incidence.

to the plane of incidence. We thus require that
K = kR (ws) = kT (ws) (2.11.7)

(note that k$ = 2k} (wy)). Furthermore, we can express the magnitude of each
of the propagation vectors in terms of the dielectric constant of each medium

as
kr(ws) = e/ * (ws) ws/c, (2.11.82)
ke (w5) = i/ * (w3) ws/c., (2.11.8b)
ki(wr) = e * (1) wi/c, (2.11.8¢)

where er denotes the dielectric constant of the linear, incident medium and et
denotes the linear dielectric constant of the nonlinear medium. For mathemati-
cal convenience, we also introduce a fictitious dielectric constant €, associated
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with the nonlinear polarization defined such that

1/

ks = el w/c. (2.11.9)

From Eqgs. (2.11.7) through (2.11.9) we can readily determine expressions
relating the angles 6;, Or, 05, and 6t (see Fig. 2.11.2), which are given by

eé/z(wi) sinb; = ellz/z(a)s) sinfr = e}r/z(ws) sinfy = esl/z sinfs.  (2.11.10)

This equation can be considered to be the nonlinear optical generalization of
Snell’s law.

We next apply explicitly the boundary conditions at the interface between
the linear and nonlinear medium. According to Eq. (2.11.5), p will lead to
the generation of an electric field in the £ = E, direction, and in accordance
with Maxwell’s equations the associated magnetic field will lie in the xz plane
(see part (b) of Fig. 2.11.2). The continuity of the tangential components of E
and H then leads to the equations

Ey: A% = AT + py/eoc?[e; — er(wy)],

H,: - eé/z(ws)AE CcoSORr = e%/z(ws)AI cos bt
+ picostye,”? /[ e — er(y)]. 2.11.11)

These equations are readily solved simultaneously to obtain expression for
AI}_ and AI_. These expressions are then introduced into Egs. (2.11.5) and
(2.11.6) to find that the transmitted and reflected fields are given by

ER —popeR@IT
1=
[e}/2 (wg) cos BT + 61;/2 (wg) cosOr] [6}/2 (ws) cos O + €S1/2 cos 95]
= AR eikr(@) T (2.11.12a)
1/2 1/2
}v_ _ —UHopL |: ik . GS/ COS QS + ER/ (a)S) COSGR eikT(ws)‘ri|
er(ws) — € e%/za)s) cosfr + eé/z(ws) cos6r

(2.11.12b)

The transmitted second-harmonic wave is thus composed of a homogeneous
wave with propagation vector kt and an inhomogeneous wave with propaga-
tion vector k;. We see from Fig. 2.11.2 that k; — kt must lie in the z direction
and is given by

ks — ket = AkZ = (ws/0)[ed/* cos b — ey (ws) cos b7 ]2 (2.11.13)
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If this result is introduced into Eq. (2.11.12b), we can express the transmitted
field in the form

ET — | AR + ILO(CUS/C)ZPL elaks oikr(@s)r
L 2k (ws) Ak

= AT k@), (2.11.14)

This equation has the form of a plane wave with a spatially varying ampli-
tude; the spatial variation is a manifestation of imperfect phase matching of
the nonlinear optical interaction. The present formalism demonstrates that the
origin of the spatial variation is the interference of the homogeneous and in-
homogeneous solutions of the driven wave equation.

Let us interpret further the result given by Eq. (2.11.14). We assume that
Akz is much smaller than unity for all propagation distances z of interest. We
then find that, correct to first order in Ak, the amplitude of the transmitted
wave is given by

(@/0)?pLi2) _ x , i@/c)piz
2eoctkr(ws) T 2epctel(ws)
We see that the amplitude of the generated wave thus grows linearly from its

boundary value Ali. We also see from Eq. (2.11.12a) that Ali will be given to
order of magnitude by

AT =AR 4 (2.11.15)

R __PL
Al >~ Jegc2e’ (2.11.16)
where € is some characteristic value of the dielectric constant of the region
near the interface. On the basis of this result, Eq. (2.11.15) can be approxi-
mated as
T, TPL
4egce

= [1 = 2ikn(ws)z]. (2.11.17)
This result shows that the surface term makes a contribution comparable to
that of the bulk term for a thickness ¢ given by

t=M1/4m. (2.11.18)

Let us next examine the situation of Fig. 2.11.1(b), which considers har-
monic generation at the interface between two centrosymmetric media. An
accurate treatment of such a situation would require that we know the non-
linear optical properties of the region near the interface at a molecular level,
which is not possible at the present level of description (because we can rig-
orously deduce macroscopic properties from microscopic properties, but not
vice versa). Nonetheless, we can make an order-of-magnitude estimate of the
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amplitude of the reflected wave for typical materials. Let us model the in-
terface between two centrosymmetric materials as possessing a second-order
susceptibility x® confined to a thickness of the order of a molecular di-
mension ag. Here x @ is a typical value of the second-order susceptibility
of a noncentrosymmetric material. This assumption taken in conjunction with
Eq. (2.11.18) leads to the prediction

T . dmay T .
A (centrosymmetric) = TA | (noncentrosymmetric)

~ 1073 AE (noncentrosymmetric). (2.11.19)

This result is in agreement with the predictions of more detailed models (see,
for instance, Mizrahi and Sipe, 1988).

Problems

1. Infrared upconversion. One means of detecting infrared radiation is to
first convert the infrared radiation to the visible by the process of sum-
frequency generation. Assume that infrared radiation of frequency wj is
mixed with an intense laser beam of frequency w, to form the upcon-
verted signal at frequency w3 = w1 4+ w;. Derive a formula that shows how
the quantum efficiency for converting infrared photons to visible photons
depends on the length L and nonlinear coefficient defr of the mixing crys-
tal, and on the phase mismatch Ak. Estimate numerically the value of the
quantum efficiency for upconversion of 10-pm infrared radiation using a
1-cm-long proustite crystal, 1 W of laser power at a wavelength of 0.65
pm, and the case of perfect phase matching and optimum focusing.

[Ans.: ng =2%.]

2. Sum-frequency generation. Solve the coupled-wave equations describing
sum-frequency generation (Egs. (2.2.10) through (2.2.12b)) for the case
of perfect phase matching (Ak = 0) but without making the approxima-
tion of Section 2.6 that the amplitude of the w; wave can be taken to be
constant.

[Hint: This problem is very challenging. For help, see Armstrong et al.
(1962).]

3. Systems of units. Rewrite each of the displayed equations in Sections 2.1
through 2.5 in the gaussian system of units.

4. Difference-frequency generation. Solve the coupled-amplitude equations
describing difference-frequency generation in the constant-pump limit,
and thereby verify Egs. (2.9.2) of the text. Assume that w| + wy = w3,
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where the amplitude A3 of the w3 pump wave is constant, that the medium
is lossless at each of the optical frequencies, that the momentum mis-
match Ak is arbitrary, and that in general there can be an input signal at
each of the frequencies w;, w2, and w3. Interpret your results by sketching
representative cases of the solution and by taking special limiting cases
such as that of perfect phase matching and of only two input fields.
Second-harmonic generation. Verify that Eq. (2.7.29) possesses solutions
of the sort shown in Fig. 2.7.2.

Second-harmonic generation. Solve the coupled amplitude equations for
the case of second-harmonic generation with the initial conditions A, =
0 but A; arbitrary at z = 0. Assume that Ak is arbitrary. Sketch how
|A(2w)|?* varies with z for several values of Ak, and thus verify the results
shown in Fig. 2.7.2.

Mode structure of an optical cavity. Verify Eq. (2.9.11).

[Ans.: Assume that the refractive index n is a function of v and
require that an integral number m of half wavelengths fit within the
cavity of length L.. Thus mA/2 = L. or, since A = ¢/nv, we obtain
nv =cm/2L.. We want to determine the frequency separation of adja-
cent modes. Thus, A(nv) = A(cm/2L.) where A refers to the change
in the indicated quantity between adjacent modes. Note that A(nv) =
nAv + vAn = nAv + v(dn/dv)Av = [n 4+ v(dn/dv)]Av and that
A(em/2L;) =c/2L.A(m) =c/2L.. Thus,

c Vg c
' T 2L +vdnjdv)  2L.  2mgL

where vy = ¢/[n + v(dn/dv)] is the usual expression for the group ve-
locity and where ng = n + v(dn/dv) is the group index.]

Mode structure of an optical cavity. Generalize the result of the previous
problem to the situation in which the cavity length is L but the material
medium has length L. < L.

Quasi-phase-matching. Generalize the discussion of the text leading from
Eq. (2.4.1) to Eq. (2.4.6) by allowing the lengths of the inverted and non-
inverted sections of nonlinear optical material to be different. Let A be
the period of the structure and / be the length of the inverted region. Show
how each of the equations in this range is modified by this different as-
sumption, and comment explicitly on the resulting modification to the
value of dgp and to the condition for the establishment of quasi-phase-
matching.

Gaussian laser beams. Verify that Eqs. (2.10.4a) and (2.10.5a) are equiv-
alent descriptions of a gaussian laser beam, and verify that they satisfy
the paraxial wave Eq. (2.10.3).
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Gaussian laser beams. Verify the statement made in the text that the trial
solution given by Eq. (2.10.9) satisfies the paraxial wave equation in the
form of Eq. (2.10.7) if the amplitude A, (z) satisfies the ordinary differ-
ential equation (2.10.10).

Phase matching with focused beams. Evaluate the integral appearing in
Eq. (2.10.13a) and thereby verify Eq. (2.10.13b).

Third-harmonic generation. Assuming the condition of perfect phase
matching, derive and solve exactly the coupled-amplitude equations de-
scribing third-harmonic generation. You may assume that the nonlin-
ear optical material is lossless. Include in your analysis the processes
described by the two susceptibility elements x® (3w;w,w,w) and
X O)(w; 3w, —w, —w). Calculate the intensity of the third harmonic wave
as a function of the length of the interaction region for the following two
situations: (a) In the limit in which the undepleted pump approximation
is valid. (b) For the general case in which the pump intensity cannot be
assumed to remain constant.

Poynting’s theorem. Derive the form of Poyntlng s theorem valid for a
nonlinear optical material for which D= eoE +P with P= eol X(I)E +
)((2)E2 X(3)E3]. Assume that the material is nonmagnetic in the sense
that B = poH.

Backward second-harmonic generation. Part (c) of Fig. 2.1.1 implies that
second-harmonic generation is radiated in the forward but is not appre-
ciably radiated in the backward direction. Verify that this conclusion is
in fact correct by deriving the coupled amplitude equation for a second-
harmonic field propagating in the backward direction, and show that the
amplitude of this wave can never become appreciable. (Note that a more
rigorous calculation that reaches the same conclusion is presented in Sec-
tion 2.11.)

Second-harmonic generation. Consider the process of second-harmonic
generation both with Ak =0 and Ak # 0 in a lossless material. State the
conditions under which the following types of behavior occur: (i) The
fundamental and second-harmonic fields periodically exchange energy.
(ii) The second-harmonic field asymptotically acquires all of the en-
ergy. (iii) The fundamental field asymptotically acquires all of the energy.
(iv) Part of the energy resides in each component, and this fraction does
not vary with z.

Manley—Rowe relations. Derive the Manley—Rowe relations for the
process of second-harmonic generation. The derivation is analogous to
that presented in Section 2.5 for the process of sum-frequency generation.
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Phase-matching requirements. Explain why processes such as second-
harmonic generation can be efficient only if the phase-matching relation
Ak = 0 is satisfied, whereas no such requirement occurs for the case of
two-photon absorption.
Elementary treatment of second-harmonic generation. The treatment of
second-harmonic generation presented in the text is in many ways too
mathematically complicated to allow for a simple conceptual understand-
ing of the process. As an alternative, simpler approach, carry through the
suggestion presented the sentence that follows Eq. (2.7.12). In particular,
solve Eq. (2.7.11) in the undeplated pump limit and then use this result to
express the intensity of the generated field in terms of the intensity of the
fundamental field, the length L of the interaction region, and the value
Ak of the wavevector mismatch.
Cascaded optical nonlinearities. The intent of this problem is to develop
an understanding of the phenomenon known as cascaded optical nonlin-
earities. By cascaded optical nonlinearities, one means that, through prop-
agation, a second-order nonlinearity can mimic a third-order nonlinearity.
In particular, in this problem you are to calculate the phase shift acquired
by an optical wave in propagating through a second-order nonlinear opti-
cal material under conditions of nearly phase-matched second-harmonic
generation, and to determine the conditions under which the phase shift
acquired by the fundamental wave is approximately proportional to the
product of the path length and the intensity.

To proceed, start for example with Egs. (2.7.10) and (2.7.11), and show
that one can eliminate A; to obtain the equation

d’*A, dA1 )
i Ak—— —T*(1 —2|A1/Aol*) A1 =0,
g2 Tidk (1—2]A1/A0l") A

where I" is a constant (give an expression for it) and Ag is the incident
value of the fundamental field. Show that under proper conditions (give
specifics) the solution to this equation corresponds to a wave whose phase
increases linearly with the length L of the nonlinear material and with the
intensity / of the incident wave.

Optimum focusing and second-harmonic generation. Explain why it is
that under optimum focusing conditions the power generated at the sec-
ond harmonic frequency scales linearly rather than quadratically with the
length L of the nonlinear crystal. (See Eq. (2.10.14).)

Harmonic generation with focused gaussian beams. Develop and eluci-
date a conceptual understanding of why the intensity of the generated
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harmonic signal vanishes whenever the phase mismatch factor AkL is
negative or zero. (See Fig. 2.10.2.)
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Chapter 3

Quantum-Mechanical Theory of the
Nonlinear Optical Susceptibility

3.1. Introduction

In this chapter, we use the laws of quantum mechanics to derive explicit
expressions for the nonlinear optical susceptibility. The motivation for ob-
taining these expressions is at least threefold: (1) these expressions display
the functional form of the nonlinear optical susceptibility and hence show
how the susceptibility depends on material parameters such as dipole transi-
tion moments and atomic energy levels, (2) these expressions display the in-
ternal symmetries of the susceptibility, and (3) these expressions can be used
to make predictions of the numerical values of the nonlinear susceptibilities.
These numerical predictions are particularly reliable for the case of atomic va-
pors, because the atomic parameters (such as atomic energy levels and dipole
transition moments) that appear in the quantum-mechanical expressions are
often known with high accuracy. In addition, since the energy levels of free
atoms are very sharp (as opposed to the case of most solids, where allowed en-
ergies have the form of broad bands), it is possible to obtain very large values
of the nonlinear susceptibility through the technique of resonance enhance-
ment. The idea behind resonance enhancement of the nonlinear optical sus-
ceptibility is shown schematically in Fig. 3.1.1 for the case of third-harmonic
generation. In part (a) of this figure, we show the process of third-harmonic
generation in terms of the virtual levels introduced in Chapter 1. In part (b) we
also show real atomic levels, indicated by solid horizontal lines. If one of the
real atomic levels is nearly coincident with one of the virtual levels of the indi-
cated process, the coupling between the radiation and the atom is particularly
strong and the nonlinear optical susceptibility becomes large.

135
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(a) (b)

_ Yy Y

FIGURE 3.1.1 Third-harmonic generation described in terms of virtual levels (a) and
with real atomic levels indicated (b).
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FIGURE 3.1.2 Three strategies for enhancing the process of third-harmonic genera-
tion.

Three possible strategies for enhancing the efficiency of third-harmonic
generation through the technique of resonance enhancement are illustrated in
Fig. 3.1.2. In part (a), the one-photon transition is nearly resonant, in part (b)
the two-photon transition is nearly resonant, and in part (c) the three-photon
transition is nearly resonant. The formulas derived later in this chapter demon-
strate that all three procedures are equally effective at increasing the value
of the third-order nonlinear susceptibility. However, the method shown in
part (b) is usually the preferred way in which to generate the third-harmonic
field with high efficiency, for the following reason. For the case of a one-
photon resonance (part a), the incident field experiences linear absorption and
is rapidly attenuated as it propagates through the medium. Similarly, for the
case of the three-photon resonance (part c), the generated field experiences
linear absorption. However, for the case of a two-photon resonance (part b),
there is no linear absorption to limit the efficiency of the process.
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3.2. Schrodinger Equation Calculation of the Nonlinear
Optical Susceptibility

In this section, we present a derivation of the nonlinear optical susceptibil-
ity based on quantum-mechanical perturbation theory of the atomic wave
function. The expressions that we derive using this formalism can be used to
make accurate predictions of the nonresonant response of atomic and molec-
ular systems. Relaxation processes, which are important for the case of near-
resonant excitation, cannot be adequately described by this formalism. Re-
laxation processes are discussed later in this chapter in connection with the
density matrix formulation of the theory of the nonlinear optical suscepti-
bility. Even though the density matrix formalism provides results that are
more generally valid, the calculation of the nonlinear susceptibility is much
more complicated when performed using this method. For this reason, we first
present a calculation of the nonlinear susceptibility based on the properties of
the atomic wavefunction, since this method is somewhat simpler and for this
reason gives a clearer picture of the underlying physics of the nonlinear inter-
action.

One of the fundamental assumption of quantum mechanics is that all of the
properties of the atomic system can be described in terms of the atomic wave-
function v (r, t), which is the solution to the time-dependent Schrodinger
equation

dy

ih— = H. 2.1
iho ) (3.2.1)

Here H is the Hamiltonian operator*
H=Hy+ V@), (3.2.2)

which is written as the sum of the Hamiltonian ﬁo for a free atom and an
interaction Hamiltonian, f/(t), which describes the interaction of the atom
with the electromagnetic field. We usually take the interaction Hamiltonian to
be of the form

Vt)=—p-E@), (3.2.3)

where fi = —ef is the electric dipole moment operator and —e is the charge
of the electron.

* We use a caret “above a quantity” to indicate that the quantity H is a quantum-mechanical oper-
ator. For the most part, in this book we work in the coordinate representation, in which case quantum-
mechanical operators are represented by ordinary numbers for positions and by differential operators
for momenta.
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3.2.1. Energy Eigenstates

For the case in which no external field is applied to the atom, the Hamil-
tonian H is simply equal to Hy, and Schrodinger’s equation (3.2.1) possesses
solutions in the form of energy eigenstates. These states are also known as
stationary states, because the time of evolution of these states is given by a
simple exponential phase factor. These states have the form

Y (X, 1) = uy ()e Ot (3.2.4a)

By substituting this form into the Schrodinger equation (3.2.1), we find that
the spatially varying part of the wavefunction u, (r) must satisfy the eigen-
value equation (known as the time-independent Schrodinger equation)

Hout, (r) = Epup (1), (3.2.4b)

where E, = fiw,,. Here n is a label used to distinguish the various solutions.
For future convenience, we assume that these solutions are chosen in such a
manner that they constitute a complete, orthonormal set satisfying the condi-
tion

/ Wy d3r =8y (3.2.5)

3.2.2.  Perturbation Solution to Schrédinger’s Equation

For the general case in which the atom is exposed to an electromagnetic field,
Schrédinger’s equation (3.2.1) usually cannot be solved exactly. In such cases,
it is often adequate to solve Schrodinger’s equation through the use of pertur-
bation theory. In order to solve Eq. (3.2.1) systematically in terms of a pertur-
bation expansion, we replace the Hamiltonian (3.2.2) by

H=Hy+ V@), (3.2.6)

where A is a continuously varying parameter ranging from zero to unity that
characterizes the strength of the interaction; the value A = 1 corresponds to the
actual physical situation. We now seek a solution to Schrédinger’s equation in
the form of a power series in A:

v, ) =vOw )+ P, )+ 22D, )+ (3.2.7)

By requiring that the solution be of this form for any value of A, we assure that
¥ M) will be that part of the solution which is of order N in the interaction
energy V. We now introduce Eq. (3.2.7) into Eq. (3.2.1) and require that all
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terms proportional to A"V satisfy the equality separately. We thereby obtain the
set of equations

81//(0)

i = Hyy©, (3.2.8a)
3w(N) R R
ih =HyyM +vyWN-D  N=1,2,3.... (3.2.8b)

Equation (3.2.8a) is simply Schrodinger’s equation for the atom in the ab-
sence of its interaction with the applied field; we assume for definiteness that
initially the atom is in state g (typically the ground state) so that the solution
to this equation can be represented as

v O, 1) =ug(r)e ' Est/h, (3.2.9)

The remaining equations in the perturbation expansion (Eq. (3.2.8b)) are read-
ily solved by making use of the fact that the energy eigenfunctions for the free
atom constitute a complete set of basis functions, in terms of which any func-
tion can be expanded. In particular, we represent the Nth-order contribution
to the wavefunction ¢ V) (r, ¢) as the sum

v M@0 =Y a™Ou e, (3.2.10)
1

Here al(N) (t) gives the probability amplitude that, to Nth order in the pertur-
bation, the atom is in energy eigenstate [ at time 7. If Eq. (3.2.10) is substituted
into Eq. (3.2.8b), we find that the probability amplitudes obey the system of
equations

iny oM me ' =3 aN P Vu e, (3.2.11)
l l

where the dot denotes a total time derivative. This equation relates all of the
probability amplitudes of order N to all of the amplitudes of order N — 1.
To simplify this equation, we multiply each side from the left by «; and
we integrate the resulting equation over all space. Then through use of the
orthonormality condition (3.2.5), we obtain the equation

a6y =Gm7" Y a O Ve, (3.2.12)
1

where w,,;; = w,;, — w; and where we have introduced the matrix elements of
the perturbing Hamiltonian, which are defined by

Vit = {tm |V 1) =/u:;f/u,d3r. (3.2.13)
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The form of Eq. (3.2.12) demonstrates the usefulness of the perturbation tech-
nique; once the probability amplitudes of order N — 1 are determined, the am-
plitudes of the next higher order (N) can be obtained by straightforward time
integration. In particular, we find that

t
a0 =iy / dt' Vo (ha N~V (¢el ot (3.2.14)
1 —0o0

We shall eventually be interested in determining the linear, second-order,
and third-order optical susceptibilities. To do so, we shall require explicit ex-
pressions for the probability amplitudes up to third order in the perturbation
expansion. We now determine the form of these amplitudes.

To determine the first-order amplitudes a,sp(t), we set al(o) in Eq. (3.2.14)
equal to &;,, corresponding to an atom known to be in state g in zeroth order.
We represent the optical field E(¢) as a discrete sum of (positive and negative)
frequency components as

E(t) =) E(w,)e ", (3.2.15)
p

Through use of Egs. (3.2.3) and (3.2.15), we can then replace V,,;(¢') by
— Zp i - E(wp) exp(—iwpt’), where p,,; = [uk jiu; d3r is known as the
electric dipole transition moment. We next evaluate the integral appearing in
Eq. (3.2.14) and assume that the contribution from the lower limit of integra-
tion vanishes; we thereby find that

all () = ! > Fong " BOp) it (3.2.16)
h 7 Omg — Wp

We next determine the second-order correction to the probability ampli-
tudes by using Eq. (3.2.14) once again, but with N set equal to 2. We intro-
duce Eq. (3.2.16) for a,ﬁ} ) into the right-hand side of this equation and perform
the integration to find that

. [ - E(@) g - E(w)p)]
2) - nm q mg 4 l(a’"gfwl’iwq)t. 3.2.17
a, ) hg ZZ ((I)ng —wp — a)q)(a)mg - a)l’)e ( )

pg m

Analogously, through an additional use of Eq. (3.2.14), we find that the
third-order correction to the probability amplitude is given by

“E(w) [y - E e E
“53)(”:,%322 [y, - E(wr)]lp (W) Bg - E(wp)]

pqr mn (a)vg —Wp —Wg — wr)(wng —wp — wq)(wmg - a)p)

I ——— (3.2.18)
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3.2.3.  Linear Susceptibility

Let us use the results just obtained to describe the linear optical properties of
a material system. According to the rules of quantum mechanics, the expecta-
tion value of the electric dipole moment is given by

() = (Vnly), (3.2.19)

where v is given by the perturbation expansion (3.2.7) with X set equal to one.
We thus find that the lowest-order contribution to (p) (i.e., the contribution
linear in the applied field amplitude) is given by

(B) =W laly @)+ (v Plaly®). (3.2.20)
where () is given by Eq. (3.2.9) and ¥V is given by Egs. (3.2.10) and
(3.2.16). By substituting these forms into Eq. (3.2.20) we find that

(1) ZZ(”’gm[”’mg E())] e iopt ["’mg'E(wl’)]*ﬂmgeiwpf).

—Wp —Wp

i, g
(3.2.21)
In writing Eq. (3.2.21) in the form shown, we have formally allowed the
possibility that the transition frequency wyg is a complex quantity. We have
done this because a crude way of incorporating damping phenomena into the
theory is to take w;, to be the complex quantity wye = (E, — Eg)/h —
il'y,/2, where 'y, is the population decay rate of the upper level m. This
procedure is not totally acceptable, because it cannot describe the cascade of
population among the excited states nor can it describe dephasing processes
that are not accompanied by the transfer of population. Nonetheless, for the
remainder of the present section, we shall allow the transition frequency to be
a complex quantity in order to provide an indication of how damping effects
could be incorporated into the present theory.
Equation (3.2.21) is written as a summation over all positive and negative
field frequencies w),. This result is easier to interpret if we formally replace
wp by —w), in the second term, in which case the expression becomes

(1) Zz<ﬂgm[”'mg E(wp)] [ILgm 'E(wp)]”/mg>e_l‘wpt.

*
) wp Wy + @p

(3.2.22)

We now use this result to calculate the form of the linear susceptibility.
We take the linear polarization to be P = N (D), where N is the number
density of atoms. We next express the polarization in terms of its complex
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(a) (b)

g -t --l--m

FIGURE 3.2.1 The resonant (a) and antiresonant (b) contributions to the linear sus-
ceptibility of Eq. (3.2.23).

amplitude as PO = > » P(l)(a)p) exp(—iwpt). Finally, we introduce the lin-

ear susceptibility defined through the relation P () =0 3", ;" Ej(w,).
We thereby find that

N T Wt
x,-(-”<wp)=—2< gni 8y s ) (3.223)
J eoh —\ Wmg — Wp whe T @p

The first and second terms in Eq. (3.2.23) can be interpreted as the resonant
and antiresonant contributions to the susceptibility, as illustrated in Fig. 3.2.1.
In this figure we have indicated where level m would have to be located in
order for the corresponding term to become resonant. Note that if g denotes
the ground state, it is impossible for the second term to become resonant,
which is why it is called the antiresonant contribution.

3.2.4.  Second-Order Susceptibility

The expression for the second-order susceptibility is derived in a manner anal-
ogous to that used for the linear susceptibility. The second-order contribution
(i.e., the contribution second order in V) to the induced dipole moment per
atom is given by

52 = (O Ly @)+ (v Vil )+ Pl ) G229

where (@ is given by Eq. (3.2.9), and ¥ and ¥® are given by
Eqs. (3.2.10), (3.2.16), and (3.2.17). We find that (p®) is given explicitly by

- 1 n n[”’nmE(w )][le E((,() )] —i(wp+o,
<p(2)>:?22( 8 q g 14 e (wp+wg)t

pqg mn (a)ng —Wp — wq)(wmg - (Up)

[Il’ng : E(wq)]*”’nm [""mg ’ E(a)q)] e—i(a)P—wq)t

(a);'{g - wq)(wmg - a)p)

[”‘ng . E(wq)]*[”’nm : E(a)p)]*”'mg e

(g — wq)(w;kng — Wy — wg)

i <wv+wq>f). (3.2.25)
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As in the case of the linear susceptibility, this equation can be rendered more
transparent by replacing w; by —w, in the second term and by replacing w,
by —w, and w, by —w, in the third term; these substitutions are permis-
sible because the expression is to be summed over frequencies w, and w,.
We thereby obtain an expression in which each term has the same frequency
dependence:

) (Bl Bl B

(wng —wp — wq)(wmg - wp)

pq mn
[/Lgn : E(wq)]ﬂnm [Ing ’ E(a)p)]
(a);’;g + wg)(Wnmg — wp)

[ILgn “E(w) [ mpm - E(wp)]ﬂmg
(w;“g + a)q)(a),j;g + wg + wy)

>e—" (@ptogh) - (3.2.26)

We next take the second-order polarization to be P = N (p®) and repre-
sent it in terms of its frequency components as P@ = >, PP (w,) exp(—iwt).
We also introduce the standard definition of the second-order susceptibility
(see also Eq. (1.3.13)):

2 2
PP =e0 ) Y xSy + 04, 0. 0p) Ej(0q) Ex(@))
ik (pq)
and find that the second-order susceptibility is given by
I‘Lfgn Mémﬂzg

(wng —Wp — wq)(wmg - wp)

) N
Xi(jk)(wl’ + wq, 0q, wp) = —5 P Z(
th mn
Joi ok
:U“gn/‘izm/‘mg

(ng + wq)(wmg - wp)

Mé":u“];;mru“ing
(w;zkg + wg) (0, + 0p + wg)

). (3.2.27)

In this expression, the symbol P; denotes the intrinsic permutation operator.
This operator tells us to average the expression that follows it over both per-
mutations of the frequencies w;, and w, of the applied fields. The Cartesian
indices j and k are to be permuted simultaneously. We introduce the intrinsic
permutation operator into Eq. (3.2.27) to ensure that the resulting expression
obeys the condition of intrinsic permutation symmetry, as described in the
discussion of Egs. (1.4.52) and (1.5.6). The nature of the expression (3.2.27)
for the second-order susceptibility can be understood in terms of the energy
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FIGURE 3.2.2 Resonance structure of the three terms of the second-order suscepti-
bility of Eq. (3.2.27).

level diagrams depicted in Fig. 3.2.2, which show where the levels m and n
would have to be located in order for each term in the expression to become
resonant.

The quantum-mechanical expression for the second-order susceptibility
given by Eq. (3.2.27) is sometimes called a sum-over states expression be-
cause it involves a sum over all of the excited states of the atom. This ex-
pression actually is comprised of six terms; through use of the intrinsic per-
mutation operator P;, we have been able to express the susceptibility in the
form (3.2.27), in which only three terms are displayed explicitly. For the case
of highly nonresonant excitation, such that the resonance frequencies wy,q
and w,g can be taken to be real quantities, the expression for x @) can be sim-
plified still further. In particular, under such circumstances Eq. (3.2.27) can
be expressed as

i)k

, (3.2.28)
(wng - a)a)(wmg - wp)

2 N
X,'(jk)(wc, Wy, Wp) = F,PF Z
0 mn

where w, = w, + w,. Here we have introduced the full permutation operator,
‘Pr, defined such that the expression that follows it is to be summed over all
permutations of the frequencies w, w,, and —w;—that is, over all input and
output frequencies. The Cartesian indices are to be permuted along with the
frequencies. The final result is then to be divided by the number of permuta-
tions of the input frequencies. The equivalence of Eqgs. (3.2.27) and (3.2.28)
can be verified by explicitly expanding the right-hand side of each equation
into all six terms. The six permutations denoted by the operator P are

(—ws, Wy, wp) — (—wq, wp, a)q)’ (wqa —Wg, a)p)’ (wqa wp, —wg),

(a)py —Wo, wq), (a)py Wy, —wg).
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Since we can express the nonlinear susceptibility in the form of Eq. (3.2.28),
we have proven the statement made in Section 1.5 that the second-order sus-
ceptibility of a lossless medium possesses full permutation symmetry.

3.2.5.  Third-Order Susceptibility

We now calculate the third-order susceptibility. The dipole moment per atom,
correct to third order in perturbation theory, is given by

B9) =ty 1w ) (o Oy )+ (o )+ (5] )
(3.2.29)

Formulas for w(o),w(l),we),w@, are given by Egs. (3.2.9), (3.2.10),
(3.2.16), (3.2.17), and (3.2.18). We thus find that

=Y

pgr mny

« ( /Lgv[ﬂvn -E(o:) [ nm 'E(wq)][ll'mg E(wp)]
(wvg — Wy —Wg — a)p)(wng — Wq — a)p)(wmg - wp)

% e—i(w,,—i—a)q—i-wr)t

[uvg : E(a)r)]*”'vn [Il’nm . E(wq)][umg : E(wp)]

(a)ﬁg - C‘)r)(a)ng — Wq — a’p)(wmg - wp)

% efi(a)p+a)q7wr)t

[M’vg : E(a)}’)]*[”'nv : E(wq)]*”'nm [l'l'mg : E(a)p)]

(), — wr)(wp, — W — Wg)(Wmg — wp)

% e—i(w,,—wq —wp )t

[10g - E(@n) [y - E@) [ - E@p) " ong

(a)fjg — a)r)(a);l“g — w; — a)q)(a);;;g — Wy — Wy — wp)

x et <wﬂ+wq+")r>’>. (3.2.30)

Since the expression is summed over all positive and negative values
of wp, wy, and w,, we can replace these quantities by their negatives in those
expressions where the complex conjugate of a field amplitude appears. We
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thereby obtain the expression

B =5 2%

pqr mnv
< "Lgu[uvn E(wr)][”'nm E(wq)][”'mg E(wp)]
(wvg — Wy —Wg — a)p)(a)ng —Wq — a)p)(wmg - wp)

(g, - E(@r)yn [y - E(@) [ - E(wp)]
(a)?jg + ) (wng — 0 — wp)(Wmg — wp)
gy E(w)]yn  E(wp) Il [ mg - E(@)p)]
(a)?jg + wr)(wzg + o + wg)(@pg — wp)
(g, -E(@)]R,, - E(@) R - E(@p) 1
w%+mm%+m+%m%+m+%+%)

x e @ptogtont (3.2.31)

We now use this result to calculate the third-order susceptibility: We
let PO = NpO) = Do PO (wy) exp(—iwst) and introduce the defini-
tion (1.3.21) of the third-order susceptibility:

Pr(wp+ws+wr) =€ Z Z X]S’,?h(wa, Wy, Wgq, (Up)Ej (wr)E; (a)q)Eh ((Up)-
hij (pqr)

We thereby obtain the result

3
X]ﬁji)h(a)oa Wy, Wy, Wp)
=3I
60h3 mny (w“g — Wy — Wg — wp)(wng — Wq — wp)(wmg - a)p)
o ki h
MgU/’Lvn'u;lmlu“mg

(U)tg + wr)(wng — Wq — wp)(wmg - wp)

n Mévﬂi)n/‘vﬁm“fng
(C!)?;g + wr)(w:g +or+ wq)(wmg - wp)
i ho ok
N Wy Hoyn Mpm Kmg ] (3.2.32)
(@ + @) (@5 + Or + 00) @ + 0, + 0y + )

Here we have again made use of the intrinsic permutation operator PP; defined
following Eq. (3.2.27). The complete expression for the third-order suscepti-
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o e
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FIGURE 3.2.3 Locations of the resonances of each term in the expression (3.2.32) for
the third-order susceptibility.

bility actually contains 24 terms, of which only four are displayed explicitly in
Eq. (3.2.33); the others can be obtained through permutations of the frequen-
cies (and Cartesian indices) of the applied fields. The locations of the reso-
nances in the displayed terms of this expression are illustrated in Fig. 3.2.3.

As in the case of the second-order susceptibility, the expression for x ¥
can be written very compactly for the case of highly nonresonant excitation
such that the imaginary parts of the resonance frequencies (recall that w;, =
(E;— Eg)/h —iT';/2) can be ignored. In this case, the expression for x ) can
be written as

3)
ij,‘h(wa » W, Wq (Up)

ko J i h
N Z /’Lgv/’l/vn“ilmumg (3233)

= Pr :
60;-13 jo— (a)vg - wa)(wng — Wq — wp)(a)mg - U)p)

where w, = ), + w4 + @, and where we have made use of the full permuta-
tion operator Pr defined following Eq. (3.2.28).

3.2.6. Third-Harmonic Generation in Alkali Metal Vapors

As an example of the use of Eq. (3.2.33), we next calculate the nonlinear op-
tical susceptibility describing third-harmonic generation in a vapor of sodium
atoms. Except for minor changes in notation, our treatment follows that of the
original treatment of Miles and Harris (1973). We assume that the incident
radiation is linearly polarized in the z direction. Consequently, the nonlinear
polarization will have only a z component, and we can suppress the tensor
nature of the nonlinear interaction. If we represent the applied field as

E(r,t)=E|(r)e ' +c.c., (3.2.34)
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we find that the nonlinear polarization can be represented as
P(r,1) = P3(r)e” " +c.c, (3.2.35)
where
Py(r) = eox® Bw)E;. (3.2.36)

Here x® (3w) is an abbreviated form of the quantity x PBw=0w+w+w).
The nonlinear susceptibility describing third-harmonic generation is given,
ignoring damping effects, by

N
X ® GBw) = 6—3 Z Mgy MvnhnmMUmg

mnvy

1
% [(wvg —30) (Wng — 20) (@mg — @)
|
(g + ) (Ong — 20) (@mg — ©)
1
(wvg + 0)(wng + 20) (Wmg — )
1
T g T ) (@ng + 20) (g + 30)

] (3.2.37)

Equation (3.2.37) can be readily evaluated through use of the known energy
level structure and dipole transition moments of the sodium atom. Figure 3.2.4
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FIGURE 3.2.4 (a) Energy-level diagram of the sodium atom. (b) The third-harmonic
generation process.
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FIGURE 3.2.5 Two coupling schemes that contribute to the third-order susceptibility.

shows an energy level diagram of the low-lying states of the sodium atom and
a photon energy level diagram describing the process of third-harmonic gen-
eration. We see that only the first contribution to Eq. (3.2.37) can become fully
resonant. This term becomes fully resonant when w is nearly equal to w,,,,
2w is nearly equal to wyg, and 3w is nearly equal to w,,. In performing the
summation over excited levels m, n, and v, the only levels that contribute are
those that obey the selection rule A/ = %=1 for electric dipole transitions. In
particular, since the ground state is an s state, the matrix element j1,,, Will be
nonzero only if m denotes a p state. Similarly, since m denotes a p state, the
matrix element w,, will be nonzero only if n denotes an s or a d state. In
either case, v must denote a p state, since only in this case can both u,,, and
tgy be nonzero. The two types of coupling schemes that contribute to x®
are shown in Fig. 3.2.5.

Through use of tabulated values of the matrix elements for the sodium atom,
Miles and Harris (1973) have calculated numerically the value of X(S) as a
function of the vacuum wavelength A = 27 c/w of the incident laser field.
The results of this calculation are shown in Fig. 3.2.6. A number of strong
resonances in the nonlinear susceptibility are evident. Each such resonance is
labeled by the quantum number of the level and the type of resonance that
leads to the resonance enhancement. The peak labeled 3 p(3w), for example,
is due to a three-photon resonance with the 3p level of sodium. Miles and
Harris also presented experimental results that confirm predictions of their
theory.

Because atomic vapors are centrosymmetric, they cannot produce a second-
order response. Nonetheless, the presence of a static electric field can break
the inversion symmetry of the material medium, allowing processes such as
sum-frequency generation to occur. These effects can be particularly large if
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FIGURE 3.2.6 The nonlinear susceptibility describing third-harmonic generation in
atomic sodium vapor plotted versus the vacuum wavelength of the fundamental radi-
ation (after Miles and Harris, 1973).

the optical fields excite the high-lying Rydberg levels of an atomic system.
The details of this process have been described theoretically by Boyd and
Xiang (1982), with experimental confirmation presented by Gauthier et al.
(1983) and Boyd et al. (1984).

3.3. Density Matrix Formulation of Quantum Mechanics

In the present section through Section 3.7, we calculate the nonlinear optical
susceptibility through use of the density matrix formulation of quantum me-
chanics. We use this formalism because it is capable of treating effects, such
as collisional broadening of the atomic resonances, that cannot be treated by
the simple theoretical formalism based on the atomic wave function. We need
to be able to treat such effects for a number of related reasons. We saw in the
previous section that nonlinear effects become particularly large when one
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of the frequencies of the incident laser field, or when sums or differences of
these frequencies, becomes equal to a transition frequency of the atomic sys-
tem. But the formalism of the previous section does not allow us to describe
the width of these resonances, and thus it cannot tell us how accurately we
need to set the laser frequency to that of the atomic resonance. The wavefunc-
tion formalism also does not tell us how strongly the response is modified
when the laser frequency lies within the width of the resonance.

Let us begin by reviewing how the density matrix formalism follows from
the basic laws of quantum mechanics.* If a quantum-mechanical system (such
as an atom) is known to be in a particular quantum-mechanical state that we
designate s, we can describe all of the physical properties of the system in
terms of the wavefunction v (r, t) appropriate to this state. This wavefunction
obeys the Schrodinger equation

al/fs(r’ t)
ot

ih = Hy,(x, 1), (3.3.1)

where H denotes the Hamiltonian operator of the system. We assume that H
can be represented as
H=Hy+V(), (3.3.2)

where I:Io is the Hamiltonian for a free atom and V(t) represents the inter-
action energy. In order to determine how the wavefunction evolves in time, it
is often helpful to make explicit use of the fact that the energy eigenstates of
the free-atom Hamiltonian Hy form a complete set of basis functions. We can
hence represent the wavefunction of state s as

Ys(r, 1) =Y Ch(t)un(r), (3.3.3)

where, as we noted in Section 3.2, the functions u, (r) are the energy eigen-
solutions to the time-independent Schrodinger equation
Hottn (r) = Entty (1), (3.3.4)

which are assumed to be orthonormal in that they obey the relation

/ W (O, (¥) d>r = . (3.3.5)

The expansion coefficient C, (¢) gives the probability amplitude that the atom,
which is known to be in state s, is in energy eigenstate n at time ¢. The time

* The reader who is already familiar with the density matrix formalism can skip directly to Sec-
tion 3.4.
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evolution of v (r, #) can be specified in terms of the time evolution of each of
the expansion coefficient C; (¢). To determine how these coefficients evolve in
time, we introduce the expansion (3.3.3) into Schrédinger’s equation (3.3.1)
to obtain

iny a6, @, (r) =Y Cy(t)Huy(r) (3.3.6)
D" n 4 . n(r). 3.
Each side of this equation involves a summation over all of the energy eigen-
states of the system. In order to simplify this equation, we multiply each side
from the left by u}, (r) and integrate over all space. The summation on the
left-hand side of the resulting equation reduces to a single term through use
of the orthogonality condition of Eq. (3.3.5). The right-hand side is simplified
by introducing the matrix elements of the Hamiltonian operator H, defined
through

Hpp = f ' () Huy, () d°r. (3.3.7)

We thereby obtain the result
L d
ih—Cp (1) = Xn:Hmanl(t). (3.3.8)

This equation is entirely equivalent to the Schrodinger equation (3.3.1), but it
is written in terms of the probability amplitudes C; (¢).

The expectation value of any observable quantity can be calculated in terms
of the wavefunction of the system. A basic postulate of quantum mechanics
states that any observable quantity A is associated with a Hermitian opera-
tor A. The expectation value of A is then obtained according to the prescrip-
tion

(A) = / WAy dr. (3.3.9)

Here the angular brackets denote a quantum-mechanical average. This rela-
tionship can alternatively be written in Dirac notation as

(A) = (| Al ) = (s| A]s), (3.3.10)

where we shall use either |15) or |s) to denote the state s. The expectation
value (A) can be expressed in terms of the probability amplitudes C; (¢) by
introducing Eq. (3.3.3) into Eq. (3.3.9) to obtain

(A) =Y CyCyAmn, (3.3.11)
mn
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where we have introduced the matrix elements A,,, of the operator A, defined
through

Amn =(um|fi|un>=/u;‘;ﬁun d>r. (3.3.12)

As long as the initial state and the Hamiltonian operator H for the system
are known, the formalism described by Eqgs. (3.3.1) through (3.3.12) is capable
of providing a complete description of the time evolution of the system and
of all of its observable properties. However, there are circumstances under
which the state of the system is not known in a precise manner. An example
is a collection of atoms in an atomic vapor, where the atoms can interact with
one another by means of collisions. Each time a collision occurs, the wave
function of each interacting atom is modified. If the collisions are sufficiently
weak, the modification may involve only an overall change in the phase of the
wave function. However, since it is computationally infeasible to keep track
of the phase of each atom within the atomic vapor, from a practical point of
view the state of each atom is not known.

Under such circumstances, where the precise state of the system is un-
known, the density matrix formalism can be used to describe the system in
a statistical sense. Let us denote by p(s) the probability that the system is in
the state s. The quantity p(s) is to be understood as a classical rather than
a quantum-mechanical probability. Hence p(s) simply reflects our lack of
knowledge of the actual quantum-mechanical state of the system; it is not a
consequence of any sort of quantum-mechanical uncertainty relation. In terms
of p(s), we define the elements of the density matrix of the system by

pum = »_ p($)C3r Cs. (3.3.13)
)

This relation can also be written symbolically as
Pnm = C}Cy, (3.3.14)

where the overbar denotes an ensemble average, that is, an average over all
of the possible states of the system. In either form, the indices n and m are
understood to run over all of the energy eigenstates of the system.

The elements of the density matrix have the following physical interpre-
tation: The diagonal elements p,, give the probability that the system is in
energy eigenstate n. The off-diagonal elements have a somewhat more ab-
stract interpretation: pp,, gives the “coherence” between levels n and m, in
the sense that pp,;, will be nonzero only if the system is in a coherent super-
position of energy eigenstate n and m. We show below that the off-diagonal
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elements of the density matrix are, in certain circumstances, proportional to
the induced electric dipole moment of the atom.

The density matrix is useful because it can be used to calculate the expec-
tation value of any observable quantity. Since the expectation value of an ob-
servable quantity A for a system known to be in the quantum state s is given
according to Eq. (3.3.11) by (A) =", Cs*CsA,,, the expectation value
for the case in which the exact state of the system is not known is obtained by
averaging Eq. (3.3.11) over all possible states of the system, to yield

(A) =Y " p(s) D CorCsApn. (33.15)

The notation used on the left-hand side of this equation means that we are cal-
culating the ensemble average of the quantum-mechanical expectation value
of the observable quantity A.* Through use of Eq. (3.3.13), this quantity can
alternatively be expressed as

mzzpnmAmn- (3.3.16)

nm

The double summation in the equation can be simplified as follows:

anmAmn = Z(Z ;OnmAmn> = Z(ﬁA)nn = tr(ﬁAA)a
nm n m n

where we have introduced the trace operation, which is defined for any oper-
ator M by tr M =), My,. The expectation value of A is hence given by

(A) = tr(pA). (3.3.17)

The notation used in these equations is that p denotes the density operator,
whose n, m matrix component is denoted 0y ; ﬁA denotes the product of o
with the operator A; and (ﬁA),m denotes the n, n component of the matrix
representation of this product.

We have just seen that the expectation value of any observable quantity
can be determined straightforwardly in terms of the density matrix. In order
to determine how any expectation value evolves in time, it is thus necessary
only to determine how the density matrix itself evolves in time. By direct time
differentiation of Eq. (3.3.13), we find that

d dcy  dCsy
Pnm =Z&C$Ci +Zp(S)(CS*—" + —= C;). (3.3.18)
s

dt "o dt dt

N

* In later sections of this chapter, we shall follow conventional notation and omit the overbar from

expressions such as (A), allowing the angular brackets to denote both a quantum and a classical
average.
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For the present, let us assume that p(s) does not vary in time, so that the
first term in this expression vanishes. We can then evaluate the second term
straightforwardly by using Schrodinger’s equation for the time evolution of
the probability amplitudes equation (3.3.8). From this equation we obtain the
expressions

dc
Co—t= C‘*ZanC;j,

dCS‘*

—C‘ ZH* CS* = —C; > HumC}.
v

These results are now substituted into Eq. (3.3.18) (with the first term on the
right-hand side omitted) to obtain

i
n=2_p()2 D (CLCY Hum — CFCLHu). (3.3.19)
S v

The right-hand side of this equation can be written more compactly by intro-
ducing the form (3.3.13) for the density matrix to obtain

. i
Pnm = E Xv:(panvm — Hpypvm)- (3.3.20)

Finally, the summation over v can be performed formally to write this result
as

. [ oan s —ira .

Prm = E(pH —Hp), = - —[H.5],, (33.21)
We have written the last form in terms of the commutator, defined for any two
operators A and B by [A, B] = AB — BA.

Equation (3.3.21) describes how the density matrix evolves in time as the
result of interactions that are included in the Hamiltonian H. However, as
mentioned above, there are certain interactions (such as those resulting from
collisions between atoms) that cannot conveniently be included in a Hamil-
tonian description. Such interactions can lead to a change in the state of the
system, and hence to a nonvanishing value of dp(s)/dt. We include such
effects in the formalism by adding phenomenological damping terms to the
equation of motion (3.3.21). There is more than one way to model such decay
processes. We shall often model such processes by taking the density matrix
equations to have the form

Pnm = %[I:I, Ia]nm — Vnm (,Onm P;gi?))- (3.3.22)
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Here the second term on the right-hand side is a phenomenological damping
term, which indicates that p,,, relaxes to its equilibrium value p,(,,,?) at rate
Vam- Since yy, is a decay rate, we assume that y,,;, = ¥,,;,. In addition, we

make the physical assumption that

oD —0 for n#m. (3.3.23)

We are thereby asserting that in thermal equilibrium the excited states of the
system may contain population (i.e., p( 9 can be nonzero) but that thermal
excitation, which is expected to be an incoherent process, cannot produce any
coherent superpositions of atomic states (p,gf,?) =0 for n #m).

An alternative method of describing decay phenomena is to assume that
the off-diagonal elements of the density matrix are damped in the manner
described above, but to describe the damping of the diagonal elements by
allowing population to decay from higher-lying levels to lower-lying levels.

In such a case, the density matrix equations of motion are given by

Pum = —ih " [H, B,y = YambPum, nFEm, (3.3.24a)
Pan = —ih~ I:I /6 Z ComOmm — Z Cinnonn-  (3.3.24b)
Em>En Em <En

Here T, gives the rate per atom at which population decays from level m to
level n, and, as above, v, gives the damping rate of the p,,, coherence.

The damping rates y;,;, for the off-diagonal elements of the density matrix
are not entirely independent of the damping rates of the diagonal elements. In
fact, under quite general conditions the off-diagonal elements can be repre-
sented as

Vom = 3T + Do) + 0. (3.3.25)

Here, I';, and I';, denote the total decay rates of population out of levels n and
m, respectively. In the notation of Eq. (3.3.24b), for example, I', is given by
the expression

Tv= > T (3.3.26)
0 (E,y<Ep)
The quantity y,m, o) in Eq. (3.3.25) is the dipole dephasing rate due to processes

(such as elastic collisions) that are not associated with the transfer of pop-
ulation; y,,(mo ) is sometimes called the proper dephasing rate. To see why
Eq. (3.3.25) depends upon the population decay rates in the manner indicated,

we note that if level n has lifetime t,, = 1/ T, the probability to be in level n
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must decay as
1Ca)P =|Ca(O) e, (33.27)
and thus the probability amplitude must vary in time as
Ca(t) = Cy(0)e I ont = Tnl/2, (3.3.28)
Likewise, the probability amplitude of being in level m must vary as
Cn (1) = Cp(O)e "t e m!/2, (3.3.29)
Thus, the coherence between the two levels must vary as
CH1)C (1) = CF(0)Cyy (0)e 1 @mnt o= Cnt Tt /2, (3.3.30)

But since the ensemble average of C;;C,, is just p,,, whose damping rate is
denoted Y, it follows that

Ymn = %(Fn + ). (3.3.31)

3.3.1.  Example: Two-Level Atom

As an example of the use of the density matrix formalism, we apply it to the
simple case illustrated in Fig. 3.3.1, in which only the two atomic states a
and b interact appreciably with the incident optical field. The wavefunction
describing state s of such an atom is given by

Ys(r, 1) = Cp(Dua(r) + Ch(t)up(r), (3.3.32)
and thus the density matrix describing the atom is the two-by-two matrix given
explicitly by

["““ p“”] = [C“C‘t CaCy } (33.33)
Pba Pbb CpC CpCy,
The matrix representation of the dipole moment operator is
;2:>[ 0 ’”‘“”}, (3.3.34)
Uba O
—— b
©

FIGURE 3.3.1 A two-level atom.
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where p;;j = “7;’ = —eli|Z|j), —e is the electron charge, and Z is the posi-
tion operator for the electron. We have set the diagonal elements of the di-
pole moment operator equal to zero on the basis of the implicit assumption
that states a and b have definite parity, in which case (a|t|a) and (b|F|b)
vanish identically as a consequence of symmetry considerations. The ex-
pectation value of the dipole moment is given according to Eq. (3.3.17) by
() = tr(p ). Explicitly, ot is represented as

/5,&,=> Paa Pab 0 wap _ PabMba PaaMlab (3.3.35)
Pba Pbb || Mba O Pbblba Pbaltab

and thus the expectation value of the induced dipole moment is given by

m =tr(0fL) = PabMba + Pbaltab- (3.3.36)

As stated in connection with Eq. (3.3.14), the expectation value of the dipole
moment is seen to depend upon the off-diagonal elements of the density ma-
trix.

The density matrix treatment of the two-level atom is developed more fully
in Chapter 6.

3.4. Perturbation Solution of the Density Matrix
Equation of Motion

In the last section, we saw that the density matrix equation of motion with the
phenomenological inclusion of damping is given by
—i (eq)

| 1.5),, — Vam (Oum — pant)- (3.4.1)

In general, this equation cannot be solved exactly for physical systems of
interest, and for this reason it is useful to develop a perturbative technique for
solving it. This technique presupposes that, as in Eq. (3.3.2) in the preceding
section, the Hamiltonian can be split into two parts as

H=Hy+ V@), (3.4.2)

where FAI() represents the Hamiltonian of the free atom and V(t) represents
the energy of interaction of the atom with the externally applied radiation
field. This interaction is assumed to be weak in the sense that the expectation
value and matrix elements of V are much smaller than the expectation value
of Hy. We usually assume that this interaction energy is given adequately by
the electric dipole approximation as

V=—p E@), (3.4.3)
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where ji = —er denotes the electric dipole moment operator of the atom.
However, for generality and for compactness of notation, we shall introduce
Eq. (3.4.3) only when necessary.

When Eq. (3.4.2) is introduced into Eq. (3.4.1), the commutator [I-AI , 0]
splits into two terms. We examine first the commutator of I:IO with p. We
assume that the states n represent the energy elgenfunctlons u, of the unper-
turbed Hamiltonian HO and thus satisfy the equation Houn = E,u, (see also
Eq. (3.3.4)). As a consequence, the matrix representation of Ho is diagonal—
that is,

HO,nm = En8nm- (3.4.4)

The commutator can thus be expanded as

[[:I(), ,(3]” (HO/O pHO Z(HO nvPvm — PuvHo,vm)

= Z(En(snvpvm — Puvbvm Em)
v

= Eyponm — Empnm = (En — Ew) oum.- (3.4.5)

For future convenience, we define the transition frequency (in angular fre-
quency units) as

E,—E
Oy = T’" (3.4.6)

Through use of Egs. (3.4.2), (3.4.5), and (3.4.6), the density matrix equation
of motion (3.4.1) thus becomes

=[7.5],,, = vum (oum = pis). (34.7)

Pnm = —iWnm Pum —

We can also expand the commutator of V with 0 to obtain the density matrix
equation of motion in the form*

* In this section, we are describing the time evolution of the system in the Schrodinger picture.
It is sometimes convenient to describe the time evolution instead in the interaction picture. To find
the analogous equation of motion in the interaction picture, we define new quantities oy, and a(eq)

through

—iwpmt (eq) (eq) —lwnmt

Pnm = Onmé s Pnm = Onm €

In terms of these new quantities, Eq. (3.4.8) becomes

. i i ; (eq)
_ iwpyt iwymt eq
Onm —_E E [anavme W —opye VM va] Ynm (Unm — Onm )

v
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. . i

Pnm = —1®nm Pnm — 7 Z(anpvm = PnvVom) — Yam (,Onm - ,012?1(1]))- (3.4.8)
v

For most problems of physical interest, Eq. (3.4.8) cannot be solved analyti-
cally. We therefore seek a solution in the form of a perturbation expansion. In
order to carry out this procedure, we replace V;; in Eq. (3.4.8) by A V;;, where
A is a parameter ranging between zero and one that characterizes the strength
of the perturbation. The value A = 1 is taken to represent the actual physical
situation. We now seek a solution to Eq. (3.4.8) in the form of a power series
in A—that is,

Prm = P+ 205 2Pl (3.49)

We require that Eq. (3.4.9) be a solution of Eq. (3.4.8) for any value of the
parameter A. In order for this condition to hold, the coefficients of each power
of A must satisfy Eq. (3.4.8) separately. We thereby obtain the set of equa-
tions

r(l% = _iwnmpr(;% — Vnm (,0,(1?,2 - pr(l?fr(zl))7 (3.4.10a)
D = —(iwum + )0V —in 7V, 5] . (3.4.10b)
52 = —(iwum + Yam)p® —in [V, 5] (3.4.100)

and so on. This system of equations can now be integrated directly, since, if
the set of equations is solved in the order shown, each equation contains only
linear homogeneous terms and inhomogeneous terms that are already known.
Equation (3.4.10a) describes the time evolution of the system in the absence
of any external field. We take the steady-state solution to this equation to be

PO = pled, (3.4.11a)

where (for reasons given earlier; see Eq. (3.3.23))
oD —0 for n#m. (3.4.11b)

Now that ,0,5912 is known, Eq. (3.4.10b) can be integrated. To do so, we make a
change of variables by representing pﬁ}g as

Pl () = S (1) e @nmtymm)t (3.4.12)

nm

The derivative ,0,(,},2 can be represented in terms of S,(,},Z as

pr(zlrz = —(iwpm + Vnm)S,gze_(iwn"7+y"'")l + S,g},ze_(iwnm—‘ry"'")t. (3.4.13)
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These forms are substituted into Eq. (3.4.10b), which then becomes

[0 P

= p [‘7’ﬁ(o)]nme(iwnm‘i‘ynm)t_ (3414)

This equation can be integrated to give
¢ .
1 o N i Wpm+Yam )t
S — / 7[V(r’), p0],, eliemtrm gy’ (3.4.15)
—00
This expression is now substituted back into Eq. (3.4.12) to obtain
t .
. . _ -
,Or(liVZ([) = [oo 7[‘/([/), p(O)]nme(’wrlrn+Vr1m)(t 1) dt’. (3.4.16)

In similar way, all of the higher-order corrections to the density matrix can
be obtained. These expressions are formally identical to Eq. (3.4.16). The
expression for ,o,(l%), for example, is obtained by replacing p© with p(N-1
on the right-hand side of Eq. (3.4.16).

3.5. Density Matrix Calculation of the Linear Susceptibility

As a first application of the perturbation solution to the density matrix equa-
tions of motion, we calculate the linear susceptibility of an atomic system.
The relevant starting equation for this calculation is Eq. (3.4.16), which we
write in the form

. .
; —lirA . ; /
/éﬁa)ze—vwm+Wmﬂ/" di'—[V ("), p0],, et (35.0)

—0o0

As before, the interaction Hamiltonian is given by Eq. (3.4.3) as
Vi) =—p-E{1), (3.5.2)

and we assume that the unperturbed density matrix is given by (see also
Egs. (3.4.11))
O'—0 for n#m. (3.5.3)

nm

We represent the applied field as

E(t) =) E(w,)e ", (3.5.4)
p
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The first step is to obtain an explicit expression for the commutator appear-
ing in Eq. (3.5.1):

[V(t)’ ﬁ(O)]nm = Z [V(t)nvpg?qz - p;g?;)v(t)vm]
v
== [Ha) = 00ty ] - E0)
v
= —(o5m = LS o - ECD). (3.5.5)

Here the second form is obtained by introducing \7([) explicitly from
Eq. (3.5.2), and the third form is obtained by performing the summation over
all v and utilizing the condition (3.5.3). This expression for the commutator
is introduced into Eq. (3.5.1) to obtain

. t
l _(; ~ . ’
P ()= 2 (O = o) Y - €= ! / E(r)eliom v gy
—o0
(3.5.6)
We next introduce Eq. (3.5.4) for E(t) to obtain

1 i 0 0
plgnz (t) = g(plgﬂ}’Z’L - p;gn)”'nm ' ZE(C‘)[))
P
t
X e_(i“’”’"+7’”’")t/ eli@m=p)tyamlt’ gy (3.5.7)
—00

The second line of this expression can be evaluated explicitly as

[i (wnm— z)+)/nm]t, t —iwpt
e_(iwnm+ynrn)l < - ¢ e r ) = - ¢ i ) (358)
i (Wpm — wp) +Vam /) | o i(wnm — wp) + Vam
and ,o,(,},% is thus seen to be given by
_ R - E(wp)e™@r!
o =h"" (oS, — o) Y . (359

P (0nm — a)p) — [ Ynm
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We next use this result to calculate the expectation value of the induced
dipole moment*:

(1)) =t (pVR) =" plo b
nm

—lwpt

_ Mo [y - E(wp)]e
= 7 (p0 — p©® mnZrnm P . (3.5.10)
%; ( i nn ) Xp: (wnm — wp) —1Ynm

We decompose (fi(t)) into its frequency components according to
()= (m(wp))e ' (3.5.11)
p

and define the linear susceptibility tensor x (1) (w) by the equation

P(w,) = N{p(wp)) = eox (@) - E(w)), (35.12)
where N denotes the atomic number density. By comparing this equation with
Eq. (3.5.10), we find that the linear susceptibility is given by

N Kot
xV@p) =—2>"(osm — o) manm (3.5.13)

€oh o (wnm — wp) —1Ynm

The result given by Egs. (3.5.12) and (3.5.13) can be written in Cartesian

component form as

Pi(wp) = N{pi(wp)) =Y €ox,; @p)E;(wp) (3.5.14)
j
with
N i J
() _ (0) (0) Hnn Mnm
Xii (wp) = E Pmm — P —. (3.5.15)
Y b €oh ( m " ) (wnm — a)p) —UYnm

nm

We see that the linear susceptibility is proportional to the population differ-

ence p,ﬁ?,),, — p,(,(,),); thus, if levels m and n contain equal populations, the m — n

transition does not contribute to the linear susceptibility.
Equation (3.5.15) is an extremely compact way of representing the linear
susceptibility. At times it is more intuitive to express the susceptibility in an

* Here and throughout the remainder of this chapter we are omitting the bar over quantities such

as (u) for simplicity of notation. Hence, the angular brackets are meant to imply both a quantum and
an ensemble average.
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expanded form. We first rewrite Eq. (3.5.15) as

| N T
K @) = 25 D P S

€oh o " (Wpm — wp) — 1 Ynm
— =) p» om0 : 3.5.16
h ann (@Onm — a)p) — i Ynm ( )

nm

We next interchange the dummy indices n and m in the second summation so
that the two summations can be recombined as

i) i)
1 N P W Mo I
I Bl Pt e |
€on (@nm wp) LYnm (@mn U)p) UYmn
(3.5.17)
We now use the fact that w,,;, = —wn;, and Yy, = Yimn to write this result as

X(l)(w )= i Zp(o) [ /'Lfnnl’d;m i Mf;m/if;m i|
g b eoh - e (wnm — a)p) — 1 Yum (wpm + wp) + i Ynm .

(3.5.18)

In order to interpret this result, let us first make the simplifying assumption
that all of the population is in one level (typically the ground state), which we
denote as level a. Mathematically, this assumption can be stated as

o0 =1, O =0 for m#a. (3.5.19)

mm

We now perform the summation over m in Eq. (3.5.18) to obtain

N i J i J

(1) :u’anl‘(’l’la /J’na/”L(l}’l

S wy) = — E |: - + - ] (3.5.20)
Xij r eoh " (Wna — wp) — 1Vna (wna + a)p) + 1¥na

We see that for positive frequencies (i.e., for w, > 0), only the first term can
become resonant. The second term is known as the antiresonant or counter-
rotating term. We can often drop the second term, especially when w,, is close
to one of the resonance frequencies of the atom. Let us assume that w, is
nearly resonant with the transition frequency w,,. Then to good approxima-
tion the linear susceptibility is given by

N /’ngnl’(’l‘{la N i j (a)na - wp) + lyng

&) - = —Ug M
o (Wp) = —w + ’
Xij (@p) €0l (Wna — Wp) — i¥Yna  €oN antna (Wna I’)2 %120
(3.5.21)
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FIGURE 3.5.1 Resonance nature of the linear susceptibility.

The real and imaginary parts of this expression are shown in Fig. 3.5.1. We
see that the imaginary part of x;; has the form of a Lorentzian line shape with
a linewidth (full width at half maximum) equal to 2y;,,.

3.5.1. Linear Response Theory

Linear response theory plays a key role in the understanding of many optical
phenomena, and for this reason we devote the remainder of this section to the
interpretation of the results just derived. Let us first specialize our results to the
case of an isotropic material. As a consequence of symmetry considerations,
P must be parallel to E in such a medium, and we can therefore express the
linear susceptibility as the scalar quantity x ") (w) defined through P(w) =
eox "V (w)E(w), which is given by

N 1 1
(1) _ 1 2
x () =— E 3l |: — + . }
eoht " 3na (Wna — @) = i Vna (Wna + @) + i Vna
(3.5.22)

For simplicity we are assuming the case of a J = 0 (nondegenerate) ground
state and J = 1 excited states. We have included the factor of % for the fol-
lowing reason: The summation over » includes all of the magnetic sublevels
of the atomic excited states. However, on average only one-third of the a — n
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transitions will have their dipole transition moments parallel to the polariza-
tion vector of the incident field, and hence only one-third of these transitions
contribute effectively to the susceptibility.

It is useful to introduce the oscillator strength of the a — n transition. This
quantity is defined by

fra = 2mwpq [a |2
e 3he?

Standard books on quantum mechanics (see, for example, Bethe and Salpeter,
1977) show that this quantity obeys the oscillator strength sum rule—that is,

D fa=1. (3.5.24)

(3.5.23)

If a is the atomic ground state, the frequency w,, is necessarily positive, and
the sum rule hence shows that the oscillator strength is a positive quantity
bounded by unity—that is, 0 < f;;, < 1. The expression (3.5.22) for the linear
susceptibility can be written in terms of the oscillator strength as

Nfrq€? 1 1
V=3 : fna [ . ' ]
L “€0MWnq (Wna — @) = i Vna (Wna + @) +1Vna

2
~ ana[ Ne”/eom } (3.5.25)

w%a —w? — 2i WnaVna

In the latter form, the expression in square brackets is formally identi-
cal to the expression for the linear susceptibility predicted by the classical
Lorentz model of the atom (see also Eq. (1.4.17)). We see that the quantum-
mechanical prediction differs from that of the Lorentz model only in that in
the quantum-mechanical theory there can be more than one resonance fre-
quency w,,. The strength of each such transition is given by the value of the
oscillator strength.

Let us next see how to calculate the refractive index and absorption coef-
ficient. The refractive index n(w) is related to the linear dielectric constant
€D (w) and linear susceptibility xD(w) through

n(@) =vVeD () = /14 xD(@) =1+ 1xV(w). (3.5.26)

In obtaining the last expression, we have assumed that the medium is suffi-
ciently dilute (i.e., N sufficiently small) that x () « 1. For the remainder of
the present section, we shall assume that this assumption is valid, both so that
we can use Eq. (3.5.26) as written and also so that we can ignore local-field
corrections (cf. Section 3.9). The significance of the refractive index n(w) is
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that the propagation of a plane wave through the material system is described
by

E(z,1) = Ege! 70 fcc, (3.5.27)
where the propagation constant k is given by
k=n(w)w/c. (3.5.28)

Hence, the intensity [ = nceo(E (z,1)?) of this wave varies with position in
the medium according to

1(z) = lpe™**, (3.5.29)
where the absorption coefficient « is given by
a=2n"w/c, (3.5.30)

and where we have defined the real and imaginary parts of the refractive in-
dex as n(w) = n’ + in”. Alternatively, through use of Eq. (3.5.26), we can

represent the absorption coefficient in terms of the susceptibility as
o =

xVaw/e, (3.5.31a)

where x V(w) = x V" +ix " Through use of Eq. (3.5.25), we find that the
absorption coefficient of the material system is given by

N 2 2
anry JnalNe [ Vna } (3.5.31b)
n

2mencyna | (@Wna — a))2 + ynza

In obtaining this result, we have replaced w in Eq. (3.5.31a) by w4, which is
valid for a narrow resonance.

It is often useful to describe the response of a material system to an applied
field in terms of microscopic rather than macroscopic quantities. We define
the atomic polarizability y (! (w) as the coefficient relating the induced dipole
moment (i (w)) and the applied field E(w):*

(n(@)) =7V (@E(w). (3.5.32)

The susceptibility and polarizability are related (when local-field corrections
can be ignored) through

xP(w)=NyD(w), (3.5.33)

* Note that many authors use the symbol « to denote the polarizability. We use the present notation
to avoid confusion with the absorption coefficient.
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and we thus find from Eq. (3.5.22) that the polarizability is given by

1 1 1
(1 _ 1 2
Yy (w) = E 3 Ml |: — + . }
eoh 3na (Wna — @) = i Vna (Wna + @) +iVna

(3.5.34)

Another microscopic quantity that is often encountered is the absorption cross
section o, which is defined through the relation

a=No. (3.5.35)

The cross section can hence be interpreted as the effective area of an atom
for removing radiation from an incident beam of light. By comparison with
Egs. (3.5.31a) and (3.5.33), we see that the absorption cross section is related
to the atomic polarizability y " =y’ 4 iy (D" through

o=y w/ec. (3.5.36)

Equation (3.5.34) shows how the polarizability can be calculated in terms
of the transition frequencies wj,, the dipole transition moments pu,,,, and the
dipole dephasing rates y;,,. The transition frequencies and dipole moments
are inherent properties of any atomic system and can be obtained either by
solving Schrédinger’s equation for the atom or through laboratory measure-
ment. The dipole dephasing rate, however, depends not only on the inherent
atomic properties but also on the local environment. We saw in Eq. (3.3.25)
that the dipole dephasing rate y,,, can be represented as

Yam = 3 (T + ) 4 0. (3.5.37)

Next we calculate the maximum values that the polarizability and absorp-
tion cross section can attain. We consider the case of resonant excitation
(w = wygq) of some excited level n. We find, through use of Eq. (3.5.34) and
dropping the nonresonant contribution, that the polarizability is purely imag-
inary and is given by

) _ i|l’vn/a|2
res €0nYna .

We have let n’ designate the state associated with level n that is excited by
the incident light. Note that the factor of % no longer appears in Eq. (3.5.38),
because we are now considering a particular state of the upper level and are no
longer summing over n. The polarizability will take on its maximum possible
value if y,,, is as small as possible, which according to Eq. (3.5.37) occurs
when y(COD

n'a

(3.5.38)

= 0. If a is the atomic ground state, as we have been assuming,
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its decay rate I'; must vanish, and thus the minimum possible value of y,,/,
is 3T
The population decay rate out of state n’ is usually dominated by sponta-
neous emission. If state n’ can decay only to the ground state, this decay rate
is equal to the Finstein A coefficient and is given by
a);’za |”’n/ a |2

Iy =——F. 3.5.39
" 3mephic3 ( )
If ypo = %Fn/ is inserted into Eq. (3.5.38), we find that the maximum possible
value that the polarizability can possess is

2 \3
Vi = 167 <g) : (3.5.40)
We find the value of the absorption cross section associated with this value of
the polarizability through use of Eq. (3.5.36):

312

Omax = ——. (3.5.41)
2

These results show that under resonant excitation an atomic system possesses
an effective linear dimension approximately equal to an optical wavelength.

Recall that the treatment given in this subsection assumes the case of a
J =0 lower level and a J = 1 upper level. More generally, when J, is the
total angular momentum quantum number of the lower level and Jj, is that
of the upper level, the maximum on-resonance cross section can be shown to
have the form

gp M

-, (3.542)
8a 27

Omax =
where gp = 2Jp + 1 is the degeneracy of the upper level and g, =2J, + 1
is that of the lower level. Furthermore, we have implicitly assumed in the
treatment given above that the lower-level sublevels are equally populated, as
they would be in thermal equilibrium. If the ground level sublevels are not
equally populated, due for instance to optical pumping effects, the result of
Eq. (3.5.42) needs to be modified further. To account for these effects, this
equation is to be multiplied by a numerical factor that lies between 0 and 3.
The cross section vanishes, for example, for an atom that is optically pumped
so that the direction of the dipole transition moment is perpendicular to that
of the electric field vector of the incident radiation, and it attains its maximum
value when these directions are parallel. These considerations are described
in greater detail by Siegman (1986).
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3.6. Density Matrix Calculation of the Second-Order
Susceptibility

In this section we calculate the second-order (i.e., x ?) susceptibility of an
atomic system. We present the calculation in considerable detail, for the fol-
lowing two reasons: (1) the second-order susceptibility is intrinsically impor-
tant for many applications; and (2) the calculation of the third-order suscepti-
bility proceeds along lines that are analogous to those followed in the present
derivation. However, the expression for the third-order susceptibility x ) is so
complicated (it contains 48 terms) that it is not feasible to show all of the steps
in the calculation of x ®. Thus the present development serves as a template
for the calculation of higher-order susceptibilities.

From the perturbation expansion (3.4.16), the general result for the second-
order correction to p is given by

t .
T —lrn . , ,
Igl?’r)l —e (i Onm+VYnm)t / N 7[‘/’ p(l)]nme(’wnm“"ynm)l dt/, (361)

where the commutator can be expressed (by analogy with Eq. (3.5.5)) as

(V.60 == (Hnw i) — 05 Hum) - E(@). (3.6.2)

v

In order to evaluate this commutator, the first-order solution given by
Eq. (3.5.9) is written with changes in the dummy indices as

_ Iy, - E(w),) .
1 ) () (0) vm p —iwpt
Pom = Pmm — P E - e P (3.6.3)
! ( " ) > (@vm wp) LYvm

and as

B . E(w ) .
) — p=1(p© _ O Ky =(Op iwpt 3.64
Pny (IOUV /Onn)z (a)nv —a)p) —i)/nve ( )

The applied optical field E@) is expressed as

E(t) = E(wg)e ", (3.6.5)
q
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The commutator of Eq. (3.6.2) thus becomes
7 A( 0 0
7.5V =7 (0= 2)

X Z [y - E(@) ][y - E(wp)] e wptwg)t

(wym — a)q) — i Vvm

rq
1 0 0
+hA" Z plgl)) pr(m)

Y [y - E@p)IB v - B@T i, 00 (3.6.6)

g (wny — (Up) — i Yny

This expression is now inserted into Eq. (3.6.1), and the integration is per-
formed to obtain

1015%2 Zze i(wp+wg)t
v

y :p,S?,L iy [y - E@q)] [y - E(@))]
h? [(wnm — Wp — wq) — 1 Ynm][(@ym — a)p) — i Yvml]
o — i [y E@) IR E@y)] }
n? [(wnm — wp — CUq) — i Yum][(0ny — wp) — Y]
=Y "> Kumpe '@rtedt, (3.6.7)
v pq

We have given the complicated expression in curly braces the label K,
because it appears in many subsequent equations.

We next calculate the expectation value of the atomic dipole moment, which
(according to Eq. (3.3.16)) is given by

= anm”’mn' (3.6.8)
nm

We are interested in the various frequency components of {j1), whose complex
amplitudes (u(w;)) are defined through

(i) = (m(ep))e ! (3.6.9)

r
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Then, in particular, the complex amplitude of the component of the atomic
dipole moment oscillating at frequency w;, + wy is given by

<ll'(w17 +wq)): ZZKnmvﬂmn, (3610)

nmy (pq)

and consequently the complex amplitude of the component of the nonlinear
polarization oscillating at frequency w), + wy is given by

PP (wp + wy) = N(p(wp +0g))= N Z Z Kyt - (3.6.11)
nmv (pq)

We define the nonlinear susceptibility through the equation

PP (@p+0g) =0 Y Y X (@p + g, 0g, 0p) Ej(0q) Ex (@),
Jjk (pq)
(3.6.12)

using the same notation as that used earlier (see also Eq. (1.3.13)). By com-
parison of Egs. (3.6.7), (3.6.11), and (3.6.12), we obtain a tentative expression
for the susceptibility tensor given by

Ml N
Xijk (wp +wg, wg, wp) = 607
i d ok
(0) (0) anu/l’lvﬂym
x Pmm — P ; - (a)
m%{ mm VU [(Cl)nm —wp —a)q) —l)/nm][(a)vm _wp) —l)/vm]
— (00— p®) ol Foom Py, } ®)
v " (wpm — wp — wg) = L Ynm][(@ny — ©p) — iVny]
(3.6.13)

We have labeled the two terms that appear in this expression (a) and (b) so
that we can keep track of how these terms contribute to our final expression
for the second-order susceptibility.

Equation (3.6.13) can be used in conjunction with Eq. (3.6.12) to make
proper predictions of the nonlinear polarization, which is a physically mean-
ingful quantity. However, Eq. (3.6.13) does not possess intrinsic permutation
symmetry (cf. Section 1.5), which we require the susceptibility to possess.
We therefore define the nonlinear susceptibility to be one-half the sum of
the right-hand side of Eq. (3.6.13) with an analogous expression obtained
by simultaneously interchanging w, with w, and j with k. We thereby



3.6. Density Matrix Calculation of the Second-Order Susceptibility 173

obtain the result

)((2)((1) +wy, wg, 0 ):—N
ijk\""pP q>%q>*p Zéohz
i)k
©0) ) HonnHnv Ky
x Pmm — P - , (ar)
%{( mm vy )[[(wnm —wp —0g) = i Vam][(@um — ©p) — iVym]
[ ey Wom @)
[(wnm — ®p — wq) — LYnm[(@vm — @g) — i Vvm]
ik
= (o = o) Sl oy (b1)

[(Wnm — wp — @g) — i Ynm][(Wny — @p) —iyny]

+ .
[(wnm — Wp — wq) — i Ynm1[(@ny — a)q) — Y]

(3.6.14)

This expression displays intrinsic permutation symmetry and gives the non-
linear susceptibility in a reasonably compact fashion. It is clear from its form
that certain contributions to the susceptibility vanish when two of the levels
associated with the contribution contain equal populations. We shall exam-
ine the nature of this cancellation in greater detail below (see Eq. (3.6.17)).
Note that the population differences that appear in this expression are always
associated with the two levels separated by a one-photon resonance, as we
can see by inspection of the detuning factors that appear in the denomina-
tor.

The expression for the second-order nonlinear susceptibility can be rewrit-
ten in several different forms, all of which are equivalent but provide dif-
ferent insights in to the resonant nature of the nonlinear coupling. Since the
indices m, n, and v are summed over, they constitute dummy indices. We can
therefore replace the indices v, n, and m in the last two terms of Eq. (3.6.14)
by m, v, and n, respectively, so that the population difference term is the same
as that of the first two terms. We thereby recast the second-order susceptibility
into the form

@) N 0 0
Xijk (wp +wy, g, wp) = 2607’22 Z (/Oy(m; - P,SV))

mnv
[((@Wnm — wp — @g) — 1 Yam]l[(@vm — @p) — iYvm]

(ar)
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N Minn.ﬂﬁv,u{)m . @)
[(@nm — wp — @g) — i Ynm][(@ym — ©g) — 1 Yvm]

- . . (b1)
[(@wvn — wp — @y) - lyvn][(@um —wp) — i Yum]

_ } (b2) (3.6.15)

[(wvn — wp — U)q) — iyunll(@vm — a)q) — i Yum]

We can make this result more transparent by making another change in
dummy indices: we replace indices m, v, and n by [, m, and n, respectively.
In addition, we replace wy;;,, Wy, and Wy, by —wpmi, —wp;, and —wy,,, respec-
tively, whenever one of them appears. Also, we reorder the product of matrix
elements in the numerator so that the subscripts n, m, and [ are “chained” in
the sense shown and thereby obtain the result

@ N © _ ©
Xijk (wp + g, g, wp) = 2 a2 Z ('Oll - pr(nr)n)
€0 Im
: Iy Bonm I
[(wn — Wp — a)q) - ian][(wml —wp) — ¥Ymil
Hin M
[(wn — wp — wq) — iYnll(@Om — a)q) — i ¥Ymil
o
P M ot
(@nm + wp + a)q) + i Yum ] [(@m1 — wp) — 1 Ymil
P .
'u’lannmu’ljnl
[(wnm + wp + a)q) + 1 Yum ][ (Om1 — wq) — 1 Ymil

(a1)

(a2)

+ [ (b1)

}. (b))  (3.6.16)

One way of interpreting this result is to consider where levels [, m, and n
would have to be located in order for each of the terms to become resonant.
The positions of these energies are illustrated in Fig. 3.6.1. For definiteness,
we have drawn the figure with w, and w, positive. In each case the magni-
tude of the contribution to the nonlinear susceptibility is proportional to the
population difference between levels [ and m.

In order to illustrate how to make use of Eq. (3.6.16) and to examine the
nature of the cancellation that can occur when more than one of the atomic
levels contains population, we consider the simple three-level atomic system
illustrated in Fig. 3.6.2. We assume that only levels a, b, and ¢ interact ap-
preciably with the optical fields and that the applied field at frequency w; is
nearly resonant with the a — b transition, the applied field at frequency w; is
nearly resonant with the b — ¢ transition, and the generated field frequency
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FIGURE 3.6.2 Three-level atomic system.

w3 = w] + w; is nearly resonant with the ¢ — a transition. If we now perform
the summation over the dummy indices /, m, and n in Eq. (3.6.16) and retain
only those terms in which both factors in the denominator are resonant, we
find that the nonlinear susceptibility is given by

2
Xi(j]g(wf}a w2, ®1)
i)k
N {( (0) (0))[ Packeppg ]

=71 \Paa — P : ;
26()712 e bb [(@eca — @3) — iVeall(®ba — @1) — i Ybal

i,k
0) (0) HackcpHpg ] }
(0® [ : : . (3.6.17)
( cc bb ) [(weq — @3) — iveall(Wep — @2) — iYeb]

Here the first term comes from the first term in Eq. (3.6.16), and the sec-
ond term comes from the last (fourth) term in Eq. (3.6.16). Note that the first
term vanishes if p},?) = ,0152) and that the second term vanishes if ,oég) = pég).
If all three populations are equal, the resonant contribution vanishes identi-

cally.
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For some purposes it is useful to express the general result (3.6.16) for the
second-order susceptibility in terms of a summation over populations rather
than a summation over population differences. In order to cast the suscepti-
bility in such a form, we change the dummy indices [, m, and n to n, [, and m
in the summatlon containing ,0 ), but leave them unchanged in the summation
containing ,ol ;- ) We thereby obtain the result

2
Xi(jlz(wp + wg, g, wp)

ik
2.7 (0){ P Lo ()

26 hz [(wni — @wp — 0g) — iYull(@mi — @p) — iVmil
/'L;.n“’ll;ml‘dnl (a2)
[(wn — wp — wq) — iynll(wm — wq) — i ¥Ymil
ki J
n FinFnm i @)
[(@mn — wp — wq) — i Ymnll[(@p + wp) + iyl !
Joi k
+ 'u“ln/“clnm/’Lml (a/)
[(@mn —wp _wq)__iymn][(wnl"i‘wq)“_iynl] 2
+ 'U“ljnlu“itm“fnl (by)
[(wpm + wp + wq) + iynm][(wml - wp) — 1 Ymi]
[(wnm +wp + wq) + anm][(wml ) [Ymi]
Mlnﬂnmﬂml ®)
[(wml+(Up+(Uq)+lyml][(wnl+wp)+lynl] :
N HinPonm Hi } )
[(wml+(Up+(Uq)+i7ml][(wnl+wq)+i7nl] 2
(3.6.18)

As before, we can interpret this result by considering the conditions under
which each term of the equation can become resonant. Figure 3.6.3 shows
where the energy levels [, m, and n would have to be located in order for
each term to become resonant, under the assumption the p and w, are both
positive. Note that the unprimed diagrams are the same as those of Fig. 3.6.1
(which represents Eq. (3.6.16)), but that diagrams b’1 and b’2 represent new
resonances not present in Fig. 3.6.1.

Another way of making sense of the general eight-term expression for x %)
Eq. (3.6.18) is to keep track of how the density matrix is modified in each
order of perturbation theory. Through examination of Egs. (3.6.1) through
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FIGURE 3.6.3 The resonances of Eq. (3.6.18).

(3.6.7), we find that the terms of type a, a’, b, b’ occur as the result of the
following perturbation expansion:

0 1 2 0 1 2
@) prom = Pom = Do @): p — pSm— pra.

0 1 2 0 1 2
®): o) = o) = oy O s = pl) = o,

However, in writing Eq. (3.6.18) in the displayed form, we have changed the
dummy indices appearing in it. In terms of these new indices, the perturbation
expansion is

0) (1) @ / 0) (1 )
@: Py = P = Ppr s @: oy = Py = Pmns
1 ml nl 1l In mn (3619)

A TR OB
Note that the various terms differ in whether it is the left or right index that
is changed by each elementary interaction and by the order in which such a
modification occurs.
A convenient way of keeping track of the order in which the elementary
interactions occur is by means of double-sided Feynman diagrams. These di-
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FIGURE 3.6.4 Double-sided Feynman diagrams.

agrams represent the way in which the density operator is modified by the
interaction of the atom with the laser field. We represent the density operator
as

o=l (3.6.20)
where |1/) represents the key vector for some state of the system, (| (the bar
vector) represents the Hermitian adjoint of (Y|, and the overbar represents
an ensemble average. The elements of the density matrix are related to the
density operator o through the equation

Pum = (n|p|m). (3.6.21)

Figure 3.6.4 gives a pictorial description of the modification of the den-
sity matrix as indicated by the expressions (3.6.19). The left-hand side of
each diagram indicates the time evolution of |¢), and the right-hand side
indicates the time evolution of (Y|, with time increasing vertically upward.
Each interaction with the applied field is indicated by a solid arrow labeled
by the field frequency. The trace operation, which corresponds to calculat-
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ing the output field, is indicated by the wavy arrow.* It should be noted
that there are several different conventions concerning the rules for draw-
ing double-sided Feynman diagrams (Boyd and Mukamel, 1984; Prior, 1984;
Yee and Gustafson, 1978).

3.6.1. x@ in the Limit of Nonresonant Excitation

When all of the frequencies w, wy, and w, + w, differ significantly from
any resonance frequency of the atomic system, the imaginary contributions to
the denominators in Eq. (3.6.18) can be ignored. In this case, the expression
for X(z) can be simplified. In particular, terms (aé) and (b1) can be combined
into a single term, and similarly for terms (ai) and (by). We note that the
numerators of terms (aé) and (b;) are identical and that their denominators
can be combined as follows:

1 1
+
(Wmn — Wp — wq)(wnl + wq) (—®mn + wp + wq)(wml - wp)

B 1 1 1

(@ —wp —wg) | wp + wy a Wmi —a)p]

_ 1 [ W — wp — wp — wy

 (@mn — 0p — ) | (@n1 + 0g) (0mi — wp)j|

B 1 [ o —wp —wy

 (Omn — ©p — @) | (@n1 + 0g) (@1 — wp)}
1

(3.6.22)

B (wn1 + wq)(wml - (Up) '

The same procedure can be performed on terms (ai) and (by); the only differ-
ence between this case and the one treated in Eq. (3.6.22) is that @, and
have switched roles. The frequency dependence is thus

1

(wn; + wp)(wml - wq) .

(3.6.23)

The expression for x ® in the off-resonance case thus becomes

* In drawing Fig. 3.6.4, we have implicitly assumed that all of the applied field frequencies are
positive, which corresponds to the absorption of an incident photon. The interaction with a negative
field frequency which corresponds to the emission of a photon, is sometimes indicated by a solid arrow
pointing diagonally upward and away from (rather than toward) the central double line.
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2
Xi(jlz(wp + g, wg, wp)

ik
_ Ny <0>{ inHnm Pt
_ ) (a1)
2egh2 Ldmn Pil [(wns — wp — a)q)(a)mz - a)p)
i ko)
n M Hnm i (a2)
(O — wp — wg)(@m — g)
Joik
Mln/’bnml’bml (bl), (a/z)
(Wn1 + wg) (@n — ®p)
ki)
M Mpm Mg (b2), (a/l)
(@nt + @p)(@mi — wq)
ko J i
A o e
[nnmi~m] (b/l)

(wm1 + wp + wq)(wnl + a)p)

Jo ko0
I‘Llnl’bnmuinl }

’ 6.24
(wml+wp+wq)(wnl+wq) (b2) (36 )

Note that only six terms appear in this expression for the off-resonance
susceptibility, whereas eight terms appear in the general expression of
Eq. (3.6.18). One can verify by explicit calculation that Eq. (3.6.24) satisfies
the condition of full permutation symmetry (see also Eq. (1.5.7)). In addition,
one can see by inspection that Eq. (3.6.24) is identical to the result obtained
above (Eq. (3.2.27)) based on perturbation theory of the atomic wavefunction.

There are several diagrammatic methods that can be used to interpret this
expression. One of the simplest is to plot the photon energies on an atomic
energy-level diagram. This method displays the conditions under which each
contribution can become resonant. The results of such an analysis gives ex-
actly the same diagrams displayed in Fig. 3.6.3. Equation (3.6.24) can also be
understood in terms of a diagrammatic approach introduced by Ward (1965).

3.7. Density Matrix Calculation of the Third-Order
Susceptibility

The third-order correction to the density matrix is given by the perturbation
expansion of Eq. (3.4.16) as

t

3) _ ,—(oum+ynm)t _iA"z .nm‘l’nmt/
p® = oGty )/_007[‘/’/)( ], eliem ) gy (37.1)
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where the commutator can be represented explicitly as

[V, 6P, == (Hnvois) = o3 um) - E (). (3.72)

v

Expressions for ,o ) and p ) are available from Eq. (3.6.7). Since these ex-
pressions are very complicated, we use the abbreviated notation introduced
there:

P =" Kyme ' @rtent, (3.7.3)

where K,,,,; has been displayed explicitly. We also represent the electric field
as

E@t) =) E(@)e . (3.7.4)
The commutator thus becomes
[‘A/ 16 = - Z Z Mpy - E(a)r)] vml€ —i@ptogtont
vl pqr
+ Z Z[ﬂvm 'E(wr)]Knvle_i(wp+wQ+wr)t. (3.7.5)
vl pqr

The integration of Eq. (3.7.1) with the commutator given by Eq. (3.7.5) can
now be performed. We obtain

[y - E(wp) K ymi
3 _ ny
Pnm = 7 Zzi(wnm—a)p_a)q_wr)_

vl pqr

l Vnm

[, - E(wp) 1Ky

(wnm — wp —wWg — @r) = [¥Ynm

}e—"<wn+wq+wr>’. (3.7.6)
The nonlinear polarization oscillating at frequency w, + w; + @, is given
by

P(wp + w4 + or) = N(p(wp + w4 + o)), (3.7.7)

where

= Pumbln = ) _(H(@5))e ™! (3.7.8)

N
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We express the nonlinear polarization in terms of the third-order susceptibility
defined by (see also Eq. (1.3.21))

Pr(wp +wy +wop) = EOZZX,S-’?,I(CUP +wg + wp, W, g, wp)
hij pqr
X Ej(w)Ei(wg) Ep(wp). 3.7.9)

By combining Eqgs. (3.7.6) through (3.7.9), we find that the third-order sus-
ceptibility is given by

3 N
X/Ej?h(wp + g + or, 0r, 0g, p) = 3 Pr Z
0

nmvl

0 0 j j
(pr(nraz - ,01(1 ))/J’Ir(rm :U“ijwp“i;lu“?m

{ [(wum — wWp — Wg — @) = i Yum][(@om — wp — wq) — iyym][(wm — wp) —1Yim]

(a)

0 0 j i
(:01(1 )~ ,Olgv))ﬂlr(nn M{w:u;m Mﬁl

- [(wnm — wWp — Wqg — @) = i Yum][(@om — wp — wq) — iyym][(wy — wp) — iyl

(b)
~ (0 — Py ik sl gl
[(wnm — Wp — Wg — @) = i Ynm][(0ny — wp — wq) — 1Y ][(wpy — wp) — iyl
(©)
N (08 = P 1 5, 1 }
[(wnm —Wp — Wg — wr) - iynm][(a)nv —wp — wq) - i)/nv][(wnl - a)p) - iynl]
(d)
(3.7.10)

Here we have again made use of the intrinsic permutation operator Py, whose
meaning is that everything to the right of it is to be averaged over all possible
permutations of the input frequencies w,, w,, and w,, with the cartesian in-
dices &, i, j permuted simultaneously. Next, we rewrite this equation as eight
separate terms by changing the dummy indices so that / is always the index
of pl.(l.o). We also require that only positive resonance frequencies appear if the
energies are ordered so that £, > E,, > E,, > E;, and we arrange the matrix
elements so that they appear in “natural” order, / — m — n — v (reading
right to left). We obtain
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3 N 0
Xlgjz?h(wl’ + g+ o, 0, 0g, 0p) = 6?73[ Z pl(l )
0

vaml
{ I o [ Py
[(wy — wp — wWg — wr) — iypi]l(wn — wp — wq) —iynll(@m — (Up) — i Ymil
A (a1)
1L S o 1y
+ ; - -
[(wny —@p — wg — @) — iVpoll(@my — wp — 0g) — iymu][(wur + @p) + iyl
4 (a2)
L] S i Py
+ ; - ;
[(wny — wp — Wg — ) = i Ynoll(@um +wp + wq) + ivomll(@mr — wp) — i Vmil
. (b1)
P Pon P
+ ; ; :
[(wmn — Wp — Wg — @) = i Ymn][(@n + wp + wq) + iy ll(ww + a)p) +iyul
_ (b2)
/’Lljvl’bﬁn'u;lml’bilnl
[(wyn + wp + w4 + r) + iYonll(@n — wp — wq) — iy ll(@mi — wp) — i Ymil
_ (c1)
Mﬁ,ﬂ\inﬂﬁmﬂin[
[(wnm + wp + wg + @r) + i Ynm1[(@my — Wp — wq) — i Ymy][(@u + wp) +iyul
‘ (c2)
b o P 10
+ ; - -
[(wnm + wWp + wq + @) + i Yam | [(@om + wp + wq) + i Ymvl[(wmi — wp) — 1 ¥Ymi]
| (@
M;lv“ijn:utjlm“];;l }
+ - ; - .
[(wmi + wp +wg + @r) + i ymi][(wnr + wp + wq) + iYull(ww + wp) + iyl
(d2)
(3.7.11)

For the general case in which w, wy, and w, are distinct, six permutations
of the field frequencies occur, and thus the expression for x ) consists of 48
different terms once the permutation operator P; is expanded. The resonance
structure of this expression can be understood in terms of the energy level
diagrams shown in Fig. 3.7.1. Furthermore, the nature of the perturbation ex-
pansion leading to Eq. (3.7.11) can be understood in terms of the double-sided
Feynman diagrams shown in Fig. 3.7.2.
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FIGURE 3.7.1 The resonance structure of the expression (3.7.11) for the third-order
nonlinear susceptibility.

We saw in Section 3.2 that the general expression for the third-order suscep-
tibility calculated using perturbation theory applied to the atomic wavefunc-
tion contained 24 terms. Equation (3.2.33) shows four of these terms explic-
itly; the other terms are obtained from the six permutations of the frequencies
of the applied field. It can be shown that Eq. (3.7.11) reduces to Eq. (3.2.33) in
the limit of nonresonant excitation, where the imaginary contributions (i yyg)
appearing in Eq. (3.7.11) can be ignored. One can demonstrate this fact by
means of a calculation similar to that used to derive Eq. (3.6.23), which ap-
plies to the case of the second-order susceptibility (see Problem 5 at the end
of this chapter).

In fact, even in the general case in which the imaginary contributions i yyg
appearing in Eq. (3.7.11) are retained, it is possible to rewrite the 48-term ex-
pression (3.7.11) in the form of the 24-term expression (3.2.33) by allowing
the coefficient of each of the 24 terms to be weakly frequency-dependent.
These frequency-dependent coefficients usually display resonances at fre-
quencies other than those that appear in Fig. 3.7.1, and these new resonances



3.8. Electromagnetically Induced Transparency 185

v “—HV\ v
n
r/

n

N

3
e
Nal
iy
_08

e
)

e
e

e

NN
-

=}

n nym

)
@,) ) (b)) (®,)
m

e

S - 7
i<
7

e
o

=
Zx

S
£

)

e
\
£
o

=l

~
~
~

l
) (c,) ) d,)

~
(¢}

FIGURE 3.7.2 Double-sided Feynman diagrams associated with the various terms in
Eq. (3.7.11).

occur only if the line-broadening mechanism is collisional (rather than radia-
tive). The nature of these collision-induced resonances has been discussed by
Bloembergen et al. (1978), Prior (1984), and Rothberg (1987).

3.8. Electromagnetically Induced Transparency

Electromagnetically induced transparency (EIT) is a powerful technique that
can be used to render a material system transparent to resonant laser radiation
while retaining the large and desirable nonlinear optical properties associated
with the resonant response of a material system. EIT was first described the-
oretically by Harris et al. (1990), although EIT shares some features with
processes described earlier by Gray et al. (1978) and by Tewari and Agarwal
(1986). EIT also shares some similarity with the process known as lasing with-
out inversion (Harris, 1989; Kocharovskaya and Khanis, 1988; Scully er al.,
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FIGURE 3.8.1 Typical situation for observing electromagnetically induced trans-
parency.

1989). EIT has been observed both in atomic systems (Boller et al., 1991;
Field et al., 1991) and in solids (Ham et al., 1997; Zhao et al., 1997). Labora-
tory studies have confirmed that EIT can be used to enhance the efficiency of
nonlinear optical processes including nonlinear frequency conversion (Hakuta
et al., 1991; Jain et al., 1996) and optical phase conjugation (Hemmer et al.,
1995; Li and Xiao, 1996). Moreover, EIT plays a key role in the generation of
“slow light” (Budker et al., 1999; Boyd and Gauthier, 2002; Hau et al., 1999;
Inouye et al., 2000; Kash et al., 1999). In addition, it has been predicted that
EIT can enhance the properties of a much broader range of processes, includ-
ing squeezed-light generation (Lukin et al., 1999) and low-light-level pho-
tonic switching (Harris and Yamomoto, 1998; Imamoglu et al., 1997). More
information about EIT can be found in the review articles on EIT cited at the
end of this chapter.

Let us analyze a prototypical example of EIT. The situation is illustrated
in part (a) of Fig. 3.8.1. Laser fields at frequencies @ and wy are applied to
an atomic system with the intent of generating radiation at the sum frequency
w4 = 2w + ws. One would normally expect that strong absorption of light at
frequency w4 would severely limit the efficiency of the sum-frequency gener-
ation process. However, we shall see that by allowing the field at frequency w;
to be a strong saturating field one is able to eliminate absorption at the a — d
transition frequency while maintaining a large four-wave-mixing susceptibil-
ity.

Our goal is to treat the sum-frequency generation process illustrated in
part (a) of Fig. 3.8.1 and to show how it can be excited more efficiently
through use of EIT techniques. As a first step, we examine how absorption
at a specified frequency can be essentially eliminated by means of the EIT
process. Later in this section we shall return to the study of sum-frequency
generation and show that the nonlinear response leading to this process can
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remain large even when linear absorption at the output frequency is elimi-
nated.

We thus first examine how linear absorption at frequency w4 is modified by
an intense saturating field of amplitude E; at frequency wy, as illustrated in
part (b) of Fig. 3.8.1. To treat this problem, we need to include states a, d,
and c in the atomic wavefunction. Common sense might suggest that we thus
express the wavefunction as

Y (r, 1) = Ch()ug (r)e ™ ! 4 Cl(t)ug (Ve " 4 CL(t)uc(r)e ™, (3.8.1)

where fiw; is the energy of level j, and solve Schrodinger’s equation to deter-
mine the time evolution of the expansion coefficients C},(¢), C Zi (1), and CL(1).
But in fact the calculation proceeds much more simply if instead we work in
the interaction picture and represent the wavefunction as

Y(r,1) = Coa()itg(0) + Ca (g (Ve 4 Co(t)uc(r)e ™ 4 (3.8.2)

In fact, this representation makes sense because in a driven system the coeffi-
cients are expected to oscillate at the driving frequency, not at the resonance
frequency. We require that ¥ (r, ) obey Schrodinger’s equation in the form

v A .
iha—‘fzﬂxp with A =Hy+V, (3.8.3)

where in the rotating-wave and electric-dipole approximations we can express
the interaction energy as

V = —[i(Eqe” " 4 E¥elT), (3.8.4)

We next proceed to derive equations of motion for the coefficients C;.
We begin by introducing the wave function (3.8.2) into Schrédinger’s equa-
tion (3.8.3) to obtain

i[Catta + Cattge™ ™ — iwaCauge™ ™ + Cotrpe™ /@0
—iws — 5) Cettge @0 ]
= Caha)aua + thwdude_iw4t + Cc‘ha)cu¢‘e_i(w4_a)5)t
+ V[Catta + Cauae™ ' + Ceuce™ )], (3.8.5)

We turn this result into three separate equations by the usual procedure of
multiplying successively by u,*, ugs*, and u.* and integrating the resulting
equation over all space. Assuming the quantities u; to be orthonormal, we
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obtain
ihCy = hwaCy + VagCae 1,

ih[C'de—"w‘” — ia)4Cde_iw4t] = hwgCge " + V1, Co + Vo Coe (@40t

ih[Cee @0 — (w4 — ) Coe™ @™ = hew Coe 4@ 4 Vg Cye™ 4

(3.8.6)
We next introduce the explicit forms of the matrix elements of V:
Vi = Vaa = —1aa Ese ™',
Vi = Vg = —pea EXe ™. (3.8.7)

Also, we measure energies relative to that of the ground state a so that
hw, = hwy, =0, hwg — hwgy, Aw, — Awey. (3.8.8)
In addition, we introduce the Rabi frequencies
Q=paEs/h and Q= pcE] /. (3.8.9)

Equations (3.8.6) thus become

Cou = iCyQ%,
Cqg—i8Ci=iCa2+iC.Qs,
Ce—i(8 —A)C, =iCyQF, (3.8.10)
where
d=wq4—wy, and A=w;— wgye. (3.8.11)

We want to solve these equations correct to all orders in € and to lowest
order in €2. One might guess that one can do so by ignoring the first equation
and replacing C, by unity in the second equation. But to proceed more rigor-
ously, we perform a formal perturbation expansion in the field amplitude €2.
We introduce a strength parameter A, which we assume to be real, and we
replace 2 by A£2. We also expand C; as a power series in A as

Ci=CO4act) 42?4 (3.8.12)
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By introducing these forms into each of the three equations of expres-
sion (3.8.10), we obtain

(€D —isc?) +A(C’§“ - iacfl”) zc(o)m +zc;1)QA2 + lC(O)Qx)\ +icV a2,
[C —i(— MO+ A[C —i6 — M) =icPrer +ic a2z,
(3.8.13)

We next note that because these equations must be valid for arbitrary values of
the parameter A, the coefficients of each power of A must satisfy the equations
separately. In particular, the portions of Egs. (3.8.13) that are independent of A
are given by:

¢ =o,
¢ —isc? =icka+icq,
¢ —i6-mel =icPe;. (3.8.14)

We take the solution to these equations to be the one corresponding to the
assumed initial conditions—that is,

c®=1 and c¥=c®=o, (3.8.15)

for all times. Next, we note that the portions of Egs. (3.8.13) that are linear in
A are given by:

¢ =0,
¢V —isc’ =ia+icPq;,
¢V —i -y =icPar. (3.8.16)
We take the solution to the first equation as CC(,I) =0 for all times. We now

drop the superscript (1) on the remaining equations for notational simplicity.
We thus need to solve the equations

Cy—idCy=iQ+iQC,,
Co—i(5—A)Co=iQCy. (3.8.17)

Note that these equations are consistent with the “guess” that we made earlier
in connection with Egs. (3.8.10). Note also that there are no time-dependent
coefficients on the right-hand sides of Eqgs. (3.8.17). (This is in fact why we
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chose to work in the interaction picture.) We can thus find the steady state
solution to these equations by setting the time derivatives to zero:

0=Q+48Cq + Q2,C,
0=0Q2Cs+ (- AC.. (3.8.18)
We solve these equations algebraically to find that

. QG6-A)
QP -8 - )

d (3.8.19)

The physical quantity of primary interest is the induced dipole moment,
which can be determined as follows:

p=wlaly) =wQ)aly®) + (vD)aly @)
= (a|f|d)Cae ' + c.c. = paaCae ' +c.c. (3.8.20)

We thus find that the dipole moment amplitude is given by
Mad$2(8 + A)

= 3.8.21
T NERYCRRNE (3820
and consequently that the polarization is given by
P=Np=ecyxVE, (3.8.22)
which implies that
Nlptgal? §—A
X(l) _ |idal ( ) (3.8.23)

coh [P — (6 —A)

Next, we add damping, using a phenomenological description. We let y,
and y, be the decay rates of the probability amplitudes to be in levels d and e
respectively. By examination of Eqgs. (3.8.17) we see that we can model the
effects of damping by replacing § by § +iyy; and A by A +i(y. — va). We
thus find that Eq. (3.8.21) becomes

Had 200 — A +1iye)

p= - ; (3.8.24)
1921 = (B +iva) (6 — A+iye)
and that the general form for x () is given by
N 26— A+i
X(l) [hdal”( +iye) (3.8.25)

TR IQP -G +iva) S — Ative)



3.8. Electromagnetically Induced Transparency 191

(@) Qs=0~ Qs/=57d-

Im x(D

%)

10 0 10 —4 0 4
8/’Yd = (04— Oga) / Vg S/Yd = (g — Wq,) /Yy

FIGURE 3.8.2 (a) and (b) Illustration of reduced optical absorption based on EIT.
In the examples shown, A = w; — wy, is set equal to 0 and the ratio y,./y, is set
equal to 0.01. The absorption spectrum is shown in the presence of a strongly satu-
rating field (a) and a weakly saturating field (b). In each case the absorption nearly
vanishes at line center, and the absorption spectrum in the complete absence of the
saturating field (labeled €25 = 0) is shown for comparison. (c) and (d) The magni-
tude of the nonlinear response leading to sum-frequency generation is shown. In each
case the nonlinear response remains appreciable at the frequency of nearly complete
transparency.

Note that when both fields are turned to the exact resonance (§ = A = 0), the
susceptibility becomes simply

M _ ﬁ |Mda|2iyc
h |Qs|2 + Vc)’d,

which is purely imaginary. In this case, the absorption experienced by the field
at frequency w4 can be rendered arbitrarily small by choosing the field 2, to
be saturating. The nature of the modification of the absorption spectrum is
illustrated in parts (a) and (b) of Fig. 3.8.2. In part (a), we see that in the
presence of a strongly saturating field the absorption feature splits into two
components, with each component separated from the center of the feature by
the Rabi frequency |€2;| associated with the strong field. In part (b), we see
that in the presence of a weakly saturating field a pronounced dip is induced

(3.8.26)
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in the absorption profile. In each case the absorption drops to nearly zero at
the position of the resonance.

We now calculate the response leading to sum-frequency generation. We
express the wavefunction in the interaction picture as

Y (r,1) = Ca(tug(r) + Cp(t)up(r)e "
+ Co(Due(r)e 2 + Cy(tug(r)e ' Cotedt  (3.827)

As before, this wavefunction must satisfy the Schrodinger equation (3.8.3).
We thereby find that

ih[Caua + Cpupe " — iwCpupe " + Couce ™ — 2iwCouce™ 2!
+ Cyuge ' Gotodt _ i(2a) + wc)Cdudefi(z‘“*wc)t]
= hwpa Cpupe " + haweq Cottee ™% + hagy Cquge ' CoTo!
+ V[Catta + Cpupe™ + Cettce ™" + Cyuge™ 2@,
(3.8.28)
We now separate this expression into four equations by the usual method
of multiplying successively by u,*, up*, u.*, and ug™ and integrating over all
space. Recalling from Eq. (3.8.8) that fiw,, = 0, we find that
ihca = abee_iwt,
ih(Cp —iwCp)e ' = hwpaChe ' + VipyCq + Vipe Coe 1201
ih(CC _ izwcc)efiZwt — ha)caccefﬂwt + Vcbcbefia)t + Vcdcdefi(Zerws)t’
ih[Cd —iQw + a)C)Cd]e—(lw-i-ws)t = hwy, Cde—(2w+w.\-)l + Vdccce—iZwt.
(3.8.29)

We next represent the matrix elements of the interaction Hamiltonian as

Voa = Vap™ = —hba Ee ' = _thae_iw[,
Veb = V™ = _,UJcheiiwt = _thbeiiwt,
Vie = Ved" = —pracEse™ " = —hQqce ™", (3.8.30)

and introduce the detuning factors as

81 =w— wpg, 8 =2w—weq and A =w; — wy,. (3.8.31)
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We thus find that
Co=iCp2},, (3.8.32a)
Cp—iCpd1 =iCoyQpa +iC25, (3.8.32b)
Ce—iCe8y = iCpQp +iCQ,, (3.8.32c)
Ca—iCy(2+ A) =iCcQe. (3.8.32d)

We wish to solve these equations perturbatively in 25, and 2., but to all
orders in 24.. We first note that consistent with this assumption we can ig-
nore Eq. (3.8.32a) altogether, as |Cj| < |C,| and therefore C, ~ 1. In solving
Eq. (3.8.32b), we can drop the last term because |C.| < |Cp|. Then setting
C, =1 and taking Cp, = 0 for the steady-state solution, we find that

Cp=—pa/01. (3.8.33)

We next need to find the simultaneous, steady-state solutions to Egs. (3.8.32c)
and (3.8.32d). We set the time derivatives to zero to obtain

_ CpQp n CdQZC

—C. ,
¢ 8 8>
_Cchc
Cy=—¢ 3.8.34
1T G+ A) (3:8.39)

We now introduce the first of these equations into the second and make use of
Eq. (3.8.33) to obtain

~aQap Qe Qe

= 3.8.35
I S+ A) T r+ A (5:8:35)
and thus to find that

Qe Qep Q2 17!

;=SS ba[ |Q24c| ] (3.836)
8102(82 + A) [ 62(62+ A)
Qe Qep 2

_ dchéchréba (3837)

818282 + A) — Qucl?]

The induced dipole moment at the sum frequency is now calculated as

p=(Y|al¥) = (uq|t|Caua) + c.c. = ngaCa + c.c. (3.8.38)
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We thus find that the complex amplitude of the induced dipole moment is give
by

p= —Mad 2dcS2eb2ba _ —HadHbcHcbMba EZES _ 360)((3)E2Ec
8106282 + A) — [Qac?]  1381[82(82 + A) — |Q2uc /2] N .
(3.8.39)
We thus find that
3) —N Wadhdcthebba (3.8.40)

 3e0hd1[82(82 + A) — Q]

As in Eq. (3.8.25), we can add the effects of damping to this result by replac-
ing & with 8, 4 iy, and replacing 6, + A with 62 + A + iy,;. We thus find
that

3) _ —N [badhdctebMba
3e0hd1[(82 +ive) (B2 + A+ iva) — |Qucl]

Note that in the limit |24.] — O this result reduces to the usual expression
for the resonant contribution to the third-order susceptibility. Some of the nu-
merical predictions given by Eq. (3.8.41) are shown in Fig. 3.8.2(c) and (d).
We see that in each case the nonlinear response remains appreciable at the
position of the initial resonance, and even shows a peak for the conditions of
panel (d).

(3.8.41)

3.9. Local-Field Corrections to the Nonlinear
Optical Susceptibility

The treatment of the nonlinear optical susceptibility presented thus far has
made the implicit assumption that the electric field acting on each atom or
molecule is the macroscopic electric field that appears in Maxwell’s equa-
tions. In general, one has to distinguish between the macroscopic electric field
and the effective electric field that each atom experiences, which is also known
as the Lorentz local field. The distinction between these two fields is impor-
tant except for the case of a medium that is so dilute that its linear dielectric
constant is nearly equal to unity.

3.9.1. local-Field Effects in Linear Optics

Let us first review the theory of local field effects in linear optics. The elec-
tric field E that appears in Maxwell’s equations in the form of Egs. (2.1.1)
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FIGURE 3.9.1 Calculation of the Lorentz local field.

through (2.1.8) is known as the macroscopic or Maxwell field. This field is
obtained by performing a spatial average of the actual (that is, microscopic)
electric field over a region of space whose linear dimensions are of the order
of at least several atomic diameters. It is useful to perform such an average to
smooth out the wild variations in the electric field that occur in the immediate
vicinity of the atomic nuclei and electrons. The macroscopic electric field thus
has contributions from sources external to the material system and from the
charges of all of the molecules that constitute the system.

Let us now see how to calculate the dipole moment induced in a representa-
tive molecule contained within the material system. We assume for simplicity
that the medium is lossless and dispersionless, so that we can conveniently
represent the fields as time-varying quantities. We let E represent the macro-
scopic field and P the polarization within the bulk of the material. Further-
more, we represent the dipole moment induced in a typical molecule as

P = €0t Eloc, (3.9.1)

where « is the usual linear polarizability* and where Eloc is the local field—
that is, the effective electric field that acts on the molecule. The local field is
the field resulting from all external sources and from all molecules within the
sample except the one under consideration.

We calculate this field through use of a procedure described by Lorentz
(1952). We imagine drawing a small sphere centered on the molecule under
consideration, as shown in Fig. 3.9.1. This sphere is assumed to be sufficiently
large that it contains many molecules. The electric field produced at the cen-
ter of the sphere by molecules contained within the sphere (not including the
molecule at the center) will tend to cancel, and for the case of a liquid, gas, or
cubic crystal, this cancellation can be shown to be exact. We can then imagine
removing these molecules from the sphere, leaving only the molecule un-
der consideration, which is then located at the center of an evacuated sphere

* Note that in this section we are using the symbol « to denote the polarizability and not the
absorption coefficient.
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within an otherwise uniformly polarized medium. It is then a simple problem
in electrostatics to calculate the value of the field at the center of the sphere.
The field, which we identify as the Lorentz local field, is given by (see also
Born and Wolf, 1975, Section 2.3, or Jackson, 1975, Section 4.5)

~ ~ 1 -~
Eo.=E+ —P. (3.9.2)
RI)

By definition, the polarization of the material is given by
P=Np, (3.9.3)

where N is the number density of molecules and p is the dipole moment
per molecule, which under the present circumstances is given by Eq. (3.9.1).
By combining Egs. (3.9.1) through (3.9.3), we find that the polarization and
macroscopic field are related by

~ ~ 1 -

P=Nep (E + —P). (3.9.4)
RIN)

It is useful to express this result in terms of the linear susceptibility x (1,

defined by

P=¢oxVE. (3.9.5)

If we substitute this expression for P into Eq. (3.9.4) and solve the resulting
equation for x (1, we find that

Na

M — _
— %NO[

X (3.9.6)

For the usual case in which the polarizability « is positive, we see that the
susceptibility is larger than the value N« predicted if we ignore local-field
effects. We also see that the susceptibility increases with N more rapidly than
linearly.

Alternatively, we can express the result given by Eq. (3.9.6) in terms of the
linear dielectric constant

eM =14 4D, (3.9.7)

If the left-hand side of Eq. (3.9.6) is replaced by x (" = (¢ — 1) and the
resulting equation is rearranged so that its right-hand side is linear in «, we
find that the dielectric constant is given by the expression

e 1

1
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This equation (often with €\ replaced by n?) is known as the Lorentz—Lorenz
law. Note that, through rearrangement, Eq. (3.9.8a) can be written as

eD 42 1
= - (3.9.8b)
3 1-— §N(X
Equation (3.9.6) can thus be expressed as
M40
x V=N, (3.9.8¢)

3

This result shows that x (1) is larger than Na by the factor (e(1) +2)/3. The
factor (1) +2)/3 can thus be interpreted as the local-field enhancement fac-
tor for the linear susceptibility.

3.9.2. local-Field Effects in Nonlinear Optics

In the nonlinear-optical case, the Lorentz local field is still given by
Eq. (3.9.2), but the polarization now has both linear and nonlinear contri-
butions:

p=P-+ PV (3.9.9)
We represent the linear contribution as

P- = Neogy VEje. (3.9.10)

Note that this contribution is “linear” in the sense that it is linear in the strength
of the local field. In general it is not linear in the strength of the macroscopic
field. We next introduce Eqgs. (3.9.2) and (3.9.9) into this equation to obtain

. I T 1 -~
Pl = Nepo <E + EPL + %PNL) (3.9.11)

We now solve this equation for PL and use Egs. (3.9.6) and (3.9.7) to ex-
press the factor N« that appears in the resulting expression in terms of the
linear dielectric constant. We thereby obtain

P- = [V — 1](&E + $P1). (3.9.12)
Next we consider the displacement vector

D = ¢oE + P = ¢oE + P~ + PN, (3.9.13)
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If the expression (3.9.12) for the linear polarization is substituted into this
expression, we obtain

1

D=ccVE + (%)PNL. (3.9.14)
We see that the second term is not simply PNL ag might have been expected,
but rather that the nonlinear polarization appears multiplied by the factor
(e +2)/3. We recall that in the derivation of the polarization-driven wave
equation of nonlinear optics, a nonlinear source term appears when the sec-
ond time derivative of D is calculated (see, for example, Eq. (2.1.9a)). As a
consequence of Eq. (3.9.14), we see that the nonlinear source term is actu-
ally the nonlinear polarization PN- multiplied by the factor (') +2)/3. To
emphasize this point, Bloembergen (1965) introduces the nonlinear source
polarization defined by

. M 49\ .
PNLS _ <%)PNL (3.9.15)

so that Eq. (3.9.14) can be expressed as
D = e VE + PN, (3.9.16)

When the derivation of the wave equation is carried out as in Section 2.1 using
this expression for D, we obtain the result

Vv x B Sl E L (3.9.17)

x V x = —. 9.
T eoc? 92

This result shows how local-field effects are incorporated into the wave

equation.

The distinction between the local and macroscopic fields also arises in that
the field that induces a dipole moment in each atom is the local field, whereas
by definition the nonlinear susceptibility relates the nonlinear source polariza-
tion to the macroscopic field. To good approximation, we can relate the local
and macroscopic fields by replacing P by PL in Eq. (3.9.2) to obtain

Eoc =E+ IxVE=[1+1(eV - 1)]E,

or

- M Lo\ .
E]OC=<€ + )E (3.9.18)

We now apply the results given by Eqgs. (3.9.17) and (3.9.18) to the case of
second-order nonlinear interactions. We define the nonlinear susceptibility by
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means of the equation (see also Eq. (1.3.13))

PN (@ + @p) =€ Z Z X,-(jzlz (Wm + @n, Om, @) E j(0m) Ex (@),
Jjk (mn)
(3.9.19)
where

eD(wy +w,) +2
3

PiNLS (wm + wp) = ( >PiNL(a)m + wn) (3.9.20)

and where the quantities E; (w,) represent macroscopic fields. The nonlinear
polarization (i.e., the second-order contribution to the dipole moment per unit
volume) can be represented as

PN+ 0n) =Neo Y > Biji(m + o, @, 0n) EY () EL (@),
Jjk (mn)
3.9.21)

where the proportionality constant §;;i is known as the second-order hyper-
polarizability. The local fields appearing in this expression are related to the
macroscopic fields according to Eq. (3.9.18), which we now rewrite as

M
E" () = (%)E i (m). (3.9.22)

By combining Egs. (3.9.19) through (3.9.22), we find that the nonlinear sus-
ceptibility can be represented as

2
Xi(jk) (©Om + wn, O, wy)

= LD (0 + on, O, wn) NBiji(Wm + wn, Om, wp),  (3.9.23)
where

['(2) (wm + @n, O, )

B (E(l)(wm + wy) +2> (e(l)(wm) + 2) (6(1)(50") +2

) (3.9.24)

gives the local-field enhancement factor for the second-order susceptibility.
For example, Eq. (3.6.18) for x ®’ should be multiplied by this factor to obtain
the correct expression including local-field effects.

This result is readily generalized to higher-order nonlinear interaction. For
example, the expression for x ) obtained ignoring local-field effects should
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be multiplied by the factor

£(3)(a)l + W + 0, 0, O, W)

<e<1>(wz + O + o) + 2) (e“)(wz) + 2)
3 3

) M
x<€ (“’;Hz)(e (“’3”)+2>. (3.9.25)

Our derivation of the form of the local-field enhancement factor has essen-
tially followed the procedure of Bloembergen (1965). The nature of local-field
effects in nonlinear optics can be understood from a very different point of
view introduced by Mizrahi and Sipe (1986). This method has the desirable
feature that, unlike the procedure just described, it does not require that we
introduce the somewhat arbitrary distinction between the nonlinear polariza-
tion and the nonlinear source polarization. For simplicity, we describe this
procedure only for the case of third-harmonic generation in the scalar field
approximation. We assume that the total polarization (including both linear
and nonlinear contributions) at the third-harmonic frequency is given by

P(Bw) = Nega(30) Etoc Bw) + Neoy Bo, , 0, o) E}, (), (3.9.26)

where «(3w) is the linear polarizability for radiation at frequency 3w and
where y 3w, w, w, w) is the hyperpolarizability leading to third-harmonic
generation. We next use Eqs. (3.9.2) and (3.9.18) to rewrite Eq. (3.9.26) as

P(Bw) = Nega(Bw) [E(3a)) + L P (30))]
R

eD(w)+2

3
3 )E(a))3. (3.9.27)

+ Neoy Bw, w, w, w)(
This equation is now solved algebraically for P (3w) to obtain

PBw) =

NaBw)E Bw) Ny(3a),a),w,a)) (6(1)(0)) +2>3E(a))3
1—3Na(Bw)  1-3 Na@o) : |
(3.9.28)

We can identify the first and second terms of this expression as the linear and
third-order polarizations, which we represent as

PBw) =eox P Bw)EGBw) + eox® B, , , w)E(»)?, (3.9.29)
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where (in agreement with the unusual Lorentz Lorenz law) the linear suscep-
tibility is given by

(3.9.30)

and where the third-order susceptibility is given by

eD(w) + 2)3(e<‘>(3w) +2

G 3 —
X7 B, 0,0, w) ( 3 3

)Ny(3a), w,w,w).

(3.9.31)

We have made use of Eq. (3.9.8b) in writing Eq. (3.9.31) in the form shown.
Note that the result (3.9.31) agrees with the previous result described by
Eq. (3.9.25).

Experimental results demonstrating the influence of local-field effects on
the linear and nonlinear optical response have been presented by Maki et al.
(1991). The analysis given above has assumed that the material is homoge-
neous in its structural properties. The analysis of local-field effects in com-
posite materials comprised of two or more constituents is an area of active
current research. In a composite material, the local electric field can vary con-
siderably in space, and this effect can lead to an overall enhancement of the
nonlinear optical response. These effects have been described by Fischer et al.
(1995) and by Nelson and Boyd (1999).

Problems

1. Estimate of the refractive index of an atomic vapor. Starting (for in-
stance) from Eq. (3.5.20), perform an estimate of the magnitude of the
on-resonance absorption coefficient of a dense atomic vapor assuming that
the atomic number density is N = 1017 cm_3, that u = 2.5eag, that the
transition vacuum wavelength is 0.6 pm, and that the transition is homoge-
neously broadened with a linewidth (FWHM) of 10 GHz. Under the same
conditions, calculate the maximum value of the real part of the refractive
index near the peak of the absorption line. (These values are realistic under
laboratory conditions. See for instance Maki et al., 1991.)

[Ans.: a =8 x 10* cm™!, n™M@) — 1 2].

2. Estimate of the refractive index of glass. Starting (for instance) from
Eq. (3.5.20), perform an estimate of the magnitude of the real part of the
refractive index of glass at visible wavelengths. Choose realistic values for
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the atomic number density, dipole transition moment, and detuning from
resonance.

3. Maximum value of the on-resonance cross section. Verify Eq. (3.5.42).

4. Permutation symmetry of the nonlinear susceptibility. Show that Eq. (3.6.24)
possesses full permutation symmetry.

5. Resonant nonlinear optical response. Derive, using the density matrix for-
malism, an expression for the resonant contribution to the third-order sus-
ceptibility x® describing third-harmonic generation as illustrated below.

b — 3w

Assume that, in thermal equilibrium, all of the population resides in the
ground state. Note that since all input frequencies are equal and since only
the resonant contribution is required, the answer will consist of one term
and not 48 terms, which occur for the most general case of x ¥). Work this
problem by starting with the perturbation expansion (3.4.16) derived in the
text and specializing the ensuing derivation to the interaction shown in the
figure.

[Ans.: Xgl?h@w, w,w,w)

k ,,J i ,h
_ N HaaPiacPesPba ]
60h3 [(waa — 3w) — iVaall(wea — 20) — iyeall(Wpa — ©) — i Vpal

6. Model calculation of the nonlinear susceptibility. Consider the mutual in-
teraction of four optical fields as illustrated in the following figure. Assume
that all of the fields have the same linear polarization and that in thermal
equilibrium all of the population is contained in level a. Assume that the
waves are tuned sufficiently closely to the indicated resonances that only
these contributions to the nonlinear interaction need be taken into account.
You may work this problem either by specializing the general result of
Eq. (3.7.11) to the interaction shown in the figure or by repeating the
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C________
A
w
b “s
ATy
| =—=F=4d
1
w,
. Y

derivation given in the text and specializing at each step to this interac-
tion.
(a) Calculate the four nonlinear susceptibilities

x (01 = w1 + w2 — 3), x (w3 = w1 + w2 — wy),
X (w1 = w3 + 01 — an), x O (= w3 + ws — w1)

that describe the four-wave mixing process, and determine the conditions
under which these quantities are equal.
(b) In addition, calculate the nonlinear susceptibilities

X(3)(w1 =w] +w —w2), x(3)(w2=a)2+a)_w1)

that describe two-photon absorption of the @] and w» fields, and determine
the conditions under which they are equal. [Experimental investigation of
some of the effects described by these quantities is reported by Malcuit
etal., 1985.]

. Generalization of Problems 4 and 5. Repeat the calculation of the resonant
contributions to x 3 for the cases studied in Problems 4 and 5 for the
more general situation in which each of the levels can contain population
in thermal equilibrium. Interpret your results. [Note: The solution to this
problem is very lengthy.]

. Pressure-induced resonances in nonlinear optics. Verify the statement
made in the text that Eq. (3.7.11) reduces to Eq. (3.2.33) in the limit in
which damping effects are negligible. Show also that, even when damping
is not negligible, the general 48-term expression for x ) can be cast into
an expression containing 24 terms, 12 of which contain “pressure-induced”
resonances.

. Electromagnetically induced transparency. The goal of this problem is to
determine how the linear susceptibility ¥V 2w; + ws) and the nonlinear
optical susceptibility %3 (weum = @1 + w1 + wy) are modified when the
field at frequency wy is a strong saturating field. We shall find that un-
der appropriate circumstances the presence of the strong field can signif-
icantly decrease the (unwanted) linear absorption experienced by the sum
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frequency field while leaving the magnitude of the nonlinear response rel-
atively unaffected. This problem was worked out in the body of the text
using the wavefunction formalism. For this problem, you are to treat this
problem using the density-matrix formalism, using the coupling scheme
shown in the accompanying figure. Note that level b is appreciably detuned
from a one-photon resonance but that all other excited states are excited at
a near resonance frequency.

d————————————

,

S
C———N¥———

A

@, 20, + o

p— A
SRR
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Chapter 4

The Intensity-Dependent Refractive
Index

The refractive index of many optical materials depends on the intensity of
the light used to measure the refractive index. In this chapter, we examine
some of the mathematical descriptions of the nonlinear refractive index and
examine some of the physical processes that give rise to this effect. In the
following chapter, we study the intensity-dependent refractive index resulting
from the resonant response of an atomic system, and in Chapter 7 we study
some physical processes that result from the nonlinear refractive index.

4.1. Descriptions of the Intensity-Dependent Refractive Index

The refractive index of many materials can be described by the relation
n = ng +iiz(E?), 4.1.1)

where ng represents the usual, weak-field refractive index and 77 is a new
optical constant (sometimes called the second-order index of refraction) that
gives the rate at which the refractive index increases with increasing opti-
cal intensity.* The angular brackets surrounding the quantity E? represent a
time average. Thus, if the optical field is of the form

E(1) = E(w)e " +c.c. (4.1.2)
so that

(E()?) =2E(@)E()* =2|E)|’,

(4.1.3)

* We place a bar over the symbol 1, to prevent confusion with a different definition of ny, which
is introduced in Eq. (4.1.15).

207
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we find that
n=no + 22| E()|*. (4.1.4)

The change in refractive index described by Eq. (4.1.1) or (4.1.4) is sometimes
called the optical Kerr effect, by analogy with the traditional Kerr electrooptic
effect, in which the refractive index of a material changes by an amount that
is proportional to the square of the strength of an applied static electric field.

Of course, the interaction of a beam of light with a nonlinear optical
medium can also be described in terms of the nonlinear polarization. The
part of the nonlinear polarization that influences the propagation of a beam of
frequency w is

PNL(w)=3eox(3>(w=w+w—w)|E(a))|2E(w). 4.1.5)

For simplicity we are assuming here that the light is linearly polarized and are
suppressing the tensor indices of x ®; the tensor nature of x® is addressed
explicitly in the following sections. The total polarization of the material sys-
tem is then described by

PTOT(w) = eox VE() + 3e0x P |E(@)| E(@) = coxertE (@), (4.1.6)
where we have introduced the effective susceptibility
2
xett = x "V +3xV|E()]". 4.1.7)

In order to relate the nonlinear susceptibility x ) to the nonlinear refractive
index n;, we note that it is generally true that

n% =1+ Xefr, (4.1.8)

and by introducing Eq. (4.1.4) on the left-hand side and Eq. (4.1.7) on the
right-hand side of this equation, we find that

[0+ 22| E@)|’] =14+ x© +3xP|E@)[*. (4.1.9)

Correct to terms of order |E ()2, this expression when expanded becomes
ng +4noiz|E() > = (1 + x V) + [3x®| E(w)|*], which shows that the lin-
ear and nonlinear refractive indices are related to the linear and nonlinear
susceptibilities by

1/2

no=(1+x") (4.1.10)

and

3X(3)

4ng

iy = 4.1.11)
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FIGURE 4.1.1 Two ways of measuring the intensity-dependent refractive index. In
part (a), a strong beam of light modifies its own propagation, whereas in part (b),
a strong beam of light influences the propagation of a weak beam.

The discussion just given has implicitly assumed that the refractive index
is measured using a single laser beam, as shown in part (a) of Fig. 4.1.1.
Another way of measuring the intensity-dependent refractive index is to use
two separate beams, as illustrated in part (b) of the figure. Here the presence
of the strong beam of amplitude E (w) leads to a modification of the refractive
index experienced by a weak probe wave of amplitude E(w’). The nonlinear
polarization affecting the probe wave is given by

PN (') = 660x D (@' = o + o — )| E(@)| E@). (4.1.12)

Note that the degeneracy factor (6) for this case is twice as large as that for
the single-beam case of Eq. (4.1.5). In fact, for the two-beam case the degen-
eracy factor is equal to 6 even if ' is equal to w, because the probe beam is
physically distinguishable from the strong pump beam owing to its different
direction of propagation. The probe wave hence experiences a refractive index
given by

n=no+ 25| E)|, (4.1.13)
where

34 3)
ﬁ(zcrOSS) _ X ) 4.1.14)
2ng

Note that the nonlinear coefficient ﬁ(zcross) describing cross-coupling effects is

twice as large as the coefficient 72, of Eq. (4.1.11) which describes self-action
effects. Hence, a strong wave affects the refractive index of a weak wave of
the same frequency twice as much as it affects its own refractive index. This
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effect, for the case in which n; is positive, is known as weak-wave retardation
(Chiao et al., 1966).

An alternative way of defining the intensity-dependent refractive index™ is
by means of the equation

n=ng+nsl, (4.1.15)
where I denotes the time-averaged intensity of the optical field, given by
I =2npeoc| E()|’. (4.1.16)

Since the total refractive index n must be the same using either description of
the nonlinear contribution, we see by comparing Eqs. (4.1.4) and (4.1.15) that

20| E()| =nal, 4.1.17)
and thus that 77 and n, are related by
ny

ny = , (4.1.18)
no€oc

where we have made use of Eq. (4.1.16). If Eq. (4.1.11) is introduced into this
expression, we find that n, is related to X(3) by

3
ny=——x". (4.1.19)
4ngeoc

This relation can be expressed numerically as

m”\ 283 ., (m’ 4.120)
Aw n% X 2

Nonlinear susceptibilities are sometimes quoted in gaussian units. Procedures
for converting between the gaussian and SI units are presented in the appen-
dix. One useful relation is the following:

2 2
12 0.0395
n2<%) = 107 (esu) = ——— x D (esu). (4.1.21)
nOC no

Some of the physical processes that can produce a nonlinear change in
the refractive index are listed in Table 4.1.1, along with typical values of nj,
of x®, and of the characteristic time scale for the nonlinear response to de-
velop. Electronic polarization, molecular orientation, and thermal effects are

* For definiteness, we are treating the single-beam case of part (a) of Fig. 4.1.1. The extension to
the two-beam case is straightforward.
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TABLE 4.1.1 Typical values of the nonlinear refractive index ¢

(3)

Mechanism ny X111 Response Time
(cm2 /W) (m2 /VZ) (sec)
Electronic polarization 10-16 10722 10-15
Molecular orientation 10~14 10720 10-12
Electrostriction 1014 1020 10-°
Saturated atomic absorption 10~10 10-16 10-8
Thermal effects 10-° 1012 1073
Photorefractive effect ? (large) (large) (intensity-dependent)

@ For linearly polarized light.

b The photorefractive effect often leads to a very strong nonlinear response. This response usually
cannot be described in terms of a XG) (or an np) nonlinear susceptibility, because the nonlinear
polarization does not depend on the applied field strength in the same manner as the other mechanisms
listed.

discussed in the present chapter, saturated absorption is discussed in Chap-
ter 7, electrostriction is discussed in Chapter 9, and the photorefractive effect
is described in Chapter 11.

In Table 4.1.2 the experimentally measured values of the nonlinear sus-
ceptibility are presented for several materials. Some of the methods that are
used to measure the nonlinear susceptibility have been reviewed by Hellwarth
(1977). As an example of the use of Table 4.1.2, note that for carbon disulfide
the value of n, is approximately 3 x 10~'4 cm?/W. Thus, a laser beam of
intensity / = 1 MW /cm? can produce a refractive index change of 3 x 1078,
Even though this change is rather small, refractive index changes of this order
of magnitude can lead to dramatic nonlinear optical effects (some of which
are described in Chapter 7) for the case of phase-matched nonlinear optical
interactions.

4.2. Tensor Nature of the Third-Order Susceptibility

The third-order susceptibility Xi(j3k)l is a fourth-rank tensor, and thus is de-
scribed in terms of 81 separate elements. For crystalline solids with low sym-
metry, all 81 of these elements are independent and can be nonzero (Butcher,
1965). However, for materials possessing a higher degree of spatial symme-
try, the number of independent elements is very much reduced; as we show
below, there are only three independent elements for an isotropic material.
Let us see how to determine the tensor nature of the third-order suscep-
tibility for the case of an isotropic material such as a glass, a liquid, or a vapor.
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TABLE 4.1.2 Third-order nonlinear optical coefficients of various materials ¢

Material ng X(3) (m2 /V2) ny (cm2 /W) Comments and References ?
Crystals
AL O3 1.8 3.1x10722 29x10716
Cds 2.34 9.8x 10720 5.1x1071%  1,1.06 um
Diamond 242 25%x 10721 13x1075 1
GaAs 3.47 1.4x10718 33x10713  1,1.06 um
Ge 4.0 5.6x10719 99x 1074 2, THG |x®|
LiF 1.4 62x1072 92.0x10717 1
Si 3.4 28x10718 27x1071% 2 THG |x@|
TiO, 2.48 2.1x10720 94x10715 1
ZnSe 2.7 6.2x 10720 3.0x107  1,1.06 um
Glasses
Fused silica 1.47 25% 10722 32x107160 g
As)S3 glass 24 4.1x10719 20x10713 3
BK-7 1.52 2.8x 10722 34x10716
BSC 1.51 5.0x 10722 6.4x10716 1
Pb Bi gallate 2.3 2.2x10720 13x10714 4
SE-55 1.73 2.1x 10721 20x10715
SF-59 1.953 43x1072! 33x10715 1
Nanoparticles
CdSSe in glass 15 1.4%x10720 1.8x 1014 3 nonres.
CS 3-68 glass 15 1.8x 10710 23x10710 3 res.
Gold in glass 15 2.1x10710 2.6x10710 3 res.
Polymers
Polydiacetylenes
PTS 8.4x 10~ 18 3.0x10712 5 nonres.
PTS —5.6x10716  —20x10710 6, res.
9BCMU 27x10718 7 |ny), res.
4BCMU 1.56 —13x1071%  —15%x10713 8, nonres, B =
Liquids 0.01 cm/MW
Acetone 1.36 1.5x1072! 24x10715 9
Benzene 15 9.5x 1022 12x10715 9
Carbon disulfide  1.63 3.1x10720 32x10714 9 7 =2psec
CCly 1.45 1.1x 10721 15x10715 9
Diiodomethane 1.69 1.5x 10720 15x1074 9
Ethanol 1.36 5.0x 10722 77%x10716 9
Methanol 1.33 43x10722 69x10716 9
Nitrobenzene 1.56 5.7x10720 6.7x10714 9
Water 1.33 25% 10722 41%x10716 9
Other materials
Air 1.0003 1.7x1072% 5.0x10719 10
Ag 2.8x10719 2, THG [x Y|

Au 7.6x10719 2, THG |x @]
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TABLE 4.1.2 (continued)

Material ng x(3) (m2 /Vz) ny (cm2 /W) Comments and References b
Vacuum 1 3.4x 10741 1.0x1073% 11
Cold atoms 1.0 7.1x 1078 0.2 12, (EIT BEC)
Fluorescein dye
in glass 1.5 (2.842.8i) x 1078 0.035(1+i) 13,7 =0.1s

@ This table assumes the definition of the third-order susceptibility x ) used in this book, as given
for instance by Eq. (1.1.2) or by Eq. (1.3.21). This definition is consistent with that introduced by
Bloembergen (1964). Some workers use an alternative definition which renders their values four times
smaller. In compiling this table we have converted the literature values when necessary to the present
definition.

The quantity n; is the coefficient of the intensity-dependent refractive index which is defined such
that n = ng + np I, where ng is the linear refractive index and 7 is the laser intensity. The relation
between n, and X(3) is consequently ny = 12712X(3)/n%. When the intensity is measured in W/cm2
and X<3) is measured in electrostatic units (esu), that is, in cm? statvolt_z, the relation between ny
and x® becomes ny (cm2/W) =0.039553 (esu)/n%. The quantity B is the coefficient describing
two-photon absorption.

b References for Table 4.1.2: Chase and Van Stryland (1995), Bloembergen et al. (1969), Vogel
et al. (1991), Hall et al. (1989), Lawrence et al. (1994), Carter et al. (1985), Molyneux et al. (1993),
Erlich et al. (1993), Sutherland (1996), Pennington et al. (1989), Euler and Kockel (1935), Hau et al.
(1999), Kramer et al. (1986).

We begin by considering the general case in which the applied frequencies
are arbitrary, and we represent the susceptibility as x;jx = Xi(j3121 (wg = w1 +
@2 + w3). Since each of the coordinate axes must be equivalent in an isotropic
material, it is clear that the susceptibility possesses the following symmetry
properties:

X1111 = X2222 = X3333, (4.2.1a)
X1122 = X1133 = X2211 = X2233 = X3311 = X3322, (4.2.1b)
X1212 = X1313 = X2323 = X2121 = X3131 = X3232, (4.2.1¢c)
X1221 = X1331 = X2112 = X2332 = X3113 = X3223- (4.2.1d)

One can also see that the 21 elements listed are the only nonzero elements
of x®, because these are the only elements that possess the property that
any cartesian index (1, 2, or 3) that appears at least once appears an even
number of times. An index cannot appear an odd number of times, because,
for example, 1220 would give the response in the x; direction due to a field
applied in the x; direction. This response must vanish in an isotropic material,
because there is no reason why the response should be in the +x; direction
rather than in the —x; direction.
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The four types of nonzero elements appearing in the four equations (4.2.1)
are not independent of one another and, in fact, are related by the equation

X1111 = X1122 + X1212 + X1221- (4.2.2)

One can deduce this result by requiring that the predicted value of the non-
linear polarization be the same when calculated in two different coordinate
systems that are rotated with respect to each other by an arbitrary amount.
A rotation of 45 degrees about the X3 axis is a convenient choice for deriv-
ing this relation. The results given by Eqgs. (4.2.1) and (4.2.2) can be used to
express the nonlinear susceptibility in the compact form

Xijki = X11228i k1 + X121206ik8 j1 + 12218118 jic - (4.2.3)

This form shows that the third-order susceptibility has three independent ele-
ments for the general case in which the field frequencies are arbitrary.

Let us first specialize this result to the case of third-harmonic generation,
where the frequency dependence of the susceptibility is taken as x;jx (3w =
o + o + w). As a consequence of the intrinsic permutation symmetry of the
nonlinear susceptibility, the elements of the susceptibility tensor are related
by x1122 = x1212 = x1221 and thus Eq. (4.2.3) becomes

XijkBw =0+ o+ ) = x1122B0 =0 + o + ®) (8 + ik + 818 k).
4.2.4)

Hence, there is only one independent element of the susceptibility tensor de-
scribing third-harmonic generation.

We next apply the result given in Eq. (4.2.3) to the nonlinear refractive
index, that is, we consider the choice of frequencies given by x;jx (0w =
® + w — w). For this choice of frequencies, the condition of intrinsic per-
mutation symmetry requires that x;122 be equal to x1212, and hence y; ;i can
be represented by

Xijillw=0w+ow—w)=x112(w=0+0 — o)
X (8ij0k1 + 8ikdj1) + x1221(@ =@ + w — @) (118 k). (4.2.5)

The nonlinear polarization leading to the nonlinear refractive index is given
in terms of the nonlinear susceptibility by (see also Eq. (1.3.21))

Pi(@) =360 )  Xiju(@=0+0 —0)E; (@) Ex@E(-w).  (42.6)
jkl
If we introduce Eq. (4.2.5) into this equation, we find that
Pi =6€0x1122E; (E-E*) 4+ 3€0x1221 E; (E - E). (4.2.7)
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This equation can be written entirely in vector form as
P = 6€0x1122(E - E")E + 3€0 x1221 (E - E)E*. (4.2.8)

Following the notation of Maker and Terhune (1965) (see also Maker et al.,
1964), we introduce the coefficients

A=06xi122  (or A=3x1122+3X1212) (4.2.9a)
and
B =6)1201, (4.2.9b)
in terms of which the nonlinear polarization of Eq. (4.2.8) can be written as
P=¢)AE -E*)E + %EQB(E‘E)E*. (4.2.10)

We see that the nonlinear polarization consists of two contributions. These
contributions have very different physical characters, since the first contribu-
tion has the vector nature of E, whereas the second contribution has the vector
nature of E*. The first contribution thus produces a nonlinear polarization with
the same handedness as E, whereas the second contribution produces a non-
linear polarization with the opposite handedness. The consequences of this
behavior on the propagation of a beam of light through a nonlinear optical
medium are described below.

The origin of the different physical characters of the two contributions to P
can be understood in terms of the energy level diagrams shown in Fig. 4.2.1.
Here part (a) illustrates one-photon-resonant contributions to the nonlinear
coupling. We will show in Eq. (4.3.14) that processes of this sort contribute
only to the coefficient A. Part (b) of the figure illustrates two-photon-resonant
processes, which in general contribute to both the coefficients A and B
(see Egs. (4.3.13) and (4.3.14)). However, under certain circumstances, such
as those described later in connection with Fig. 7.2.9, two-photon-resonant
processes contribute only to the coefficient B.

@ (b) Tk

FIGURE 4.2.1 Diagrams (a) and (b) represent the resonant contributions to the non-
linear coefficients A and B, respectively.
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For some purposes, it is useful to describe the nonlinear polarization not by
Eq. (4.2.10) but rather in terms of an effective linear susceptibility defined by
means of the relationship

fi
P =Zeoxi(;f)1~:j. 4.2.11)
j

Then, as can be verified by direct substitution, Egs. (4.2.10) and (4.2.11) lead
to identical predictions for the nonlinear polarization if the effective linear
susceptibility is given by

X;J?fﬂ = oA (E-E*)8;j + %eoB’(EiE;‘ +EFE)), (4.2.12a)
where
A'=A—3B=06x112—3x1221 (4.2.12b)
and
B =B =6x121. (4.2.12¢)

The results given in Eq. (4.2.10) or in Egs. (4.2.12) show that the nonlinear
susceptibility tensor describing the nonlinear refractive index of an isotropic
material possesses only two independent elements. The relative magnitude of
these two coefficients depends on the nature of the physical process that pro-
duces the optical nonlinearity. For some of the physical mechanisms leading
to a nonlinear refractive index, these ratios are given by

B/A=6, B'/A'=-3 for molecular orientation, (4.2.13a)
B/A=1, B'/A'=2 for nonresonant electronic response, (4.2.13b)
B/A=0, B'JA'=0 for electrostriction. (4.2.13¢)

These conclusions will be justified in the discussion that follows; see espe-
cially Eq. (4.4.37) for the case of molecular orientation, Eq. (4.3.14) for non-
resonant electronic response of bound electrons, and Eq. (9.2.15) for elec-
trostriction. Note also that A is equal to B by definition whenever the Klein-
man symmetry condition is valid.

The trace of the effective susceptibility is given by

Tryij =Y xi = GA'+ B)E-E*. (4.2.14)

i
Hence, Tr x;; vanishes for the molecular orientation mechanism. This result
can be understood from the point of view that molecular orientation does not
add any “additional polarizability,” it simply redistributes the amount that is
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present among different tensor components. For the resonant response of an
atomic transition, the ratio of B to A depends upon the angular momentum
quantum numbers of the two atomic levels. Formulas for A and B for such a
case have been presented by Saikan and Kiguchi (1982).

4.2.1.  Propagation through Isotropic Nonlinear Media

Let us next consider the propagation of a beam of light through a material
whose nonlinear optical properties are described by Eq. (4.2.10). As we show
below, only linearly or circularly polarized light is transmitted through such
a medium with its state of polarization unchanged. When elliptically polar-
ized light propagates through such a medium, the orientation of the polariza-
tion ellipse rotates as a function of propagation distance due to the nonlinear
interaction.

Let us consider a beam of arbitrary polarization propagating in the positive
z direction. The electric field vector of such a beam can always be decom-
posed into a linear combination of left- and right-hand circular components
as

E=E 6,+E_¢_, (4.2.15)

where the circular-polarization unit vectors are illustrated in Fig. 4.2.2 and are
defined by

X+iy
N/

By convention, ¢ 1 corresponds to left-hand circular and ¢ — to right-hand

circular polarization (for a beam propagating in the positive z direction).

We now introduce the decomposition (4.2.15) into Eq. (4.2.10). We find,
using the identities

0+= (4.2.16)

6 =65  61-6:=0, Gi-65=1,

Q>
Q

FIGURE 4.2.2 The 6 and 6 _ circular polarizations.
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that the products E* - E and E - E become
E*-E=(E}6, +E*6¢") (E4.64+E_6_)=E;E.+E*E_
=|ELP+|E_
and
E-E=(E,6,+E 6_) (Ey6++E_6_)=E,E_+E_E,=2E,FE_,
so Eq. (4.2.10) can be written as
P = o A(IE4 1> + |E_I)E+ €0 B(E+E_)E*. (4.2.17)
If we now represent Py in terms of its circular components as
PNY=P. 6, +P 6_, (4.2.18)
we find that the coefficient P is given by
Pr=eoA(|E+> +|E_*)E4 + €oB(ELE_)E*
=€eA(|EL >+ |E_|*)E4 + €B|E_|*E,
= €0A|E4+|*E4 + €0(A+ B)|E_|*E (4.2.19a)
and similarly that
P_=eoA|E_|’E_ 4+ €o(A+ B)|E4+|*E_. (4.2.19b)
These results can be summarized as
Py =€y EL, (4.2.20a)
where we have introduced the effective nonlinear susceptibilities
N = A|EL|* + (A+ B)|Ex|*. (4.2.20b)

The expressions (4.2.15) and (4.2.18) for the field and nonlinear polarization
are now introduced into the wave equation,

M 52 2
eV 0°E(z, 1) 1 07 \L
VZE(z,1) = —5 ——n" + —5 —PL, 4.2.21
@) ¢z 9r? €oc? 0t? ( )
where E(z, t) = Eexp(—iwt) +c.c. and l3(z, t) =Pexp(—iwt) +c.c. We next
decompose Eq. (4.2.21) into its 6 - and 6 _ components. Since, according to
Eq. (4.2.20a), Py is proportional to E, the two terms on the right-hand side
of the resulting equation can be combined into a single term, so the wave
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equation for each circular component becomes

Gfﬂ EL(z,1)
c? a2’

V2EL(z,1) = (4.2.22a)

where
éffﬁ e 4 XEL- (4.2.22b)

This equation possesses solutions of the form of plane waves propagating
with the phase velocity ¢/n*, where ni = [effﬂ]l/z. Letting n(z) =e we

find that
nt =nd + xN =nd + [AIEL] + (A + B)|E<[]
1
=n(2)<1 + n—z[A|Ei|2+ (A+B)|E¢|2]),
0

and thus
e L 2 2
ne o+ [AIE£]” + (A+ B)|E<|*]. (4.2.23)
0
We see that the left- and right-circular components of the beam propagate with
different phase velocities. The difference in their refractive indices is given by

An=n4y—n_= i(|E_|2— |E4 ). (4.2.24)
2ng
Note that this difference depends upon the value of the coefficient B but not
that of the coefficient A. Since the left- and right-hand circular components
propagate with different phase velocities, the polarization ellipse of the light
will rotate as the beam propagates through the nonlinear medium; a similar
effect occurs in the linear optics of optically active materials.
In order to determine the angle of rotation, we express the field amplitude
as

E(Z) = E+6’+ + E_o_= A+€in+wz/ca’+ + A_ein,a)z/ca__
— (A+€i(l/2)Anwz/c&+ + A_efi(1/2)Anwz/c&_)ei(l/2)(n++n,)wz/c.
(4.2.25)

We now introduce the mean propagation constant &, = %(nJr +n_)w/c and
the angle

6=4an>z, (4.2.260)
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,
>
<

<

Na

Q > X e\x

incident transmitted

FIGURE 4.2.3 Polarization ellipses of the incident and transmitted waves.

in terms of which Eq. (4.2.25) becomes
E(z) = (A46 4 + A_G_e™)efnz, (4.2.26b)

As illustrated in Fig. 4.2.3, this equation describes a wave whose polar-
ization ellipse is the same as that of the incident wave but rotated through the
angle 0 (measured clockwise in the xy plane, in conformity with the sign con-
vention for rotation angles in optical activity). This conclusion can be demon-
strated by noting that

NI
. ; x'Eiy
oie:l:zéz

V2

where X’ and §’ are polarization unit vectors in a new coordinate system—that
18,

, (4.2.27)

x'=xcosf — ysinf, (4.2.28a)
y' =xsinf + ycosf. (4.2.28b)

Measurement of the rotation angle 6 provides a sensitive method for deter-
mining the nonlinear coefficient B (see also Egs. (4.2.24) and (4.2.26a)).

As mentioned above, there are two cases in which the polarization ellipse
does not rotate. One case is that of circularly polarized light. In this case only
one of the 6+ components is present, and we see from Eq. (4.2.23) that the
change in refractive index is given by

1
dncircular = _A|E|2, (4.2.29)
2ng

which clearly depends on the coefficient A but not on the coefficient B.
The other case in which there is no rotation is that of linearly polarized
light. Since linearly polarized light is a combination of equal amounts of
left- and right-hand circular components (i.e., |E_|? = |EL+|?), we see di-
rectly from Eq. (4.2.24) that the index difference An vanishes. If we let E
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denote the total field amplitude of the linearly polarized radiation, so that
|E|?> =2|E4|?> =2|E_|?, we find from Eq. (4.2.23) that for linearly polarized
light the change in refractive index is given by

Shtinews = —— (A + L B)| E|2 4.2.30

linear = nO( +2 )l I~ (4.2.30)
Note that this change depends on the coefficients A = 61122 and B = 611221
as A + %B, which according to Egs. (4.2.2) and (4.2.9a,b) is equal to 3x1111-
We see from Egs. (4.2.29) and (4.2.30) that, for the usual case in which A and
B have the same sign, linearly polarized light experiences a larger nonlinear
change in refractive index than does circularly polarized light. In general the
relative change in refractive indexX, $ninear/0circular> 18 €qual to 1 + B/2A,
which for the mechanisms described after Eq. (4.2.10) becomes

4  for molecular orientation,

Onlinear 3 . . ...
=13 for nonresonant electronic nonlinearities,
1 for electrostriction.

SN circular

For the case of two laser beams counterpropagating through a nonlinear ma-
terial, the theoretical analysis is far more complex than that just presented
for the single-beam situation, and a variety of additional phenomena can oc-
cur, including polarization bistability and polarization instabilities including
chaos. These effects have been described theoretically by Gaeta et al. (1987)
and have been observed experimentally by Gauthier et al. (1988, 1990).

4.3. Nonresonant Electronic Nonlinearities

Nonresonant electronic nonlinearities occur as the result of the nonlinear re-
sponse of bound electrons to an applied optical field. This nonlinearity usually
is not particularly large (x @ ~ 10722 m?/V? is typical) but is of consider-
able importance because it is present in all dielectric materials. Furthermore,
recent work has shown that certain organic nonlinear optical materials (such
as polydiacetylene) can have nonresonant third-order susceptibilities as large
as 10717 m?/V? as a consequence of the response of delocalized 7 electrons.

Nonresonant electronic nonlinearities are extremely fast, since they involve
only virtual processes. The characteristic response time of this process is the
time required for the electron cloud to become distorted in response to an
applied optical field. This response time can be estimated as the orbital period
of the electron in its motion about the nucleus, which according to the Bohr
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model of the atom is given by
T =2map/v,

where ag = 0.5 x 1071 m is the Bohr radius of the atom and v >~ ¢/137 is a
typical electronic velocity. We hence find that 7 ~ 10710 s,

4.3.1. Classical, Anharmonic Oscillator Model of Electronic
Nonlinearities

A simple model of electronic nonlinearities is the classical, anharmonic oscil-
lator model presented in Section 1.4. According to this model, one assumes
that the potential well binding the electron to the atomic nucleus deviates from
the parabolic potential of the usual Lorentz model. We approximate the actual
potential well as

U(r) = smaeg|r|* — ymb|r|*, 4.3.1)

where b is a phenomenological nonlinear constant whose value is of the order
of a)(z) /d?, where d is a typical atomic dimension. By solving the equation of
motion for an electron in such a potential well, we obtain expression (1.4.52)
for the third-order susceptibility. When applied to the case of the nonlinear
refractive index, this expression becomes

Nbe*[8:;8k1 + 8ik j1 + 818 k]
3egm3 D (w)3D(—w)

3
X[.(jk)l(a)=w+a)—a))=

, 4.3.2)

where D(w) = a)é —w? - 2iwy. In the notation of Maker and Terhune
(Eq. (4.2.10)), this result implies that

2Nbe*

A=B= .
eom3D(w)3D(—w)

(4.3.3)

Hence, according to the classical, anharmonic oscillator model of electronic
nonlinearities, A is equal to B for any value of the optical field frequency
(whether resonant or nonresonant). For the case of far-off-resonant excitation
(i.e., w K wp), we can replace D(w) by w(z) in Eq. (4.3.2). If in addition we set
b equal to a)é /d2, we find that

Ne*
X(3) ~

o~ —_— 434
60m3a)8d2 ( )

For the typical values N =4 x 102 cm™3,d =3 x 107 m, and wp =7 x
105 rad/s, we find that x ) ~3 x 10722 m?/V?2.
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4.3.2.  Quantum-Mechanical Model of Nonresonant Electronic
Nonlinearities

Let us now calculate the third-order susceptibility describing the nonlinear
refractive index using the laws of quantum mechanics. Since we are interested
primarily in the case of nonresonant excitation, we make use of the expression
for the nonlinear susceptibility in the form given by Eq. (3.2.33) — that is,

3
ij,h(a)ov Wy, a)q, a)p)

k ., J i ,h
N HonnmMy, L
= —Pr [ s Tl ] (4.3.5)
€oh (wng - wa)(wmg — Wg — wp)(wlg - a)p)

Imn

where w; = w, + wy; + wp,. We want to apply this expression to the case

of the nonlinear refractive index, with the frequencies arranged as X,S.l?h

(w,w,w, —w) = X/S'l?h (w = w + w — w). One sees that Eq. (4.3.5) appears
to have divergent contributions for this choice of frequencies, because the
factor w;,g — wy — w)p in the denominator vanishes when the dummy index m
is equal to g and when w, = —w; = w. However, in fact this divergence
exists in appearance only (Hanna et al., 1979; Orr and Ward, 1971); one can
readily rearrange Eq. (4.3.5) into a form where no divergence appears. We
first rewrite Eq. (4.3.5) as

(3)
ijih (w5, 0y, Wy, wp)

N [Z/ M Kby 1

Imn (a)ng - C()a)(wmg — g — wp)(a)lg - a)p)

ko J i &

[T T 1)

-> gnTrE gl lg } (4.3.6)
- (wng — w5 ) (wy + wp)(Wig — wp)

Here the prime on the first summation indicates that the terms correspond-
ing to m = g are to be omitted from the summation over m; these terms are
displayed explicitly in the second summation. The second summation, which
appears to be divergent for w; = —w),, is now rearranged. We make use of the
identity

1 1 1

XY X4y T X1nx (4.3.7)
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with X = w; + w, and ¥ = wjg — w), to express Eq. (4.3.6) as

(3)
ijih(wa, Wy, Wq, wp)

N, [Z, s H A1
=—=PrF
€0h3 Imn ((Ung_wa)(wmg_wq_wp)(wlg_wp)
k 0 i h
S g Iy
-3 gn T8 gl ig ] 4.3.8)

n (wng - wn)(wlg +wq)(wlg - (Up)

in addition to the contribution

k ,,J i ,h
P Z Wenkng Wyt 439)
(a)ng - wa)(wlg + wq)(wq + wp)

In
However, this additional contribution vanishes, because for every term of the
form
ko, J i ,h
WonHng g Hyg
(a)ng - wa)(a)lg + a)q)(a)q + wp)

(4.3.10a)

that appears in Eq. (4.3.9), there is another term with the dummy summation
indices n and / interchanged, with the pair (—wq, k) interchanged with (wy, 1),
and with the pair (w, ) interchanged with (w;, j); this term is of the form

i bk,
W Ay Mg
ko) . (4.3.10b)
(wlg + C()q)(wng — wg ) (wr — w5)
Since wy = wp +wy + wy, it follows that (w,; +wp) = —(w, — @, ), and hence

the expression (4.3.10a) and (4.3.10b) are equal in magnitude but opposite in
sign. The expression (4.3.8) for the nonlinear susceptibility is thus equivalent
to Eq. (4.3.5) but is more useful for our present purpose because no apparent
divergences are present.

We now specialize Eq. (4.3.8) to the case of the nonlinear refractive index
with the choice of frequencies given by X,Sl) p(@, 0, 0, —w). When we expand
the permutation operator P, we find that each displayed term in Eq. (4.3.8)
actually represents 24 terms. The resonance nature of each such term can be
analyzed by means of diagrams of the sort shown in Fig. 3.2.3.* Rather than
considering all 48 terms of the expanded version of Eq. (4.3.8), let us consider

* Note, however, that Fig. 3.2.3 as drawn presupposes that the three input frequencies are all pos-
itive, whereas for the case of the nonlinear refractive index two of the input frequencies are positive
and one is negative.
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only the nearly resonant terms, which would be expected to make the largest
contributions to x 3. One finds, after detailed analysis of Eq. (4.3.8), that the
resonant contribution to the nonlinear susceptibility is given by

3 3

Xkﬂh(a),a), W, —®) = Xkﬂh(a)=w+w —w) = @

k  h i 0 ok b0 ik ki 0k kT
% (Z/ Mg”'unmuinl'ulg + Mgn“nm'umluég + H’gnrunmuinl'ulg + 'ugnunmlu“mluég

Imn (a)ng - w) (wmg - 260) (a)lg — 0))

k 0 . h i k i h,J hoio ko hoJ o ki
B Z WentngMaiHig + Wontig Mo ig + Hgntng o i T Mgnungug,uig>
(wng — w)(w1g — w)(wg — W) ‘

(4.3.11)

Here the first summation represents two-photon-resonant processes and the
second summation represents one-photon-resonant processes, in the sense
illustrated in Fig. 4.3.1.

We can use Eq. (4.3.11) to obtain explicit expressions for the resonant con-
tributions to the nonvanishing elements of the nonlinear susceptibility tensor
for an isotropic medium. We find, for example, that x111(w =0 + ®w — w) is
given by

Z/ I‘Lgn Mi;m /’Lﬁdufg

X111 =
3 Imn (wng - w)(wmg - 2w)(w1g —w)

X X X X
Z Hanling i Mg . (43.12)
3eoh3 (wng — w)(w1g — w)(Wig — )

Note that both one- and two-photon-resonant terms contribute to this expres-
sion. When w is smaller than any resonant frequency of the material system,

@ oo (b)
Jj (or i) h (or k)
I--=-z---7 -g---T1--n
Il -t--T-n
i (or j) k (or h) i(orj)| h(ork) j(ori) |k(orh)
8 8

FIGURE 4.3.1 Resonance nature of the first (a) and second (b) summations of
Eq. (4.3.11).
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the two-photon contribution (the first term) tends to be positive. This contri-
bution is positive because, in the presence of an applied optical field, there is
some nonzero probability that the atom will reside in an excited state (state /
or n as Fig. 4.3.1(a) is drawn). Since the (linear) polarizability of an atom in
an excited state tends to be larger than that of an atom in the ground state, the
effective polarizability of an atom is increased by the presence of an intense
optical field; consequently this contribution to x® is positive. On the other
hand, the one-photon contribution to y11; (the second term of Eq. (4.3.12))
is always negative when w is smaller than any resonance frequency of the ma-
terial system, because the product of matrix elements that appears in the nu-
merator of this term is positive definite. We can understand this result from the
point of view that the origin of one-photon-resonant contributions to the non-
linear susceptibility is saturation of the atomic response, which in the present
case corresponds to a decrease of the positive linear susceptibility. We can
also understand this result as a consequence of the ac Stark effect, which (as
we shall see in Section 6.5) leads to an intensity-dependent increase in the
separation of the lower and upper levels and consequently to a diminished
optical response, as illustrated in Fig. 4.3.2.

In a similar fashion, we find that the resonant contribution to x1221 (or to %B
in the notation of Maker and Terhune) is given by

2N IS e ot A1,
3 gnTnm Tmilg (4.3.13)
In

X1221 = 3 .
3 60)‘13 - (ng — w)(Wmg — 2w)(wig — w)

The one-photon-resonant terms do not contribute to x1221, since these terms
involve the summation of the product of two matrix elements of the sort
le“ly 2 and this contribution always vanishes.*

| —mm8 ———/

FIGURE 4.3.2 For w < wyg the ac Stark effect leads to an increase in the energy
separation of the ground and excited states.

* To see that this contribution vanishes, choose x to be the quantization axis. Then if p,z ! is nonzero,
;1,2;1 must vanish, and vice versa.
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We also find that the resonant contribution to x1122 (or to %A) is given by

(g om i g I m g 1)

(a)ng —w) (a)mg —2w) (a)lg —w)

N
1122 = §
X 3eoh’ p
mn

X X y .y
N 3 Hantng Mgt Hig (4.3.14)
In

33  (wng — ) (Omg — 0) (@i — @)

4.3.3. x93 in the Low-Frequency Limit

In practice, one is often interested in determining the value of the third-order
susceptibility under highly nonresonant conditions—that is, for the case in
which the optical frequency is very much smaller than any resonance fre-
quency of the atomic system. An example would be the nonlinear response
of an insulating solid to visible radiation. In such cases, each of the terms
in the expansion of the permutation operator in Eq. (4.3.8) makes a compa-
rable contribution to the nonlinear susceptibility, and no simplification such
as those leading to Eqgs. (4.3.11) through (4.3.14) is possible. It is an exper-
imental fact that in the low-frequency limit both x1122 and 1201 (and con-
sequently x1111 = 2x1122 + x1221) are positive in sign for the vast majority
of optical materials. Also, the Kleinman symmetry condition becomes rele-
vant under conditions of low-frequency excitation, which implies that x1122
is equal to x1221, or that B is equal to A in the notation of Maker and Terhune.

We can use the results of the quantum-mechanical model to make an order-
of-magnitude prediction of the value of the nonresonant third-order suscep-
tibility. If we assume that the optical frequency @ is much smaller than all
atomic resonance frequencies, we find from Eq. (4.3.5) that the nonresonant
value of the nonlinear optical susceptibility is given by

4
@) . SNu

~ , 4.3.15
60h3a)g ( )

X
where u is a typical value of the dipole matrix element and wy is a typical
value of the atomic resonance frequency. It should be noted that while the
predictions of the classical model (Eq. (4.3.4)) and the quantum-mechanical
model (Eq. (4.3.15)) show different functional dependences on the displayed
variables, the two expressions are in fact equal if we identify d with the Bohr
radius ag = 4w egh® / me?, @ with the atomic unit of electric dipole moment
—eap, and wo with the Rydberg constant in angular frequency units, wy =
me*/ 327‘[268}13. Hence, the quantum-mechanical model also predicts that the
third-order susceptibility is of the order of magnitude of 3 x 10722 m?/V?2.
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TABLE 4.3.1 Nonlinear optical coefficient for materials showing electronic
nonlinearities ¢

Material no X1111 (m2/V?) ny (m?/W)

Diamond 242 21 x 10722 10 x 10720

Yttrium aluminum garnet 1.83 8.4 x 10722 8.4x 10720
Sapphire 1.8 42 % 10722 3.7 x 10720
Borosilicate crown glass 1.5 3.5%x 10722 4.4 x 10720
Fused silica 1.47 2.8 x 10722 3.67x10720
CaF, 1.43 2.24% 10722 3.1x 10720
LiF 1.4 1.4 x 10722 2.0x 10720

@ Values are obtained from optical frequency mixing experiments and thus do not include elec-
trostrictive contributions, since electrostriction is a slow process that cannot respond at optical frequen-
cies. The value of 15 is calculated as np =3m x1111/n¢. (Adapted from Hellwarth, 1977, Tables 7.1
and 9.1.)

The measured values of x® and n» for several materials that display nonres-
onant electronic nonlinearities are given in Table 4.3.1.

4.4. Nonlinearities Due to Molecular Orientation

Liquids that are composed of anisotropic molecules (i.e., molecules having
an anisotropic polarizability tensor) typically possess a large value of n;. The
origin of this nonlinearity is the tendency of molecules to become aligned in
the electric field of an applied optical wave. The optical wave then experiences
a modified value of the refractive index because the average polarizability per
molecule has been changed by the molecular alignment.

Consider, for example, the case of carbon disulfide (CS,), which is illus-
trated in part (a) of Fig. 4.4.1. Carbon disulfide is a cigar-shaped molecule
(i.e., a prolate spheroid), and consequently the polarizability a3 experienced
by an optical field that is parallel to the symmetry axis is larger than the po-
larizability o experienced by a field that is perpendicular to its symmetry
axis—that is,

a3 > a. (4.4.1)

Consider now what happens when such a molecule is subjected to a dc elec-
tric field, as shown in part (b) of the figure. Since «3 is larger than «, the
component of the induced dipole moment along the molecular axis will be
disproportionately long. The induced dipole moment p thus will not be par-
allel to E but will be offset from it in the direction of the symmetry axis.
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(®) E Ap

FIGURE 4.4.1 (a) A prolate spheroidal molecule, such as carbon disulfide. (b) The
dipole moment p induced by an electric field E.

A torque
t=pxE 4.4.2)

will thus be exerted on the molecule. This torque is directed in such a manner
as to twist the molecule into alignment with the applied electric field.

The tendency of the molecule to become aligned in the applied electric field
is counteracted by thermal agitation, which tends to randomize the molecular
orientation. The mean degree of molecular orientation is quantified through
use of the Boltzmann factor. To determine the Boltzmann factor, we first cal-
culate the potential energy of the molecule in the applied electric field. If the
applied field is changed by an amount dE, the orientational potential energy
is changed by the amount

dU = —p-dE=—p3dE3 — p1dE}, (4.4.3)

where we have decomposed E into its components along the molecular
axis (E3) and perpendicular to the molecular axis (E7). Since

p3 =wo3E3 (4.4.4)
and
p1=ao1Eq, (4.4.5)
we find that
dU = —a3E3 dE; — o E|dE], (4.4.6)

which can be integrated to give

U=—3(e3E5 + a1 E). (4.4.7)
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E
lower potential higher potential
energy energy

FIGURE 4.4.2 Alignment energy of a molecule.

If we now introduce the angle 6 between E and the molecular axis (see
Fig. 4.4.1(b)), we find that the orientational potential energy is given by

U= —%[%Ezcoszé +aE? sin29]
= —Ja1E? — Loz — a1) E? cos? 0. (4.4.8)

Since a3 — a1 has been assumed to be positive, this result shows that the
potential energy is lower when the molecular axis is parallel to E than when
it is perpendicular to E, as illustrated in Fig. 4.4.2.

Our discussion thus far has assumed that the applied field is static. We now
allow the field to vary in time at an optical frequency. For simplicity we as-
sume that the light is linearly polarized; the general case of elliptical polariza-
tion is treated at the end of the present section. We thus replace E in Eq. (4.4.9)
by the time-varying scalar quantity E(r). The square of E will contain fre-
quency components near zero frequency and components at approximately
twice the optical frequency w. Since orientational relaxation times for mole-
cules are typically of the order of a few picoseconds, the molecular orientation
can respond to the frequency components near zero frequency but not to those

near 2w. We can thus formally replace EZ in Eq. (4.4.9) by E2, where the bar
denotes a time average over many cycles of the optical field.

We now calculate the intensity-dependent refractive index for such a
medium. For simplicity, we first ignore local-field corrections, in which case
the refractive index is given by

n?=14x=1+Na), (4.4.9)

where N is the number density of molecules and where () denotes the ex-
pectation value of the molecular polarizability experienced by the incident
radiation. To obtain an expression for (&), we note that the mean orientational
potential energy is given by (U) = —% |E|?(a), which by comparison with the
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average of Eq. (4.4.8) shows that
(@) = a3(cos® 0) + a1 (sin® ) = a1 + (a3 — 1){cos? ). (4.4.10)

Here (cos26) denotes the expectation value of cos? 6 in thermal equilibrium
and is given in terms of the Boltzmann distribution as
[ dSQcos? 0 exp[—U(0)/kT]

2
(cos”0) = FdQexpl_U@)/kT] 4.4.11)

where [ d<2 denotes an integration over all solid angles. For convenience, we
introduce the intensity parameter

J=L(az — o)) E2/KT, (4.4.12)
and let d2 = 27 sin@d6. We then find that (cos” @) is given by

( 29) Iy cos? 6 exp(J cos?6) sin6 df 44.13)
cos“0) = ) 4.
Jo exp(J cos?6) sin6 db

Equations (4.4.9) through (4.4.13) can be used to determine the refractive

index experienced by fields of arbitrary intensity £2.

Let us first calculate the refractive index experienced by a weak optical
field, by taking the limit J — 0. For this case we find that the average of cos® 6
is given by

Jo cos?0sinfdo

2g) = =1 4.4.14
feos™ el = ga 3 (G419

and that according to Eq. (4.4.10), the mean polarizability is given by

(@)o = 03 + 2. (4.4.15)
Using Eq. (4.4.9), we find that the refractive index is given by
ng=1+N(3o3+ 3o1). (4.4.16)

Note that this result makes good physical sense: in the absence of interactions
that tend to align the molecules, the mean polarizability is equal to one-third
of that associated with the direction of the symmetry axis of the molecule plus
two-thirds of that associated with directions perpendicular to this axis.

For the general case in which an intense optical field is applied, we find
from Eqs. (4.4.9) and (4.4.10) that the refractive index is given by

n? =1+ N[a1 + (a3 — a1)(cos? 0)], (4.4.17)
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and thus by comparison with Eq. (4.4.16) that the square of the refractive
index changes by the amount
n?— n(z) = N[%al + (a3 — al)(cosze) — %a3]
= N(oz — a1)([cos?6) — 1). (4.4.18)
Since n? — n% is usually very much smaller than n(z), we can express the left-
hand side of this equation as

n?— n(z) = (n —ng)(n + ng) =~ 2no(n — ngp)

and thus find that the refractive index can be expressed as
n=ng+dn, (4.4.19)

where the nonlinear change in refractive index is given by

Sn=n—no= (a3 - a1)([cos? ) — 1). (4.4.20)

2ng
The quantity (cos” ), given by Eq. (4.4.13), can be calculated in terms of
a tabulated function (the Dawson integral). Figure 4.4.3 shows a plot of
(cos?0) — % as a function of the intensity parameter J = %(ag — al)Ez/kT.
In order to obtain an explicit formula for the change in refractive index, we
expand the exponentials appearing in Eq. (4.4.13) and integrate the resulting

2 complete alignment

iF
—|en

|
5
Y 1L
£ 3
1 1 ] 15
0 5 10 1 20

5
J==(05 —al)E_z/kT

N |—

FIGURE 4.4.3 Variation of the quantity ((cos”6) — %), which is proportional to the
nonlinear change in refractive index én, with the intensity parameter J. Note that for
J <5, 8n increases nearly linearly with J.
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expression term by term. We find that

<c0529>—1+4—J—f—g+ (4.4.21)
T3 45 945 ' o

Dropping all terms but the first two, we find from (4.4.20) that the change in
the refractive index due to the nonlinear interaction is given by

o= AL L (4.4.22)
n=—(@—uo))—=—(@3—a1)" —. 4.
g 0 VA5 T 4sng 0 SV kT
We can express this result as
5n =iy E2, (4.4.23)
where the second-order nonlinear refractive index is given by
N )2
i (s — )7, (4.4.24)

ny =
45n0 kT

Note that 7 is positive both for the case a3 > o] (the case that we have been
considering explicitly) and for the opposite case where o3 < «1. The reason
for this behavior is that the torque experienced by the molecule is always
directed in a manner that tends to align the molecule so that the light sees a
larger value of the polarizability.

A more accurate prediction of the nonlinear refractive index is obtained by
including the effects of local-field corrections. We begin with the Lorentz—
Lorenz law (see also Eq. (3.8.8a)),

ol Ly 4425

223N (+4-25)
instead of the approximate relationship (4.4.9). By repeating the derivation
leading to Eq. (4.4.24) with Eq. (4.4.9) replaced by Eq. (4.4.25) and with
E? replaced by the square of the Lorentz local field (see the discussion of

Section 3.8), we find that the second-order nonlinear refractive index is given
by

— (”%+2>4(°‘3 o)’ (4.4.26)

ny =
45n¢ 3 kT

Note that this result is consistent with the general prescription given in
Section 3.8, which states that local-field effects can be included by multi-
plying the results obtained in the absence of local field corrections (that
is, Eq. (4.4.24)) by the local-field correction factor @ = [(n(z) +2)/31* of
Eq. (3.8.25).
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Finally, we quote some numerical values relevant to the material carbon
disulfide. The maximum possible value of én is 0.58 and would correspond
to a complete alignment of the molecules. The value J =1 corresponds to
a field strength of E ~ 3 x 10° V/m. The value of 71, is hence equal to
1.3 x 1071 esu. Through use of Eq. (4.1.18) and the value ng = 1.63, we
can convert this result to the value no = 3 x 10722 m?/W.

4.4.1.  Tensor Properties of x® for the Molecular Orientation Effect

Let us now consider the nonlinear response of a collection of anisotropic
molecules to light of arbitrary polarization. Close et al. (1966) have shown
that the mean polarizability in thermal equilibrium for a molecule whose three
principal polarizabilities a, b, and ¢ are distinct can be represented as

(Ol,'j) = ochij + Vij» 4.4.27)
where the linear contribution to the mean polarizability is given by
a=1ta+b+o), (4.4.28)

and where the lowest-order nonlinear correction term is given by
L LS. . rrloc .y frloc
vij=C Y (38u8ji — 8ijdu) EL°(EP (1). (4.4.29)
ki
Here the constant C is given by

_(a=b+b—0)?+(a—c)?

C b
90kT

(4.4.30)

and E' denotes the Lorentz local field. In the appendix to this section, we
derive the result given by Eqgs. (4.4.27) through (4.4.30) for the special case
of an axially symmetric molecule; the derivation for the general case is left as
an exercise to the reader. Next, we use these results to determine the form of
the third-order susceptibility tensor. We first ignore local-field corrections and

replace E ,l(OC (t) by the microscopic electric field E; (1), which we represent as

Ex(t) = Exe ™" +c.c. (4.431)
The electric-field-dependent factor appearing in Eq. (4.4.29) thus becomes

W =EyE] + EE;. (4.4.32)
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Since we are ignoring local-field corrections, we can assume that the polar-
ization is given by

Pi=€) Y N{oj)E, (4.4.33)
j

and thus that the third-order contribution to the polarization is given by

3
PP =N yijE;. (4.4.34)
j

By introducing the form for y;; given by Eqgs. (4.4.29) and (4.4.32) into this
expression, we find that

P =eNC> (38ixbj1 — 8;0u) (ExEf + E{E)E;.
Jjki
which can be written entirely in vector form as
P = ¢NC[3(E-E")E+3(E -E)E* — (E-E")E — (E-E"E]|
=¢NC[(E-E")E+3(E-E)E*]. (4.4.35)

This result can be rewritten using the notation of Maker and Terhune (see also
Eq. (4.2.10)) as

P® = A(E-E")E + 1¢B(E - E)E*, (4.4.36)

where the coefficients A and B are given by B = 6A = 6 NC, which through
use of the expression (4.4.30) for C becomes
(a—b)2+ (b —c)+(a—c)?
15kT '

Be6A N[ (4.4.37)
This result shows that for the molecular orientation effect the ratio B/A
is equal to 6, a result quoted earlier without proof (in (4.2.13a)). As in
Eq. (4.4.26), local-field corrections can be included in the present formalism
by replacing Eq. (4.4.37) by

2 4 2 2 2
_ _ ny+2 (a—b)y*+b—-c)X+@—c)
B_6A_< )N[ 15kT

} . (4.4.38)

4.5. Thermal Nonlinear Optical Effects

Thermal processes can lead to large (and often unwanted) nonlinear optical
effects. The origin of thermal nonlinear optical effects is that some fraction
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of the incident laser power is absorbed in passing through an optical material.
The temperature of the illuminated portion of the material consequently in-
creases, which leads to a change in the refractive index of the material. For
gases, the refractive index invariably decreases with increasing temperature
(at constant pressure), but for condensed matter the refractive index can ei-
ther increase or decrease with changes in temperature, depending on details
of the internal structure of the material. The time scale for changes in the
temperature of the material can be quite long (of the order of seconds), and
consequently thermal effects often lead to strongly time-dependent nonlinear
optical phenomena.

Thermal effects can be described mathematically by assuming that the re-
fractive index 7 varies with temperature according to*

dn\ -
n=no+\—= )11, 4.5.1
0 ( dT) 1 (4.5.1)
where the quantity (dn/dT) describes the temperature dependence of the
refractive index of a given material and where T designates the laser-induced
change in temperature. We assume that 7 obeys the heat-transport equation

ATy e -
(PoC)— = =k V Ty =l (1), (4.5.2)

Here (p9C) denotes the heat capacity per unit volume, « denotes the ther-
mal conductivity, and « denotes the linear absorption coefficient of the ma-
terial. We express the heat capacity in the form (pgC) because most hand-
books tabulate the material density po and the heat capacity per unit mass C
rather than their product (o9C), which is the quantity of direct relevance in
the present context. Representative values of dn/dT, (poC), and « are shown
in Table 4.5.1.

Equation (4.5.2) can be solved as a boundary value problem for any specific
physical circumstance, and hence the refractive index at any point in space
can be found from Eq. (4.5.1). Note that thermal nonlinear optical effects are
nonlocal, because the change in refractive index at some given point will in
general depend on the laser intensity at other nearby points. For our present
purposes, let us make some simple numerical estimates of the magnitude of
the thermal contribution to the change in refractive index for the situation
shown in Fig. 4.5.1. We assume that a circular laser beam of intensity /p and
radius R (and consequently power P = 7 R%Iy) falls onto a slab of optical
material of thickness L and absorption coefficient «.

* As elsewhere in this text, a tilde is used to designate an explicitly time-dependent quantity.
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TABLE 4.5.1 Thermal properties of various optical materials

Material (0oC) J/em) ¢4 x (W/m K) dn/dT (K~1) °
Diamond 1.76 660

Ethanol 1.91 0.168

Fused silica 1.67 1.4 1.2x 1073
Sodium chloride 1.95 6.4 —3.6x 1073
Water (liquid) 4.2 0.56

Air © 1.2x 1073 26 x 1073 ~1.0x 1076

@ (poC) is the heat capacity per unit volume, and « is the thermal conductivity. More extensive
listings of these quantities can be found in the CRC Handbook of Chemistry and Physics, Section D,
and in the American Institute of Physics Handbook, Section 4.

b dn /dT is the temperature coefficient of the refractive index. It can be either positive or negative,
and for condensed matter typically lies in the range 3 x 1073 KL, See, for instance, the American

Institute of Physics Handbook, Section 6b.
¢ C is measured at constant pressure. Values are quoted at STP. Under other conditions, the values

of these quantities can be found by noting that to good approximation (pyC) is proportional to the
density, k is independent of the density, and that for any ideal gas dn/dT =—(n —1)/T.

ﬁ 2R 1
power P or
energy Q f—— [ —»

FIGURE 4.5.1 Geometry for the description of thermal nonlinear optical effects.

Let us first estimate the response time t associated with the change in tem-
perature for this situation. We take t to be some measure of the time taken
for the temperature distribution to reach its new steady state after the laser
field is suddenly switched on or switched off. For definiteness we assume the
latter situation. We then estimate 7 by approximating aT, /ot in Eq. (4.5.2)
by T1/t and by approximating V2T as Ty /R?. Equation (4.5.2) then becomes
(poC)T1 /Tt ~«kTy/ RZ, from which it follows that

_~ (OR
—

(4.5.3)

We can estimate numerically the response time 7 for condensed matter
by adopting the typical values (poC) = 10® J/m?® K, x =1 W/m K, and
R =1 mm, and thus find that t &~ 1 s. Even for a tightly collimated beam
with R = 10 um, one finds that 7 ~ 100 ps. These response times are much
longer than the pulse duration 7 produced by most pulsed lasers. One thus
reaches the conclusion that, in the consideration of thermal effects, the power
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(or alternatively the intensity) is the relevant quantity for continuous-wave
laser beams, but that the pulse energy Q = PT (or alternatively the fluence,
the energy per unit cross-sectional area) is the relevant quantity in the consid-
eration of pulsed lasers.

4.5.1. Thermal Nonlinearities with Continuous-Wave Laser Beams

We have just seen that the analysis of thermal effects in nonlinear optics is dif-
ferent for continuous wave than for pulsed radiation. Let us consider first the
case of continuous-wave radiation. Under steady-state conditions the equation
of heat transport then reduces to

—k VT  =al(r). (4.5.4)

This equation can be solved explicitly for any assumed laser profile I(r). For
our present purposes it suffices to make an order-of-magnitude estimate of the
maximum temperature rise Tl(max) at the center of the laser beam. To do so,

we replace V2T by —Tl(max) /R?, and thereby find that

O(I(maX)Rz

Tl(max) _
K

, (4.5.5)

where 1M is the laser intensity at the center of the laser beam. Then from
Eq. (4.5.1) we estimate the maximum change in refractive index as

dn \ o ™ax) R2

We can express this change in terms of an effective nonlinear refractive index
coefficient n(;h) defined through An = ngh)l (Max) to obtain

dn\ aR?
(th)

Note that this quantity is geometry-dependent (through the R? factor) and
hence is not an intrinsic property of an optical material. Nonetheless, it pro-
vides a useful way of quantifying the magnitude of thermal nonlinear optical
effects. If we estimate its size through use of the values (dn/dT) = 107> K~!,
a=lcm L, R=1mm,andx =1 W/m K, we find that ngh) =103 cmz/W.
By way of comparison, recall that for fused silica np = 3 x 10716 cm?/W.
Even for a much smaller beam size (R = 10 um) and a much smaller ab-
sorption coefficient (@ = 0.01 cm™"), we still obtain a relatively large thermal

nonlinear coefficient of ngh) =10~ cm?/W. The conclusion to be drawn
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from these numbers is clear: thermal effects are usually the dominant nonlin-
ear optical mechanism for continuous-wave laser beams. Analyses of thermal
effects in nonlinear optics have been presented by Bespalov er al. (1989),
Hoffman (1986), Martin and Hellwarth (1979), and Tochio et al. (1981). Re-
cent experimental investigations of thermal nonlinear optical effects in gases
have been reported by Bentley ez al. (2000).

4.5.2. Thermal Nonlinearities with Pulsed Laser Beams

As mentioned earlier, for most pulsed lasers the induced change in refractive
index is proportional to the pulse energy Q0 = [ P (1) dt rather than to the in-
stantaneous power P () (or alternatively it is proportional to the pulse fluence
F = f i (t) dt rather than to the pulse intensity I (¢)). For this reason, it is
not possible to describe the change in refractive index in terms of a quantity
such as ngh). Rather, A7 increases (or decreases) monotonically during the
time extent of the laser pulse. Nonetheless one can develop simple criteria for
determining the conditions under which thermal nonlinear optical effects are
important. In particular, let us consider the conditions under which the thermal
change in refractive index

An® — (41 (max) (4.5.8)
dT

will be greater than or equal to the change resulting from the electronic re-
sponse

An =p{y. (4.5.9)

We estimate the maximum change in temperature Tl(max) induced by the laser

beam as follows: For a short laser pulse (pulse duration ¢, much shorter than
the thermal response time t of Eq. (4.5.3)), the heat transport equation (4.5.2)
reduces to

aT, -
Umc)? =al(r); (4.5.10)

we have dropped the term —« V2T because in a time tp K T at most a negli-
gible fraction of the absorbed energy can diffuse out of the interaction region.
By approximating aT, /0t as Tl(max) /tp, we find that

al (max) tp

T(max) _
: (poC)

4.5.11)



240 4 < The Intensity-Dependent Refractive Index

By combining Eqgs. (4.5.8) through (4.5.11), we find that the thermal contri-
bution to the change in refractive index will exceed the electronic contribution
if the laser pulse duration satisfies the inequality

(eD)
n C
. M2 (P0C) (4.5.12)
(dn/dT)x
If we evaluate this expression assuming the typical values néel) =3 x

1071 ecm?/W, (poC) = 1 x 10° J/m? K, (dn/dT) =1 x 107> K1,
o =1 cm™!, we find that the condition for the importance of thermal effects

becomes
tp > 30 psec. 4.5.13)

We thus see that thermal effects are likely to make a contribution to the non-
linear optical response for all but the shortest (¢, < 30 psec) laser pulses.

4.6. Semiconductor Nonlinearities

Semiconductor materials play an important role in nonlinear optics both be-
cause they produce large nonlinear optical responses and because these ma-
terials lend themselves to the construction of integrated devices in which
electronic, semiconductor laser, and nonlinear optical components are all fab-
ricated on a single semiconductor substrate.

A key feature of semiconductor materials is that their allowed electronic
energy states take the form of broad bands separated by forbidden regions.
The filled or nearly filled bands are known as valence bands and the empty
or nearly empty bands are known as conduction bands. The energy separation
between the highest valance band and the lowest conduction band is known
as the band-gap energy E,. These concepts are illustrated in Fig. 4.6.1(a).
A crucial distinction associated with the nonlinear optical properties of a
semiconductor material is whether the photon energy 4w of the laser field
is greater than or smaller than the band-gap energy. For /iw > Eg, as illus-
trated in part (b) of the figure, the nonlinear response results from the transfer
of electrons to the conduction band, leading to a modification of the opti-
cal properties of the material. For the opposite case Ziw < E, the nonlinear
response is essentially instantaneous and occurs as the result of parametric
processes involving virtual levels. We treat these two situations separately.
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(a) (b) (©)

N A LT ]

FIGURE 4.6.1 (a) The valence band (VB) and conduction band (CB) of a semicon-
ductor are separated by energy E,. For iw > E, (b), the nonlinear response results
from the transfer of electrons to the conductions band, whereas for iw < E; (c), the
nonlinear response involves virtual transitions.

4.6.1. Nonlinearities Resulting from Band-to-Band Transitions

For hiw > E,, the nonlinear response occurs as the result of band-to-band
transitions. For all but the shortest laser pulses, the nonlinear response can be
described in terms of the conduction band population N, which can be taken
to obey a rate equation of the form

dN. ol (N.—N?)

= 4.6.1
dt hw TR ( )

where « is the absorption coefficient of the material at the laser frequency,
NC(O) is the conduction band electron population in thermal equilibrium, and
Tg is the electron—hole recombination time. In steady state this equation pos-
sesses the solution
altg

ho
However, for the common situation in which the laser pulse duration is shorter
than the material response time tg, the conduction-band electron density in-
creases monotonically during the laser pulse.

The change in electron concentration described by Eq. (4.6.1) leads to a

change in the optical properties by means of several different mechanisms,
which we now describe.

Ne=NO + (46.2)

Free-Electron Response To first approximation, electrons in the conduction
band can be considered to respond freely to an applied optical field. The free
electron contribution to the dielectric constant is well known (see Eq. (13.7.3))
and has the form

2

(@ =ep— —2 (4.6.3)
w(w+i/T)
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where €, is the contribution to the dielectric constant from bound changes,
a)f, is the square of the plasma frequency and is given by a)i = N.e2/eom,
and t is an optical response time that in general is not equal to T and is typi-
cally much shorter than it. Since N, increases with laser intensity, € (@) is seen
to decrease with laser intensity. In the steady-state limit, we can derive an ap-
proximate expression (see Problem 11) for the intensity-dependent refractive

index as n = ng + ny I, where

N(0)e?
n% =€ — #)e, (4.6.4)
eomw(w—+i/1)
and
2
ny=—— LR (4.6.5)
2 2epnomho’’ e

Note that 1 is proportional to w™>. One thus expects this mechanism to
become dominant at long wavelengths. If we evaluate this expression us-
ing the characteristic values m = 0.1 m, (note that m in Eq. (4.6.5) is the
effective mass of the conduction-band electron), ng = 3.5, a = 10* cm™ !,
hw =0.75 eV, 7, = 10 nsec, we find that n, = 3 x 10710 mz/W, areasonably

large value.

Modification of Optical Properties by Plasma Screening Effects A direct conse-
quence of the presence of electrons in the semiconductor conduction band
is that the material becomes weakly conducting. As a result, charges can
flow to shield any unbalanced free charges, and the Coulomb interaction be-
tween charged particles becomes effectively weakened. In the classical limit
in which the electrons obey a Maxwell-Boltzmann distribution, the screened
potential energy between two point particles of charge e becomes

62

V=—-—e™, (4.6.6)
dreger

where € is the (real) dielectric constant of the semiconductor material and

where
N_.e2
K= 4.6.7)
eokT

is the Debye—Hiickel screening wavenumber.

One consequence of the reduction of the strength of the Coulomb interac-
tion is that excitonic features can disappear at high conduction-band electron
densities. Let us recall briefly the nature of excitonic features in semiconduc-
tors. An electron in the conduction band will feel a force of attraction to a
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hole in the valence band as the result of their Coulomb interaction. This at-
traction can be sufficiently strong that the pair forms a bound state known as
an exciton. Excitonic energy levels typically lie slightly below the edge of the
conduction band, at an energy given by

E,=E.— R*/n?, (4.6.8)

where n is the principal quantum number, E. is the energy of the bot-
tom of the conduction band, and R* = hz(Zm,a(’)Q)_1 is the effective Ryd-
berg constant. Here m, is the reduced mass of the electron-hole pair and
as = 4 eoh®(mre?)~ ! is the effective first Bohr radius. Laboratory results
showing absorption features associated with transitions to these excitonic lev-
els are shown in Fig. 4.6.2. Often only the lowest exciton states contribute
significantly to the semiconductor absorption spectrum; the situation in which
only the n =1 state is visible is shown in Fig. 4.6.3(a). In the presence of a
laser beam sufficiently intense to place an appreciable population of electrons
into the conduction band, plasma screening effects can lead to the disappear-
ance of these excitonic resonances, leading to an absorption spectrum of the
sort shown in part (b) of the figure. Let Ax denote the amount by which the
absorption coefficient has changed because of the presence of the optical field.
The change in absorption coefficient is accompanied by a change in refractive
index. This change can be calculated by means of the Kramers—Kronig rela-
tions (see Section 1.7), which in the present context we write in the form

c /'OO Aa(0)do’

An(w) = -

(4.6.9)

w2 — w2 ’

where the principal part of the integral is to be taken. The change in refractive
index is shown symbolically in part (c) of Fig. 4.6.3. Note that An is positive

400 | 3p 4p, 5P
2p

2145 2150 2155 2160 2165 2170
energy (meV)

FIGURE 4.6.2 Absorption spectrum of Cu,O at a temperature of 4.2 K. The spectral
features result from transitions from the top of the valance band to the exciton level
labeled in the figure. (After Tayagaki ef al., 1995.)
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FIGURE 4.6.3 Schematic low-temperature absorption spectrum of a semiconductor
in the absence (a) and in the presence (b) of an appreciable number of optically excited
conduction band electrons. (¢) The modification of the refractive index associated with
the optically induced change in absorption coefficient.

on the high-frequency side of the exciton resonance and is negative on the
low-frequency side. However, the change in refractive index is appreciable
only over a narrow range of frequency on either side of the exact resonance.

Change of Optical Properties Due to Band-Filling Effects ~ As electrons are trans-
ferred from the valence band to the conduction band, the absorption coeffi-
cient of a semiconductor must decrease. This effect is in many ways analo-
gous to saturation effects in atomic systems, as described in Chapter 6, but in
the present case with the added complexity that the electrons must obey the
Pauli principle and thus must occupy a range of energies within the conduction
band. This process leads to a lowering of the refractive index for frequencies
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below the band edge and a raising of the refractive index for frequencies above
the band edge. The sense of the change in refractive index is thus the same as
that for a two-level atom. The change in refractive index resulting from band
filling can be calculated more precisely by means of a Kramers—Kronig analy-
sis of the sort described in the previous paragraph; details are described, for
instance, by Peyghambarian et al. (1993, Section 13-4).

Change in Optical Properties Due to Band-Gap Renormalization  For reasons that
are rather subtle (exchange and Coulomb correlations), the band-gap energy
of most semiconductors decreases at high concentrations of conduction band
electrons, with a resulting change in the optical properties.

4.6.2. Nonlinearities Involving Virtual Transitions

Let us next consider the nonlinear response of a semiconductor or insulator
under the condition fiw < E,, as illustrated in Fig. 4.6.4(a). In this situation,
the photon energy is too small to allow single-photon absorption to populate
the conduction band, and the nonlinear response involves virtual processes
such as those shown in parts (b) and (c) of the figure. The “two-photon”
process of part (b) usually is much stronger than the “one-photon” process of
part (c) except for photon energies fiw approaching the band-gap energy E,.
In the approximation in which only the two-photon process of part (b) is con-
sidered, a simple model can be developed to describe the nonlinear response
of the material. We shall not present the details here, which involve some con-
siderations of the band theory of solids that lie outside the scope of the present
work. Sheik-Bahae et al. (1990, 1991) show that the nonlinear refractive index

FIGURE 4.6.4 (a) For hiw < Eg, the nonlinear response involves virtual transitions.
Under many circumstances, virtual two-photon processes (b) make a larger contribu-
tion to the nonlinear response than do one-photon processes (c).
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coefficient defined such that An =n>/ can be expressed as

hcﬁp

2
ZnOE;,t

ny=K Gr(hw/Eyg), (4.6.10)
where E, =21 eV, K can be considered to be a single free parameter whose
value is found empirically to be 3.1 x 103 in units such that E p and E, are
measured in eV and 7, is measured in cm? /W, and where G is the universal
function

—2+46x —3x2 —x3 — 3x* — 3x5 +2(1 — 2x)320(1 — 2x)

Galx) = 646

(4.6.11)

where ®(y) is the Heaviside step function defined such that ®(y) = 0 for
y <0and ©(y) =1 for y > 0. In the same approximation, the two-photon
absorption coefficient defined such that @ = «p 4 81 is given by
KVE
B=— 3” F,(2ho/E,), (4.6.12)
ngEg

where F? is the universal function

3/2
F(2x) = Q=D s (4.6.13)
(2x)3

and F>(2x) = 0 otherwise. These functional forms are illustrated in Fig. 4.6.5.
Note that the process of two-photon absorption vanishes for fiw < %E ¢ for
reasons of energetics. Note also that the nonlinear refractive index peaks at
hw/Eg ~0.54, vanishes at iw/ E, ~ 0.69, and is negative for fiw/E, 2 0.69.
Note also from Eq. (4.6.10) that n, scales as Eg_4. Thus narrow-band-gap
semiconductors are expected to produce a much larger nonlinear response
than large-band-gap semiconductors. These predictions are in very good
agreement with experimental results; see, for instance, Fig. 4.6.6.

In general, both the slow, band-to-band nonlinearities considered earlier
and the instantaneous nonlinearities considered here occur simultaneously.
Said et al. (1992) have studied several semiconductors under conditions such
that both processes occur simultaneously, and they find that the change in
refractive index is well described by the equation

An =nyIl + o, N, (4.6.14)

where as usual n; gives the instantaneous nonlinear response and where o, is
the change in refractive index per unit conduction band electron density. Their
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FIGURE 4.6.5 Variation of the nonlinear refraction coefficient n, and the two-
photon-absorption coefficient with photon energy fiw according to the model of
Sheik-Bahae et al. (1990).

TABLE 4.6.1 Nonlinear optical coefficients of several semiconductors

Semiconductor B (m/TW) ny (m2 /W) or (m3)

ZnSe at 532 nm 58 —6.8x10718 —0.8 x 10727
GaAs at 1064 nm 260 —4.1x10717 —6.5x 10727
CdTe at 1064 nm 260 —3x 10717 —5x 10727
ZnTe at 1064 nm 42 1.2x10" 17 —0.75x 10727

After Said et al. (1992).

measured values of these quantities as well as the two-photon-absorption co-
efficient are given in Table 4.6.1.

4.7. Concluding Remarks

Throughout this chapter, we have assumed that the refractive index variation
An scales monotonically with laser intensity as An = ny/. In fact, for any
given material there is a maximum change in refractive index that can be
observed. This maximum index change comes about either because of satu-
ration effects or because there is a maximum laser intensity that can be used
as a consequence of laser damage effects. A particularly large value of the
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FIGURE 4.6.6 Comparison of the predictions (solid line) of the model of
Sheik-Bahae et al. (1990) with measured values (data points) of the nonlinear re-
fraction parameter n; for a variety of materials.

refractive index variation of Anm,x = 0.14 has been reported by Brzozowski
et al. (2003). This large change was observed in an InGaAs/InAlGaAs mul-
tiple quantum well sample at a wavelength of approximately 1500 nm and
using a pulse fluence of 116 pJ /cm?.

For certain conceptual purposes, it can be useful to express the nonlinear
susceptibility in dimensionless form (see, for instance, Kok et al., 2002). One
prescription for doing so is to define the dimensionless susceptibility as

3
x5 = E} pax @, 4.7.1)
where E 12 max 18 the largest electric field that can be produced in free space
by a single photon. Since a pulse of light can be localized to a volume of the
order the cube of the vacuum wavelength A, one finds that

ho

L =200} 4.7.2)



4.7. Concluding Remarks 249

and thus that

ho

9= TvE X, (4.7.3)
For the case of fused silica (x ® = 2.5 x 1072 m?/W?) and a wavelength
of 1.0 um, this expression when evaluated becomes x](;) =4.5x 10713, The
smallness of this number quantifies the notion that nonresonant nonlinear op-
tical interactions tend to be extremely weak, at least on a local scale. It is
only the cumulative effect of nonlinear interactions taking place over large
distances that allows nonlinear processes to produce intense output fields. It
should be noted, however, that for some of the largest reported optical nonlin-
earities the dimensionless susceptibility can become large. For example, for
the case of the nonlinear response of a Bose—Einstein condensate, as quoted

in Table 4.1.2, the dimensionless susceptibility becomes XS) ~ 100.

Problems

1. ny for a lossy medium. Generalize the derivation of Eq. (4.1.19) to allow
the linear refractive index to be a complex quantity 7.

[Ans: Replace n(z) in the denominator of Eq. (4.1.19) by 779 Reng.]

2. Tensor properties of x® for an isotropic medium. Derive Eqs. (4.2.2).

3. Ellipse rotation. A 1-cm-long sample of carbon disulfide is illuminated by
elliptically polarized light of intensity / = 1 MW /cm?. Determine how
the angle through which the polarization ellipse is rotated depends upon
the ellipticity of the light, and calculate numerically the maximum value
of the rotation angle. Quantify the ellipticity in terms of the parameter &
where (—1 < § < 1) which defines the polarization unit vector through the
relation

X+ i8y

1+
[Hint: The third-order nonlinear optical response of carbon disulfide is due
mainly to molecular orientation. ]

4. Sign of x®. Verify the statement made in the text that the first term in
expression (4.3.12) is positive whenever o is smaller than any resonance
frequency of the atomic system.

5. Tensor properties of the molecular orientation effect. Derive the result
given by Egs. (4.4.27) through (4.4.30) for the general case in which a,
b, and c are all distinct.

[This problem is extremely challenging.]

N>
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6. Thermal nonlinearities. In Section 4.5, we basically used dimensional
analysis to make an order-of-magnitude estimate of the size of thermal
nonlinearities. In this problem, we consider a situation in which the equa-
tion of heat transport can be solved exactly.

Consider a laser beam of diameter D; and power P propagating through
a long glass rod of diameter D,. The outer surface of the glass rod is held
at the fixed temperature 7y. Assume steady-state conditions, and make the
simplifying assumption that the transverse intensity profile of the laser
beam is uniform. Determine the local temperature 7' at each point within
the glass rod and determine the maximum change in refractive index. Eval-
uate numerically for realistic conditions.

7. Nonlinearity due to the magnetic force. Consider a plane electromag-
netic wave incident upon a free electron. If the field is strong enough,
the electron will acquire sufficient velocity that the magnetic force Fy; =
(—e/c)v x B has a noticeable effect on its motion. This is one source of
the nonlinear electronic response.

(a) Show that for an optical plane wave with electric field E = x
(Ege! k2@ 4 ¢ ¢.) the electromagnetic force on an electron is

Fem = —e(Ege™' +c.c.) |:x(1 — E) —i—z(%)]

How large (order of magnitude) can x/c become for a free electron in a
beam with a peak intensity of 10'7 W/cm??

(b) Derive expressions for x P 2w) and x @ (0) for a collection of free
electrons in terms of the electron number density N. (You may assume
there are no “frictional” forces.) In what direction(s) will light at 2w be
emitted?

(c) Derive expressions for x(w) and x P Bw).

(d) Good conductors can often be modeled using the free electron model.
Assuming the magnetic force is the only source of optical nonlinearity,
make a numerical estimate (order of magnitude) of x 3 (w) for gold.

8. Nonlinear phase shift of a focused gaussian beam. Derive an expression
for the nonlinear phase shift experienced by a focused gaussian laser beam
of beam-waist radius wq carrying power P in passing through a nonlin-
ear optical material characterized by a nonlinear refractive index n,. Per-
form this calculation by integrating the on-axis intensity from z = —o0
to z = +o0o. Comment on the accuracy of this method of calculation, and
speculate regarding computational methods that could provide a more ac-
curate prediction of the nonlinear phase shift.



References 251

9. Nonlinear phase shift of a focused gaussian beam. Assuming the valid-
ity of the procedure used in the previous question (that is, by integrating
from —oo to 4-00), determine numerically the nonlinear phase shift that
can be obtained by a focused gaussian laser beam in propagating through
optical glass, when the power of the beam is adjusted to be just below
the laser damage threshold. Assume initially that the glass is a plate 1 cm
thick, but also describe how the phase shift scales with the thickness of the
glass plate. For definiteness, assume that the beam waist is at the center of
the glass block, and assume that bulk (not surface) damage is the limiting
process. Take I (damage) = 10 GW /cm?.

10. Nonlinear phase shift of a focused gaussian beam. Same as the previous
problem, but assume that surface damage is the limiting process.

11. Semiconductor nonlinear response. Derive Eq. (4.6.5).
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Chapter 5

Molecular Origin of the Nonlinear
Optical Response

In Chapter 3, we presented a general quantum-mechanical theory of the non-
linear optical susceptibility. This calculation was based on time-dependent
perturbation theory and led to explicit predictions for the complete frequency
dependence of the linear and nonlinear optical susceptibilities. Unfortunately,
however, these quantum-mechanical expressions are typically far too compli-
cated to be of use for practical calculations.

In this chapter we review some of the simpler approaches that have been
implemented to develop an understanding of the nonlinear optical character-
istics of various materials. Many of these approaches are based on under-
standing the optical properties at the molecular level. In the present chapter
we also present brief descriptions of the nonlinear optical characteristics of
conjugated polymers, chiral molecules, and liquid crystals.

5.1.  Nonlinear Susceptibilities Calculated Using
Time-Independent Perturbation Theory

One approach to the practical calculation of nonlinear optical susceptibilities
is based on the use of time-independent perturbation theory (see, e.g., Jha
and Bloembergen, 1968 or Ducuing, 1977). The motivation for using this ap-
proach is that time-independent perturbation theory is usually much easier to
implement than time-dependent perturbation theory. The justification of the
use of this approach is that one is often interested in the study of nonlinear
optical interactions in the highly nonresonant limit @ < wo (where w is the
optical frequency and wy is the resonance frequency of the material system),
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in order to avoid absorption losses. For w < g, the optical field can to good
approximation be taken to be a quasi-static quantity.

To see how this method proceeds, let us represent the polarization of a ma-
terial system in the usual form™

P=coxVE+eoxPE* +eoxPE> + ... (5.1.1)

We can then calculate the energy stored in polarizing the medium as

E
W= _/ PEYAE =—~ yopr_Lyop L oop.
0 2 3 4

WO LW LW 4 (5.1.2)

The significance of this result is that it shows that if we know W as a func-
tion of E (either by calculation or, for instance, from Stark effect measure-
ments), we can use this knowledge to deduce the various orders of susceptibil-
ity x ™. For instance, if we know W as a power series in E we can determine
the susceptibilities as’

nw ™
€0 En’
More generally, even if the power series expansion is not known, the nonlinear
susceptibilities can be obtained through differentiation as
eo(n — D! 9E" |p—o
Before turning our attention to the general quantum-mechanical calculation

of W™, let us see how to apply the result given by Eq. (5.1.3) to the special
case of the hydrogen atom.

x"D =~ (5.1.3)

X (5.1.4)

5.1.1. Hydrogen Atom

From considerations of the Stark effect, it is well known how to calculate the
ground state energy w of the hydrogen atom as a function of the strength E of
an applied electric field (Schiff, 1968; Sewell, 1949). We shall not present the
details of the calculation here, both because they are readily available in the

* As a notational convention, in the present discussion we retain the tilde over P and E both for
slowly varying (quasi-static) and for fully static fields.

T For time-varying fields, Eq. (5.1.3) still holds, but with W) and E" replaced by their time
averages, that is, by (WY and (E"). For E = Ee™®! 4 c.c., one finds that E = 2E cos(w! + ¢),
and E" = 2"E" cos" (wt + ), so that (E") = 2" E" (cos” (w! + ¢)). Note that (cos2(wf + ¢)) = 1/2
and (cos* (wt + ¢)) = 3/8.
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scientific literature and because the simplest method for obtaining this result
makes use of the special symmetry properties of the hydrogen atom and does
not readily generalize to other situations. One finds that

w 1 9/ EN\?> 3555/ E\*
e e T i (5.1.5)
2R 2 4\ Ey 64 \ Ey

where R = e*hi%/4megmc?® = 13.6 eV is the Rydberg constant and where
Ey = e/4megal = m*ed [ (4mep)*ii* = 5.14 x 10" V/m is the atomic unit
of electric field strength. We now let W = Nw where N is the number density
of atoms and introduce Eq. (5.1.5) into Eq. (5.1.3). We thus find that

9

X(l):Na where a:§a03, (5.1.6a)
3555 a,

X(3):Ny where y:Y Z%, (5.1.6b)

where ag = 4 egh? / me? is the Bohr radius. Note that these results conform
with standard scaling laws for nonresonant polarizabilities

o >~ atomic volume V, (5.1.7a)

y x V73, (5.1.7b)

5.1.2.  General Expression for the Nonlinear Susceptibility in the
Quasi-Static Limit

A standard problem in quantum mechanics involves determining how the en-
ergy of some state |y,) of an atomic system is modified in response to a
perturbation of the atom. To treat this problem mathematically, we assume
that the Hamiltonian of the system can be represented as

H=Hy+V, (5.1.8)

where Hj represents the total energy of the free atom and 1% represents the
quasi-static perturbation due to some external field. For the problem at hand
we assume that

V=—4E, (5.1.9)

where (i = —ex is the electric dipole moment operator and E is an applied
quasi-static field. We require that the atomic wavefunction obey the time-
independent Schrodinger equation

H{Wn) = wal ). (5.1.10)



256 5 < Molecular Origin of the Nonlinear Optical Response

For most situations of interest Egs. (5.1.8)—(5.1.10) cannot be solved in closed
form, and must be solved using perturbation theory. One represents the energy
wy, and state vector |,,) as power series in the perturbation as

wy =wi” +wi + w4 (5.1.11a)
) = ¥, <°))+|w“)>+]w<2>) : (5.1.11b)

The details of the procedure are well documented in the scientific literature;
see, for instance, Dalgarno (1961). One finds that the energies are given by

wl = eE(n|x|n), (5.1.12a)
S22 (n|x|s)(s|x|n)
E Z (O) 0 (5.1.12b)
(nlx|s)(s|x|t){t|x|n)
= F3 , (5.1.12¢)
Z w® — ) ® _ 0
_ A (nlx|s)(slxlt) (t]x]u)(u|x|n)
(w“’) wi ) (W — wi”) W — w”)
2E2uw® (nx|u)(ulx|n)
Ew Z (0) SO (5.1.124d)

The prime following each summation symbol indicates that the state n is to
be omitted from the indicated summation. Through use of these expressions
one can deduce explicit forms for the linear and nonlinear susceptibilities. We
let W = Nw, assume that the state of interest is the ground state g, and make
use of Egs. (5.1.3) to find that

2¢? XosX
xV=Na, a=ag="-) S (5.1.13a)
Ay o8
@ 3¢3 XgrXesXsg
XP=NB, B=fu=—5 y 2K (5.1.13b)
h 5,12¢ WrgWsg
4e* XouXutXisX XotXtgXosX
xP =Ny, V:Vxxxx:_3< P e e sg>,
h Wy o Wi oWy Wi
st u#g 8I8Ts8 s.15g 8Wsg
(5.1.13¢c)
N ()] ©) 3)
where hiwgg = w; "~ — wg ', and so on. We see that x -’ naturally decomposes

into the sum of two terms, which can be represented schematically in terms
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() (b)

8

FIGURE 5.1.1 Schematic representation of the two terms appearing in Eq. (5.1.13c).

of the two diagrams shown in Fig. 5.1.1. Note that this result is entirely con-
sistent with the predictions of the model of the nonlinear susceptibility based
on time-dependent perturbation theory (see Eq. (4.3.12)), but is more simply
obtained by the present formalism.

Equations (5.1.13) constitute the quantum-mechanical predictions for the
static values of the linear and nonlinear susceptibilities. Evaluation of these
expressions can be still quite demanding, as it requires knowledge of all of the
resonance frequencies and dipole transition moments connecting to the atomic
ground state. Several approximations can be made to simplify these expres-
sions. One example is the Unso6ld approximation, which entails replacing each
resonance frequency (e.g., wgg) by some average transition frequency wg. The
expression (5.1.13a) for the linear polarizability then becomes

7 (glxls)(slx]g). (5.1.14)
wo

2¢%
We formally rewrite this expression as

262 N A~ /
azh—wo(g|x0x|g) where 0=Z:|s>(s|. (5.1.15)

We now replace O by the unrestricted sum

0=Z|s)(s|, (5.1.16)

which we justify by noting that for states of fixed parity (g|x|g) vanishes, and
thus it is immaterial whether or not the state g is included in the sum over
all s. We next note that

D lsisl=1 (5.1.17)



258 5 < Molecular Origin of the Nonlinear Optical Response

by the closure assumption of quantum mechanics. We thus find that

2¢2

o= —
hwg

(x?). (5.1.18a)
This result shows that the linear susceptibility is proportional to the electric
quadrupole moment of the ground-state electron distribution. We can apply
similar reasoning to the simplification of the expressions for the second- and
third-order nonlinear coefficients to find that

3¢3 5
=—— 5.1.18b
B hzwg(x ), ( )
Yy =—=—=|x7)=2(x")"]. (5.1.18¢)
sl =20

These results show that the hyperpolarizabilities can be interpreted as mea-
sures of various higher-order moments of the ground state electron distri-
bution. Note that the linear polarizability and hyperpolarizabilities increase
rapidly with the physical dimensions of the electron cloud associated with
the atomic ground state. Note further that Eqgs. (5.1.18a) and (5.1.18c) can be
combined to express y in the intriguing form

2 & {x 4)
y =« % where g_|:(x2)2 —2]. (5.1.19)
Here g is a dimensionless quantity (known in statistics as the kurtosis) that
provides a measure of the normalized fourth moment of the ground-state elec-
tron distribution.

These expressions can be simplified still further by noting that within the
context of the present model the average transition frequency wg can itself be
represented in terms of the moments of x. We start with the Thomas—Reiche—
Kuhn sum rule (see, for instance, Eq. (61) of Bethe and Salpeter, 1977), which
states that

2m
= kgl =7, (5.1.20)
k

where Z is the number of optically active electrons. If we now replace wyg by
the average transition frequency wg and perform the summation over k in the
same manner as in the derivation of Eq. (5.1.18a), we obtain

Zh

(5.1.21)
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This expression for wg can now be introduced into Egs. (5.1.18) to obtain

2
_ 4;_1’;1 (2P, (5.122)
12 3.2
p-
32 4.3
= 2 () - 27, 5120

Note that these formulas can be used to infer scaling laws relating the optical
constants to the characteristic size L of a molecule. In particular, one finds
that o ~ L*, B~ L7, and y ~ L'°. Note the important result that nonlinear
coefficients increase rapidly with the size of a molecule. Note also that « is a
measure of the electric quadrupole moment of the ground-state electron dis-
tribution, B is a measure of the octopole moment of the ground-state electron
distribution, and y depends on both the hexadecimal pole and the quadrupole
moment of the electron ground-state electron distribution.*

5.2. Semiempirical Models of the Nonlinear Optical Susceptibility

We noted earlier in Section 1.4 that Miller’s rule can be successfully used
to predict the second-order nonlinear optical properties of a broad range of
materials. Miller’s rule can be generalized to third-order nonlinear optical in-
teractions, where it takes the form

x (w4, 03, 02, 01) = AxV(@1) xV(@3) xP(@2) xP(@1), (5.2.1)

where w4 = w1 + wy + w3 and where A is a quantity that is assumed to be fre-
quency independent and nearly the same for all materials. Wynne (1969) has
shown that this generalization of Miller’s rule is valid for certain optical ma-
terials, such as ionic crystals. However, this generalization is not universally
valid.

Wang (1970) has proposed a different relation that seems to be more gen-
erally valid. Wang’s relation is formulated for the nonlinear optical response
in the quasi-static limit and states that

X 3) — Q,(X(l))z’ where Q/ = g//Nefftha (522)

* There is an additional contribution to the hyperpolarizability 8 resulting from the difference in
permanent dipole moment between the ground and excited states. This contribution is not accounted
for by the present model.



260 5 < Molecular Origin of the Nonlinear Optical Response

and where Nggr = N f is the product of the molecular number density N with
the oscillator strength f, wp is an average transition frequency, and g’ is a
dimensionless parameter of the order of unity which is assumed to be nearly
the same for all materials. Wang has shown empirically that the predictions of
Eq. (5.2.2) are accurate both for low-pressure gases (where Miller’s rule does
not make accurate predictions) and for ionic crystals (where Miller’s rule does
make accurate predictions). By comparison of this relation with Eq. (5.1.19),
we see that g’ is intimately related to the kurtosis of the ground-state electron
distribution. There does not seem to be any simple physical argument for why
the quantity g’ should be the same for all materials.

Model of Boling, Glass, and Owyoung

The formula (Eq. 5.2.2) of Wang serves as a starting point for the model of
Boling et al. (1978), which allows one to predict the nonlinear refractive index
constant ny on the basis of linear optical properties. One assumes that the lin-
ear refractive index is described by the Lorentz—Lorenz law (see Eq. (3.8.82))
and Lorentz oscillator model (see Eq. (1.4.17) or Eq. (3.5.25)) as

o1 1, (5.2.3a)

——— =—Na, 2.3a
2y2 3¢
2

- f; / mz, (5.2.3b)
CL)O_C()

where f is the oscillator strength of the transition making the dominant con-
tribution to the optical properties. Note that by measuring the refractive index
as a function of frequency it is possible through use of these equations to
determine both the resonance frequency wp and the effective number den-
sity N f. The nonlinear refractive index is determined from the standard set of
equations

2
=@ 0Ny L=TR 24
2
y =g (5.2.4b)

Equation (5.2.4b) is the microscopic form of Wang’s formula (5.2.2), where
g is considered to be a free parameter. If Eq. (5.2.3b) is solved for «, which
is then introduced into Eq. (5.2.4b), and use is made of Egs. (5.2.4a), we find
that the expression for 7, is given by

_ (?+2)2n? = D2 (gf)

_ 525
"2 6n2eoc hao(Nf) (5.2.5)
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FIGURE 5.2.1 Comparison of the predictions of Eq. (5.2.5) with experimental results.
After Adair et al. (1989).

This equation gives a prediction for n; in terms of the linear refractive in-
dex n, the quantities wg and (N f) which (as described above) can be deduced
from the dispersion in the refractive index, and the combination (gf), which
is considered to be a constant quantity for a broad range of optical materials.
The value (gf) = 3 is found empirically to give good agreement with mea-
sured values. A comparison of the predictions of this model with measured
values of n, has been performed by Adair et al. (1989), and some of their
results are shown in Fig. 5.2.1. The two theoretical curves shown in this fig-
ure correspond to two different choices of the parameter (gf) of Eq. (5.2.5).
Lenz et al. (2000) have described a model related to that of Boling et al. that
has good predictive value for describing the nonlinear optical properties of
chalcogenide glasses.
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5.3. Nonlinear Optical Properties of Conjugated Polymers

Certain polymers known as conjugated polymers can possess an extremely
large nonlinear optical response. For example, a certain form of polydi-
acetylene known as PTS possesses a third-order susceptibility of 3.5 x
10718 m?/V2, as compared to the value of 2.7 x 1072 m?/V? for carbon
disulfide. In this section some of the properties of conjugated polymers are
described.

A polymer is said to be conjugated if it contains alternating single and dou-
ble (or single and triple) bonds. Alternatively, a polymer is said to be saturated
if it contains only single bonds. A special class of conjugated polymers is the
polyenes, which are molecules that contain many double bonds.

Part (a) of Fig. 5.3.1 shows the structure of polyacetylene, a typical chain-
like conjugated polymer. According to convention, the single lines in this dia-
gram represent single bonds and double lines represent double bonds. A single
bond always has the structure of a o bond, which is shown schematically in
part (b) of the figure. In contrast, a double bond consists of a o bond and a
bond, as shown in part (c) of the figure. A 7 bond is made up of the overlap
of two p orbitals, one from each atom that is connected by the bond.

The optical response of o bonds is very different from that of 7 bonds
because o electrons (that is, electrons contained in a o bond) tend to be lo-
calized in space. In contrast, 7 electrons tend to be delocalized. Because &
electrons are delocalized, they tend to be less tightly bound and can respond
more freely to an applied optical field. They thus tend to produce larger linear
and nonlinear optical responses.

7 electrons tend to be delocalized in the sense that a given electron can
be found anywhere along the polymer chain. They are delocalized because
(unlike the o electrons) they tend to be located at some distance from the
symmetry axis. In addition, even though one conventionally draws a polymer
chain in the form shown in part (a) of the figure, for a long chain it would be
equally valid to exchange the locations of the single and double bonds. The
actual form of the polymer chain is thus a superposition of the two configura-
tions shown in part (d) of the figure. This perspective is reinforced by noting
that p orbitals extend both to the left and to the right of each carbon atom,
and thus there is considerable arbitrariness as to which bonds we should call
single bonds and which we should call double bonds. Thus, the actual electron
distribution might look more like that shown in part (e) of the figure.

As an abstraction, one can model the 7 electrons of a conjugated chain-
like polymer as being entirely free to move in a one-dimensional square well
potential whose length L is that of the polymer chain. Rustagi and Ducuing
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FIGURE 5.3.1 (a) Two common representations of a conjugated chainlike polymer.
(b) Standard representation of a single bond (left) and a schematic representation of
the electron charge distribution of the single bond (right). (c) Standard representation
of a double bond (left) and a schematic representation of the electron charge distrib-
ution of the double bond (right). (d) Two representations of the same polymer chain
with the locations of the single and double bonds interchanged, suggesting the arbi-
trariness of which bond is called the single bond and which is called the double bond
in an actual polymer chain. (e) Representation of the charge distribution of a conju-
gated chainlike polymer.

(1974) performed such a calculation and found that the linear and third-order
polarizabilities are given by

8L3 256L°

= and y= 53.1
* = 3aN T 4543 AnON 31

where A is the number of electrons per unit length and qq is the Bohr ra-
dius. (See also Problem 3 at the end of this chapter.) It should be noted that
the linear optical response increases rapidly with the length L of the polymer
chain and that the nonlinear optical response increases even more rapidly.
Of course, for condensed matter, the number of polymer chains per unit vol-
ume N will decrease with increasing chain length L, so the susceptibilities
x @ and x® will increase less rapidly with L than do « and B themselves.
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FIGURE 5.3.2 Measured dependence of the value of the hyperpolarizability y1111 on
the number of double bonds in the molecule. The data are from Hermann and Ducuing
(1974) and the straight line has a slope of 5 in accordance with Eq. (5.3.1). To convert
y to SI units of m®/V?2, multiply each value by 1.4 x 10~4.

Nonetheless, the present model predicts that conjugated polymers in the form
of long chains should possess extremely large values of the nonlinear optical
susceptibility. Some experimental results that confirm the L3 dependence of
the hyperpolarizability are shown in Fig. 5.3.2.

5.4. Bond-Charge Model of Nonlinear Optical Properties

In a collection of free atoms, the natural basis for describing the optical prop-
erties of the atomic system is the set of energy eigenstates of the individual
atoms. However, when atoms are arranged in a crystal lattice, it becomes more
natural to think of the outer electrons as being localized within the bonds that
confine the atoms to their lattice sites. (The inner-core electrons are so tightly
bound that they make negligible contribution to the optical response in any
case.) Extensive evidence shows that one can ascribe a linear polarizability,
and higher-order polarizabilities, to each bond in a molecule or crystalline
solid (Levine, 1969; Chemla, 1971). This evidence also shows that the polar-
izability of one bond is reasonably unaffected by the nature of nearby bonds.
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FIGURE 5.4.1 The bond-charge model applied to a chemical bond between con-
stituents A and B. Parts (b) and (c) show how the charge moves in response to applied
electric fields.

Thus, the susceptibility of a complex system can be predicted by summing
(taking proper account of their orientation) the responses of the various bonds
present in the material. Bond hyperpolarizabilities can be determined either
experimentally or by one of several different theoretical approaches.

The bond-charge model is illustrated in Fig. 5.4.1. Part (a) of this figure
shows a bond connecting atoms A and B. As an idealization, the bond is
considered to be a point charge of charge g located between the two ions.
Here r4 and rp are the covalent radii of atoms A and B and d =r4 +rp is
known as the bond length. According to Levine (1973), the bond charge is
given by

g=eny(1/e + 5 fo), (5.4.1)

where n, is the number of electrons per bond, € is the static dielectric con-
stant of the material, and f, is a parameter known as the fractional degree of
covalency of the bond.

Part (b) of Fig. 5.4.1 shows how the bond charge ¢ moves in the presence of
an electric field E that is oriented parallel to the bond axis. The charge is seen
to move by an amount ér = o E/q, where o is the polarizability measured
along the bond axis, and consequently the ion-to-bond-charge distances 74
and rp change by amounts

Part (c) of the figure shows how the bond charge moves when E is applied
perpendicular to the bond axis. In this case §r = o) E/q, and to lowest order
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the distances r4 and rp change by amounts

8r2 otf_E2

Arp=— = , (5.4.3a)
2ra 2raq*
Sr2 oziEz

Arg=— = 5 (5.4.3b)
2rp  2rpq

We see that a field parallel to the bond axis can induce a linear change in the
distances r4 and rp, but that a field perpendicular to the axis can induce only
a second-order change in these quantities.

Let us now see how to make quantitative predictions using the bond-charge
model (Chemla er al., 1974). According to Phillips (1967) and Van Vechten
(1969), the (linear) bond polarizability can be represented as

! 3, Eo
a == (o) +2a1) = (2ag) D_z’ 5.4.4)
3 E;

where ag = 4mwegh’/me? is the Bohr radius, Eg = me®*/2(4mwep)?h? is the
Rydberg unit of energy, D is a numerical factor of the order of unity, and
E, is the mean energy gap associated with the bond. This quantity can be
represented as

E;=Ej;+C, (5.4.5)

where Ej, is the homopolar contribution given by
Ej =40d7>3, (5.4.6)

and where C is the heteropolar contribution given by

C=15¢FR <Z—A — Z—B)ez, (5.4.6b)
ra rp

where z4 and zp are the number of valence electrons on atoms A and B, re-
spectively, and where exp(—kR) is the Thomas—Fermi screening factor, with
R= %(rA +rp)= %d . The numerical factor in Eq. (5.4.6a) presupposes that
d is measured in angstroms and Ej, in electron volts.

The bond-charge model ascribes the nonlinear optical response of a mate-
rial system to the variation of the bond polarizability «;; induced by an applied
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field E;. Explicitly one expresses the bond dipole moment as

1 2 3
pi=p +p? +p”

ot (20 ey 4 L2 ) g g T
WOTN\GE; ) T2\ E )T

= (iDL + Bijk E;E1 + VijuEjEcE 4+ -+ - . (5.4.7)

Let us now calculate the hyperpolarizabilities §;jx and y;jx. Since our
model assumes that the bonds are axially symmetric, the only nonvanishing
components of the hyperpolarizabilities are

ﬂll = Bzzzs BL = Bxzx, (5.4.8a)
VI = Vzzzz» VL = Vxxxxs YIL = Vzzxxs (5.4.8b)

where we have assumed that z lies along the bond axis. We next note that, as a
consequence of Eqgs. (5.4.3), a transverse field £ cannot produce a first-order
(or in fact any odd order) change in o;;—that is,

B q
— ) «;; =0 for odd. 549
(a EJ_) ij q (5.4.9)
We also note that the present model obeys Kleinman symmetry, since it does
not consider the frequency dependence of any of the optical properties. Be-
cause of Kleinman symmetry, we can express | = do,y /I E; as

py = 2 (5.4.10)
1 = aEx ’ ST
which vanishes by Eq. (5.4.9). We likewise find that
1 9%,
= — =0. 54.11
Y= 5 5E,oF, (54.11)

We thus deduce that the only nonvanishing components are 8, |, and y,
which can be expressed as

806“ Ja
= 2d g 0% 5.4.12
Pi AE|  O9E) ( )
’a 3 9«
_ _27e 5.4.13
N 9E T2 98 (5413)
92 3 92
yr=ok =222 (5.4.14)

= 2 2
OE2 4 9E?
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TABLE 5.4.1 Reyresentative bond hyperpolarizabilities y in units of
1.4 x 1070 m3/v? ¢

Bond A =1.064 um A =1.907 um
Cc-Cl 0.90 £+ 0.04 0.7725

C-H 0.05+0.04 —0.0275
O-H 0.424+0.02 0.5531

c-C 0.32+0.42 0.6211

C=C 1.03 £1.52 0.61

C-0 0.24+0.19 0.30

C=0 0.82+1.1 0.99

@ After Kajzar and Messier (1985).

The equations just presented provide the basis of the bond-charge model. The
application of this model requires extensive numerical computation which
will not be reproduced here. In brief summary, the quantities E;, and C of
Eqgs. (5.4.6) are developed in power series in the applied fields £ and E |
through use of Egs. (5.4.2) and (5.4.3). Expression (5.4.4) for « can then
be expressed in a power series in the applied field, and the hyperpolariz-
abilities can be extracted from this power series expression through use of
Egs. (5.4.12). Finally, susceptibilities Xl.(jzk) and Xi(j3k)l are determined by sum-
ming over all bonds in a unit volume, taking account of the orientation of
each particular bond. This model has been shown to provide good predictive
value. For instance, Chemla et al. (1974) have found that this model provides
~30% accuracy in calculating the third-order nonlinear optical response for
Ge, Si, and GaAs. Table 5.4.1 gives values of some measured bond hyperpo-
larizabilities. In addition Levine (1973) provides extensive tables comparing
the predictions of this model with experimental results.

5.5. Nonlinear Optics of Chiral Media

Special considerations apply to the analysis of the nonlinear optical properties
of a medium composed of a collection of chiral molecules. A chiral molecule
is a molecule with a “handedness,” that is, the mirror image of such a molecule
looks different from the molecule itself. By way of example, simple molecules
such as CS,, H,O, CHy are achiral (that is, are not chiral) and are identical
to their mirror images; however, many organic molecules including simple
sugars such as dextrose are chiral.

In the context of linear optics, it is well known that chiral media display
the property of optical activity, that is, the rotation of the direction of linear



5.5. Nonlinear Optics of Chiral Media 269

(a) (b)

AT A Y AYY

FIGURE 5.5.1 (a) A collection of right-handed spirals and (b) a collection of
left-handed spirals. Each medium is isotropic (looks the same in all directions), but
neither possesses a center of inversion symmetry.

polarization of a light beam as it passes through such a material. (See, for
instance, Jenkins and White, 1976.) A material is said to be dextrorotatory if
the direction of the polarization rotates in a clockwise sense (looking into the
beam) as the beam propagates; if the polarization rotates counterclockwise,
the medium is said to be levorotatory. Two molecules that are mirror images of
each other are said to be enantiomers. An equal mixture of two enantiomers is
said to be a racemic mixture. Optical activity obviously vanishes for a racemic
mixture.

Let us now turn to a discussion of the nonlinear optical properties of chiral
materials. A liquid composed of chiral molecules is isotropic but nonetheless
noncentrosymmetric (see Fig. 5.5.1), and thus it can possess a second-order
nonlinear optical response. As we shall see, such a medium can produce sum-
or difference-frequency generation, but not second-harmonic generation, and
moreover can produce sum- or difference-frequency generation only if the two
input beams are non-collinear. The theory of second-order processes in chiral
media was developed by Giordmaine (1965) and was studied experimentally
by Rentzipis et al. (1966). More recent research on the nonlinear optics of
chiral media includes that of Verbiest e al. (1998).

Let us now turn to a theoretical description of second-order processes in
chiral materials. We represent the second-order polarization induced in such
a material as

Pi(@q) =2¢0 ) ¥ (@5 = w1 + @) Ej P, (55.1)
Jk

where E; represents a field at frequency w; and Fj represents a field at fre-
quency w; (which can be a negative frequency). We now formally rewrite
Eq. (5.5.1) as

Pi=c) Y Sijk(EjFx+ ExF))+e0 Y Ajr(EjFe — ExFj),  (552)
Jjk Jjk
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where S;jx and A;j; denote the symmetric and antisymmetric parts of )((2)

ijk
and are given by
Le 2
Sije = 5 (X0 + Xigy)- (5.5.3a)
(e 2
Aijk = E(X[(jk) - Xi(k;)' (5.5.3b)

Note that A;j; vanishes for second-harmonic generation or more generally
whenever the Kleinman symmetry condition is valid.

The tensor properties of the quantities S;;; and A;j; can be deduced us-
ing methods analogous to those described in Section 1.5. For the case of an
isotropic but noncentrosymmetric medium (which corresponds to point group
0000) one finds that §;;; vanishes identically and that the only nonvanishing
elements of A;j are

A123 = A3 = Aszpo. (5.54)
Consequently the nonlinear polarization can be expressed as
P=¢€pA123 E xF. (5.5.5)

The experimental setup used by Rentzipis et al. to study these effects is
shown in Fig. 5.5.2. The two input beams are at different frequencies, as re-
quired for A3 to be nonzero. In addition, they are orthogonally polarized
to ensure that E x F is nonzero and are noncollinear to ensure that P has a
transverse component. Generation of a sum-frequency signal at 2314 A was
reported for both dextrorotatory and levorotatory forms of arabinose, but no
signal was observed when the cell contained a racemic mixture of the two
forms. The measured value of Ajp3 was 1.3 x 10718 m/V; for comparison
note that d (quartz) = 1.61 x 107'7 m/V. A detailed reexamination of the

347 nm

| _— to photodetector

-

\\@\ «
% I 231 nm
694 nm \

FIGURE 5.5.2 Experimental setup to observe sum-frequency generation in an iso-
tropic, chiral medium.

cell containing arabinose
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second-order nonlinear optical properties of this system has been presented
by Belkin et al. (2001).

5.6. Nonlinear Optics of Liquid Crystals

Liquid crystal materials often display large nonlinear optical effects. The time
scale for the development of such effects is often quite long (milliseconds or
longer), but even response times this long are adequate for certain applica-
tions.

Liquid crystals are composed of large, anisotropic molecules. Above a cer-
tain transition temperature, which varies significantly among various liquid
crystal materials but which might typically be 100 °C, these materials exist
in an isotropic phase in which they behave like ordinary liquids. Below this
transition temperature, liquid crystals exist in a mesotropic phase in which
the orientation of adjacent molecules becomes highly correlated, giving rise
to the name liguid crystal. At still lower temperatures liquid crystal materials
undergo another phase transition and behave as ordinary solids.

Several different types of order can occur in the mesotrophic phase. Two of
the most common are the nematic phase and the chiral nematic phase (which
is also known as the cholesteric phase), which are illustrated in Fig. 5.6.1.

Liquid crystalline materials possess strong nonlinear optical effects in both
the isotropic and mesotropic phases (Peccianti et al., 2000 and Wang and
Shen, 1973).

FIGURE 5.6.1 Two examples of ordered-phases (mesophases or mesotropic phases)
of liquid crystals. (a) In the nematic phase, the molecules are randomly distributed
in space but are aligned such that the long axis of each molecule points in the same
direction, known as the director. (b) In the chiral nematic phase, the molecules in each
plane are aligned as in the nematic phase, but the director orientation rotates between
successive planes.
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In the isotropic phase, liquid crystal materials display a molecular-
orientation nonlinear response of the sort described in Section 4.4, but typi-
cally with a much larger magnitude that is strongly temperature dependent. In
one particular case, Hanson et al. (1977) find that the nonlinear coefficient n,
and the response time 7 are given by

_ 254x 1071 m’K

ny = , T>T*, (5.6.1)
no(T —T*) W
#2800/ T (°K)
1=— 7x107 " nsK, T >T* (5.6.2)
T —T*

where T* =77 °C is the liquid-crystal transition temperature. In the range of
temperatures from 130 to 80°C, n, ranges from 3.2 to 60 x 10~!3 cm?/W
and 7 varies from 1 to 72 nsec. These n, values are 10 to 200 times larger
than those of carbon disulfide.

Liquid crystal materials possess even stronger nonlinear optical properties
in the mesophase than in the isotropic phase. Once again, the mechanism is
one of molecular orientation, but in this case the process involves the col-
lective orientation of many interacting molecules. The effective nonlinear re-
sponse can be as much as 10° times larger than that of carbon disulfide.

Experimental studies of nonlinear optical processes in nematic liquid crys-
tals are often performed with the molecules anchored at the walls of the cell
that contains the liquid crystal material, as shown in Fig. 5.6.2.

The analysis of such a situation proceeds by considering the angle 6 + 6y
between the director and the propagation vector k of the laser beam. Here 6
is this angle in the absence of the laser field and 6 is the reorientation angle

(a) (b) surfactant layer

<

rubbed surface

- = -\

\ _—— = laser beam
laser beam rubbed surface -

FIGURE 5.6.2 Typical cell configurations for studying optical processes in nematic
liquid crystals. (a) Planar alignment: The molecules are induced to anchor at the upper
and lower glass walls by rubbing these surfaces to induce small scratches into which
the molecules attach. (b) Homeotropic alignment: A surfactant is applied to the cell
windows to induce the molecules to align perpendicular to the plane of the window.
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U ——

gﬁl;f

director

FIGURE 5.6.3 Nature of director reorientation and typical molecular alignment of a
homeotropic-alignment, nematic-liquid-crystal cell in the presence of an intense laser
beam.

induced by the laser beam. It can be shown (Khoo, 2007) that this quantity
obeys the relation™
d*e |A|?

K a2 + (ng - n(z))H sin2(6 + 6g) =0. (5.6.3)

Here K is an elastic constant of the liquid crystal and n, and n, are the
ordinary and extraordinary values of the refractive index of the nematic liquid
crystal in the absence of the influence of the incident laser beam. This equa-
tion is to be solved subject to the boundary conditions at the input (z = 0) and
output (z = d) planes of the cell. Khoo and Shen (1985) shows that if this pro-
cedure is carried through one finds that the director orientation typically has
the form shown in Fig. 5.6.3 and that the resulting change in refractive index,
averaged over the length of the cell, can be expressed as An = n,I where

(2 —n2)?sin’(2B) d?

5.6.4
24K c ( )

n2

This expression can be evaluated for the conditions d = 100 um, n? — n2 =

0.6, K1 = 10~%(dyne), B = 45°, giving
ny=5x10"" m*/W. (5.6.5)

Problems

1. Stark shift in hydrogen. Verify Eq. (5.1.5).

2. Nonlinear response of the square-well potential. Making use of the for-
malism of Section 5.1, calculate the linear and third-order susceptibilities
of a collection of electrons confined in a one-dimensional, infinitely deep,

* For definiteness we assume the geometry of Fig. 5.6.2(b), and we use gaussian units as in Khoo’s
treatment.
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square-well potential. Note that this calculation constitutes a simple model
of the optical response of a conjugated polymer.
[Hint: See Rustagi and Ducuing, 1974.]
3. Classical calculation of the second-order response of chiral materials.
Consider an anharmonic oscillator for which the potential is of the form

1
V= E(kax2 +kpy® + kczz) + Axyz.
Calculate the response of such an oscillator to an applied field of the form
E(t) =Eje ' + Ee ™' tcec.

Then by assuming that there is a randomly oriented distribution of such os-
cillators, derive an expression for x ® of such a material. Does it possess
both symmetric and antisymmetric contributions? Show that the antisym-
metric contribution can be expressed as

P= XNLEI X Ez.

References

Nonlinear Susceptibility: Time-Independent Perturbation Theory

Bethe, H.A., Salpeter, E.A., 1977. Quantum Mechanics of One- and Two-Electron Atoms.
Plenum, New York.

Dalgarno, A., 1961. Quantum theory. In: Quantum Theory. Bates, D.R. (Ed.). Academic
Press, New York.

Ducuing, J., 1977. In: Bloembergen, N. (Ed.), Proceedings of the International School of
Physics. In: “Enrico Fermi” Course, Vol. LXIV. North-Holland, Amsterdam.

Jha, S.S., Bloembergen, N., 1968. Phys. Rev. 171, 891.

Sewell, G.L., 1949. Proc. Cam. Phil. Soc. 45, 678.

Schiff, L.I., 1968. Quantum Mechanics, Third Edition. McGraw—Hill, New York. See es-
pecially Eq. (33.9).

Semiempirical Models

Adair, R., Chase, L.L., Payne, S.A., 1989. Phys. Rev. B39, 3337.

Boling, N.L., Glass, A.J., Owyoung, A., 1978. IEEE J. Quantum Electron 14, 601.

Lenz, G., Zimmermann, J., Katsufuji, T., Lines, M.E., Hwang, H.Y., Spiilter, S., Slusher,
R.E., Cheong, S.-W., 2000. Opt. Lett. 25, 254.

Wang, C.C., 1970. Phys. Rev. B2, 2045.

Wynne, J.J., 1969. Phys. Rev. 178, 1295.

Nonlinear Optics of Conjugated Polymers

Hermann, J.P., Ducuing, J., 1974. J. Appl. Phys. 45, 5100.
Rustagi, K.C., Ducuing, J., 1974. Opt. Commun. 10, 258.



References 275

Bond Charge Model

Chemla, D.S., 1971. Phys. Rev. Lett. 26, 1441.

Chemla, D.S., Begley, R.F,, Byer, R.L., 1974. IEEE Jr. Quantum Electron. 10, 71.
Kajzar, F., Messier, J., 1985. Phys. Rev. A32, 2352.

Levine, B.F., 1969. Phys. Rev. Lett. 22, 787.

Levine, B.F., 1973. Phys. Rev. B7, 2600.

Phillips, J.C., 1967. Phys. Rev. Lett. 19, 415.

Van Vechten, J.A., 1969. Phys. Rev. 182, 891.

Nonlinear Optics of Chiral Media

Belkin, M.A., Han, S.H., Wei, X., Shen, Y.R., 2001. Phys. Rev. Lett. 87, 113001.

Giordmaine, J.A., 1965. Phys. Rev. 138, A1599.

Jenkins, F.A., White, H.E., 1976. Fundamentals of Optics. McGraw—Hill, New York.

Rentzipis, P.M., Giordmaine, J.A., Wecht, K.W., 1966. Phys. Rev. Lett. 16, 792.

Verbiest, T., Van Elshocht, S., Kauranen, M., Hellemans, L., Snauwaert, J., Nuckolls, C.,
Katz, T.J., Persoons, A., 1998. Science 282, 913.

Liquid Crystal Nonlinear Optics

Hanson, E.G., Shen, Y.R., Wang, G.K.L., 1977. Appl. Phys. 14, 65.

Khoo, I.C., 2007. Liquid Crystals, Second Edition. Wiley, New York. See especially Chap-
ter 8.

Khoo, I.C., Shen, Y.R., 1985. Opt. Eng. 24, 579.

Peccianti, M., De Rossi, A., Assanto, G., De Luca, A., Umeton, C., Khoo, I.C., 2000. Appl.
Phys. Lett. 77,7.

Wang, G.K.L., Shen, Y.R., 1973. Phys. Rev. Lett. 30, 895, and Phys. Rev. A10 (1974) 1277.

Further Reading on the Nonlinear Optics of Conjugated Polymers

Chemla, D.S., Zyss, J., 1987. Nonlinear Optical Properties of Organic Molecules and
Crystals, Vols. 1 and 2. Academic Press, New York.

Kuzyk, M.G., Dirk, C.W. (Eds.), 1998. Characterization Techniques and Tabulation for
Organic Nonlinear Optical Materials. Marcel Dekker.

Prasad, P.N., Williams, D.J., 1991. Introduction of Nonlinear Optical Effects in Molecules
and Polymers. Wiley, New York.

Blau, W.J., Byrne, H.J., Cardin, D.J., Dennis, T.J., Hare, J.P., Kroto, H.W., Taylor, R., Wal-
ton, D.R.M., 1991. Phys. Rev. Lett. 67, 1423; see also Knize, R.J., Partanen, J.P., 1992.
Phys. Rev. Lett. 68, 2704, and Kafafi, Z.H., Bartoli, F.J., Lindle, J.R., Pong, R.G.S.,
1992. Phys. Rev. Lett. 68, 2705.



Chapter 6

Nonlinear Optics in the Two-Level
Approximation

6.1. Introduction

Our treatment of nonlinear optics in the previous chapters has for the most
part made use of power series expansions to relate the response of a material
system to the strength of the applied optical field. In simple cases, this relation
can be taken to be of the form

P)=eoxVE®) +eoxPE0? +eoxPE@)? +---. 6.1.1)

However, there are circumstances under which such a power series expansion
does not converge, and under such circumstances different methods must be
employed to describe nonlinear optical effects. One example is that of a sat-
urable absorber, where the absorption coefficient « is related to the intensity
I =2nepc|E|? of the applied optical field by the relation
@0
0= ——"F "
1+1/1
where « is the weak-field absorption coefficient and I is an optical constant
called the saturation intensity. We can expand this equation in a power series
to obtain

(6.1.2)

a=ao[l— /I +U/I)* — /L) +--]. (6.1.3)

However, this series converges only for I < I, and thus only in this limit can
saturable absorption be described by means of a power series of the sort given
by Eq. (6.1.1).

It is primarily under conditions such that a transition of the material system
is resonantly excited that perturbation techniques fail to provide an adequate

277
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description of the response of the system to an applied optical field. However,
under such conditions it is usually adequate to deal only with the two atomic
levels that are resonantly connected by the optical field. The increased com-
plexity entailed in describing the atomic system in a nonperturbative manner
is thus compensated in part by the ability to make the two-level approxima-
tion. When only two levels are included in the theoretical analysis, there is
no need to perform the sums over all atomic states that appear in the general
quantum-mechanical expressions for y ®) given in Chapter 3.

In the present chapter we shall for the most part concentrate on the situation
in which a monochromatic beam of frequency w interacts with a collection of
two-level atoms. The treatment is thus an extension of that of Chapter 4, which
treated the interaction of a monochromatic beam with a nonlinear medium in
terms of the third-order susceptibility x ®(w = w + @ — w). In addition, in
the last two sections of this chapter we generalize the treatment by studying
nondegenerate four-wave mixing involving a collection of two-level atoms.

Even though the two-level model ignores many of the features present
in real atomic systems, there is still an enormous richness in the physical
processes that are described within the two-level approximation. Some of
the processes that can occur and that are described in the present chapter
include saturation effects, power broadening, Rabi oscillations, and optical
Stark shifts. Parallel treatments of optical nonlinearities in two-level atoms
can be found in the books of Allen and Eberly (1975) and Cohen-Tannoudji et
al. (1989) and in the reviews of Sargent (1978) and Boyd and Sargent (1988).

6.2. Density Matrix Equations of Motion for a Two-Level Atom

We first consider the density matrix equations of motion for a two-level sys-
tem in the absence of damping effects. Since damping mechanisms can be
very different under different physical conditions, there is no unique way to
include damping in the model. The present treatment thus serves as a starting
point for the inclusion of damping by any mechanism.

The interaction we are treating is illustrated in Fig. 6.2.1. The lower atomic
level is denoted a and the upper level b. We represent the Hamiltonian for this
system as

H=Hy+ V@), 6.2.1)

where Hy denotes the atomic Hamiltonian and V(t) denotes the energy of
interaction of the atom with the electromagnetic field. We denote the energies
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b

a

FIGURE 6.2.1 Near-resonant excitation of a two-level atom.

of the states a and b as
E,=hw, and Ej="hwp. (6.2.2)
The Hamiltonian Hy can thus be represented by the diagonal matrix whose
elements are given by
Houm = EnSpm- (6.2.3)

We assume that the interaction energy can be adequately described in the
electric dipole approximation, in which case the interaction Hamiltonian has
the form

V(t)=—0E(@). (6.2.4)

We also assume that the atomic wave functions corresponding to states a and
b have definite parity so that the diagonal matrix elements of (&t vanish—that
is, we assume that ., = upp = 0 and thus that

Vaa = Vpp =0. (6.2.5)

The only nonvanishing elements of V are hence Via and V,, which are given
explicitly by

Vioa =V} = —pa E(2). (6.2.6)

We describe the state of this system by means of the density matrix, which
is given explicitly by

~ Paa  Pab
= ) 6.2.7
P |:/0ba Pbb ] 627
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where pp, = p, . The time evolution of the density matrix is given, still in the
absence of damping effects, by Eq. (3.3.21) as

. 3 A _i 7 A 5 H
Pnm = 7[ ’ p]nm = 7[( p)nm - ('OH)nm]
- %l Z(anpvm - ,Oanvm)' (628)
v

We now introduce the decomposition of the Hamiltonian into atomic and in-
teraction parts (Eq. (6.2.1)) into this expression to obtain

. : i
Pnm = —1®nm Pnm — 7 XV:(Vnqum = PnvVom), (6.2.9)

where we have introduced the transition frequency wy,, = (E, — E;,)/h. For
the case of the two-level atom, the indices n, m, and v can take on the values
a or b only, and the equations of motion for the density matrix elements are
given explicitly as

) . i

Pba = ~i@papba + 1+ Voa(Pob — paa), (6.2.10a)
X I

Obb = E(Vbapab — Pba Vab), (6.2.10b)
. i

Paa = E(Vabpba - )Oabvba)- (6.2.10c)

It can be seen by inspection that
Pbb + Paa =0, (6.2.11)

which shows that the total population ppp, + pgq 1S a conserved quantity. From
the definition of the density matrix, we know that the diagonal elements of p
represent probabilities of occupation, and hence that

Paa + pop = 1. (6.2.12)

No separate equation of motion is required for p,p, because of the relation
Pab = p};ka-

Equations (6.2.10) constitute the density matrix equations of motion for a
two-level atom in the absence of relaxation processes. These equations pro-
vide an adequate description of resonant nonlinear optical processes under
conditions where relaxation processes can be neglected, such as excitation
with short pulses whose duration is much less than the material relaxation
times. We next see how these equations are modified in the presence of relax-
ation processes.
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FIGURE 6.2.2 Relaxation processes of the closed two-level atom.

6.2.1. Closed Two-Level Atom

Let us first consider relaxation processes of the sort illustrated schematically
in Fig. 6.2.2. We assume that the upper level b decays to the lower level a
at a rate I'p, and therefore that the lifetime of the upper level is given by
Ty =1/ T'p,. Typically, the decay of the upper level would be due to spon-
taneous emission. This system is called closed, because any population that
leaves the upper level enters the lower level. We also assume that the atomic
dipole moment is dephased in the characteristic time 7>, leading to a transition
linewidth (for weak applied fields) of characteristic width yp, = 1/T>.*

We can describe these relaxation processes mathematically by adding decay
terms phenomenologically to Egs. (6.2.10); the modified equations are given

by

. . 1 i
Pba = —\ iWpa + = | Pba + = Voa(Pbb — Paa), (6.2.13a)
T h

) —pPbp 1L

Pob = —— — =~ (VpaPab — Pba Vab), (6.2.13b)
T, h

) Pbb I

Paa = Tl + E(Vbapab — Pba Vab)- (6.2.13¢)

The forms of the relaxation terms included in these equations will be justified
in the discussion given below. One can see by inspection of Eqs. (6.2.13) that
the condition

Pbb + Paa =0 (6.2.14)

is still satisfied.

Since Eq. (6.2.13a) depends on the populations ppp and p,, only in terms
of the population difference, ppp — pqq, it is useful to consider the equa-
tion of motion satisfied by this difference. We subtract Eq. (6.2.13¢c) from

* In fact, one can see from Eq. (6.3.25) that the full width at half maximum in angular frequency
units of the absorption line in the limit of weak fields is equal to 2y, .
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Eq. (6.2.13b) to find that

—2ppb
T

d 2i

E(pbb — Paa) = - %(Vbapab — Pba Vab)- (6.2.15)
The first term on the right-hand side can be rewritten using the relation 2 ppp =
(Pbb — Paa) + 1 (which follows from Eq. (6.2.12)) to obtain

(ovb — Paa) +1

2i
T - E(Vbapab — pbaVap).  (6.2.16)

d

E(pbb — Paa) = —
This relation is often generalized by allowing the possibility that the popu-
lation difference (opp — ,oaa)(eq) in thermal equilibrium can have some value
other than —1, the value taken above by assuming that only downward spon-
taneous transitions could occur. This generalized version of Eq. (6.2.16) is
given by

(Pbb — Paa) — (Obb — Paa) P 2i
= T, 2 - E(Vbapab — PbaVab)-

pbb ;Caa
(6'2'1 ‘ )

We therefore see that for a closed two-level system the density matrix equa-
tions of motion reduce to just two coupled equations, Eqgs. (6.2.13a) and
(6.2.17).

In order to justify the choice of relaxation terms used in Egs. (6.2.13a) and
(6.2.17), let us examine the nature of the solutions to these equations in the
absence of an applied field—that is, for Vp, = 0. The solution to Eq. (6.2.17)
is

(066 (1) = Paa()] = (o6 — Paa)

+ {[o660) = paa(0)] = (obp — paa) @ }e /™.
(6.2.18)

This equation shows that the population inversion [ppp (1) — paq(t)] relaxes
from its initial value ppp (0) — pg4 (0) to its equilibrium value (opp — Paa)©@ in
a time of the order of T7. For this reason, 7 is called the population relaxation
time.

Similarly, the solution to Eq. (6.2.13a) for the case Vp, = 0 is of the form

Oba(t) = ppg(0)e(@ea /T2 (6.2.19)



6.2. Density Matrix Equations of Motion for a Two-Level Atom 283

We can interpret this result more directly by considering the expectation value
of the induced dipole moment, which is given by

() = tabppa(t) + baPab(t) = tapppa(0)e™ (et /TN 4.
= [iabopa(@)e ! +c.c.]e /2. (6.2.20)

This result shows that, for an undriven atom, the dipole moment oscillates at
frequency wp, and decays to zero in the characteristic time 73, which is hence
known as the dipole dephasing time.

For reasons that were discussed in relation to Eq. (3.3.25), T} and 7, are
related to the collisional dephasing rate y,. by

1 1
— = — . 6.2.21
o an + Ve ( a)

For an atomic vapor, y, is usually described accurately by the formula
Ye=CsN + CrNy, (6.2.21b)

where N is the number density of atoms having resonance frequency wpg,
and Ny is the number density of any “foreign” atoms of a different atomic
species having a different resonance frequency. The parameters Cy and Cy
are coefficients describing self-broadening and foreign-gas broadening, re-
spectively. As an example, for the resonance line (i.e., the 35 — 3p transi-
tion) of atomic sodium, 77 is equal to 16 nsec, Cy; = 1.50 x 1077 cm3/sec,
and for the case of foreign-gas broadening by collisions with argon atoms,
Cr=253x 1072 cm? /sec. The values of T, C;, and Cy for other transi-
tions are tabulated, for example, by Miles and Harris (1973).

6.2.2.  Open Two-Level Atom

The open two-level atom is shown schematically in Fig. 6.2.3. Here the upper
and lower levels are allowed to exchange population with associated reservoir
levels. These levels might, for example, be magnetic sublevels or hyperfine
levels associated with states a and b. The system is called open because the
population that leaves the upper level does not necessarily enter the lower
level. This model is often encountered in connection with laser theory, in
which case the upper level or both levels are assumed to acquire population at
some controllable pump rates, which we take to be A, and A, for levels b and
a, respectively. As previously, we assume that the induced dipole moment re-
laxes in a characteristic time 7». In order to account for relaxation and pump-
ing processes of the sort just described, the density matrix equations (6.2.10)
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FIGURE 6.2.3 Relaxation processes for the open two-level atom.

are modified to become

. ) 1 i
Pba = _(lwba + E)pba + 7 Vea (oo = Paa). (6.2.22a)

. I
b = rb — Th(opp — ppp) Y — E(Vba,oab — pvaVap), (6.2.22b)

. i
Paa =*a — La(paa — paa)(eq) + g(VbaPab — ppaVap). (6.2.22¢)

Note that in this case the total population contained in the two levels a and b is
not conserved and that in general all three equations must be considered. The
relaxation rates are related to the collisional dephasing rate y, and population
rates [, and 'y by

1
5= 3Ty +Ta) + ve. (6.2.23)

6.2.3. Two-Level Atom with a Non-Radiatively Coupled Third Level

The energy level scheme shown in Fig. 6.3.1 is often used to model a sat-
urable absorber. Population spontaneously leaves the optically excited level
b at a rate I'p, + ['pe, where I'p, is the rate of decay to the ground state a,
and I'p, is the rate of decay to level c. Level ¢ acts as a trap level; popula-
tion decays from level ¢ back to the ground state at a rate I'.,. In addition,
any dipole moment associated with the transition between levels a and b is
damped at a rate yp,. These relaxation processes are modeled by modifying
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FIGURE 6.3.1 Relaxation processes for a two-level atom with a nonradiatively cou-
pled third level.

Egs. (6.2.10) to

. . i
Pra = —(iWpa + Vba) Pba + EVba(Pbb = Paa), (6.2.242)

. i
Pob = —(Tpa + Tpe) pop — E(Vbapab — Pba Vab), (6.2.24b)
Pec = Toepob — TcaPecs (6.2.24c)
. i
Paa = Ubappb + Tcapec + E(Vbapab — Pba Vab)- (6.2.24d)

It can be seen by inspection that the population in the three levels is conserved,
that is, that

paa + ﬁbb + pcc' =0.

6.3. Steady-State Response of a Two-Level Atom to a
Monochromatic Field

We next examine the nature of the solution to the density matrix equations of
motion for a two-level atom in the presence of a monochromatic, steady-state
field. For definiteness, we treat the case of a closed two-level atom, although
our results would be qualitatively similar for any of the models described
above (see Problem 1 at the end of this chapter). For the closed two-level
atomic system, the density matrix equations were shown above (Egs. (6.2.13a)
and (6.2.17)) to be of the form

d . 1 i
pra = _<la)ba + E)pba + nga(Pbb — Paa) (6.3.1)

(Pbb — Paa) — (Pbb — Paa)®® 2
w T, = - E(Vbapab — Pva Vab)-

d
E(Pbb — Paa) = —

(6.3.2)
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In the electric dipole approximation, the interaction Hamiltonian for an ap-
plied field in the form of a monochromatic wave of frequency w is given by

V=—RE@)=—p(Ee' + E*el®), (6.3.3)
and the matrix elements of the interaction Hamiltonian are then given by
Voa = —tpa(Ee™'® + E*e'™). (6.3.4)

Equations (6.3.1) and (6.3.2) cannot be solved exactly for V,, given by
Eq. (6.3.4). However, they can be solved in an approximation known as the
rotating-wave approximation. We recall from the discussion of Eq. (6.2.20)
that, in the absence of a driving field, pp, tends to evolve in time as
exp(—iwpqt). For this reason, when w is approximately equal to wp,, the part
of Vj, that oscillates as e~'" acts as a far more effective driving term for o,
than does the part that oscillates as e!®’. It is thus a good approximation to
take Vp, not as Eq. (6.3.4) but instead as

Via = —pipa Ee ™ (6.3.5)

This approximation is called the rotating-wave approximation. Within this
approximation, the density matrix equations of motion (6.3.1) and (6.3.2)
become

d . 1 i —iwt
E;Oba =—\|iwpg + E Pba — gﬂbaEe (ovb — Paa), (6.3.6)

(ovb — Paa) — (Pbb — paa)(eq)
T

d
E(Pbb — Paa) = —

2i . .
+ ;(MbaEe lwtpab - MabE*elwtpba)- (6.3.7)

Note that (in the rotating-wave approximation) pp, is driven only at nearly
its resonance frequency wp,, and ppp — pP4q 1S driven only at nearly zero fre-
quency, which is its natural frequency.

We next find the steady-state solution to Egs. (6.3.6) and (6.3.7)—that is,
the solution that is valid long after the transients associated with the turn-on
of the driving field have died out. We do so by introducing the slowly varying
quantity op,, defined by

Pba(t) = Opa (t)e . (6.3.8)
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Equations (6.3.6) and (6.3.7) then become
d . 1 i
Eo'ba = |i(w— wpa) — ?2 Oba — %HbaE(pbb — Paa)s (6.3.9)

(ovb — Paa)—(Ppb — paa)(eq)
T

d
E(Pbb — Paa) = —

2i
+ ?(Mban'ab - MubE*Uba)- (6.3.10)

The steady-state solution can now be obtained by setting the left-hand sides
of Egs. (6.3.9) and (6.3.10) equal to zero. We thereby obtain two coupled
equations, which we solve algebraically to obtain

(Pbb — Paa) V1 + (& — wpa)> T
1+ (@ — 0pa)2TF + G/ ED) b PIERPTI TS

Pbb = Paa = (6.3.11)

—iwt _ ,ubaEe_iwl(pbb — Paa)
h(w—wpa +i/Tr)

We now use this result to calculate the polarization (i.e., the dipole moment
per unit volume), which is given in terms of the off-diagonal elements of the
density matrix by

P(t) = N{jt) = N'Tr(51) = N (iabpba + HbaPab); (6.3.13)

where N is the number density of atoms. We introduce the complex amplitude
P of the polarization through the relation

P(t)= Pe ' +c.c., (6.3.14)

Pba = Ohae (6.3.12)

and we define the susceptibility x as the constant of proportionality relating
P and E according to

P=eoxE. (6.3.15)

We hence find from Egs. (6.3.12) through (6.3.15) that the susceptibility is
given by

N N|Mba|2(;0bb — Paa)
eoh(w —wpa +i/T2)’
where ppp — paq 18 given by Eq. (6.3.11). We introduce this expression for

[ops — Paal into Eq. (6.3.16) and rationalize the denominator to obtain the
result

(6.3.16)

_ N(bb = aa) | pal* (@ = wpa — i/ T2 T} /€0h
1+ (@ = 0pa)2 T3 + (/7)) |ipa P EP TV T2

(6.3.17)
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Note that this expression gives the total susceptibility, including both its linear
and nonlinear contributions.

We next introduce new notation to simplify this expression. We introduce
the quantity

Q=2|upal |1EI/R, (6.3.18)
which is known as the on-resonance Rabi frequency, and the quantity
A=w— wpg, (6.3.19)

which is known as the detuning factor, so that the susceptibility can be ex-
pressed as

2 Iy

X = [N(pbb — Paa) P | ba —]
eoh

AT, —i
1+ AT} + 2T T

(6.3.20)

Next, we express the combination of factors set off by square brackets in
this expression in terms of the normal (i.e., linear) absorption coefficient of
the material system, which is a directly measurable quantity. The absorption
coefficient is given in general by

2 2w

= ~Cmn = ="1m[(1+ 1)'"] (6.321a)

and, whenever the condition |x| < 1 is valid, the absorption coefficient can
be expressed by

w
=—Imgy. (6.3.21b)
c

If we let ag(A) denote the absorption coefficient experienced by a weak
optical wave detuned from the atomic resonance by an amount A, we find
by ignoring the contribution Q2T T» to the denominator of Eq. (6.3.20) that
ap(A) can be expressed as

0 (0)

o) =

(6.3.22a)
where the unsaturated, line-center absorption coefficient is given by

wp, T2
ap(0) = —7“ [N(pbb — Paa)? | Wba |260—h]. (6.3.22b)

By introducing this last expression into Eq. (6.3.20), we find that the sus-
ceptibility can be expressed as

a0 (0) ATy —i
Wpa/c 1+ A2 T2+ Q2T T

(6.3.23)
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In order to interpret this result, it is useful to express the susceptibility as
x = x' +ix” with its real and imaginary parts given by

, a(0) 1 AT/ 1+ Qle T
X == ;
Wpa/C \J1+ Q2T | + A2TF /(1 + Q2T T»)

n_ %0 ! ! 6.3.24b
X = 3 372 2 - (6.3.24D)
Wpa/c\1+Q“T"T2 )1+ A T5 /(1 + QT T»)

(6.3.24a)

We see from these expressions that, even in the presence of an intense laser
field, x' has a standard dispersive lineshape and x” has a Lorentzian line-
shape. However, each of these lines has been broadened with respect to its
weak-field width by the factor (1 + Q2T 1»)'/2. In particular, the width of the
absorption line (full width at half maximum) is given by

172, (6.3.25)

2 2
AWFWHM = —(1 + QT Tz)
(b}
The tendency of spectral lines to become broadened when measured using
intense optical fields is known as power broadening. We also see (e.g., from
Eq. (6.3.24b)) that the line center value of x” (and consequently of the ab-
sorption coefficient «) is decreased with respect to its weak-field value by
the factor (1 + Q277T>)'/?. The tendency of the absorption to decrease when
measured using intense optical fields is known as saturation. This behavior is
illustrated in Fig. 6.3.2.
It is convenient to define, by means of the relation

|E|?

QT = ——,

(6.3.26)

the quantity E?, which is known as the line-center saturation field strength.
Through the use of Eq. (6.3.18), we find that E? is given explicitly by

h2
o (6.3.27)
i S| 4|Mba|2TlT2

The expression (6.3.23) for the susceptibility can be rewritten in terms of the
saturation field strength as

_ —ao(0) AT —i
"~ wpa/c 14+ AT} 4 |E)2/|EO?

(6.3.28)

We see from this expression that the significance of EV is that the absorption
experienced by an optical wave tuned to line center (which is proportional to
Im x evaluated at A = 0) drops to one-half its weak-field value when the
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FIGURE 6.3.2 Real and imaginary parts of the susceptibility x (in units of coc/wpa)
plotted as functions of the optical frequency w for several values of the saturation
parameter Q>7T;T>.

optical field has a strength of E?. We can analogously define a saturation field
strength for a wave of arbitrary detuning, which we denote E2, by means of
the relation

|E2)? = |EO)P(1+ ATD). (6.3.29)

We then see from Eq. (6.3.28) that Im x drops to one-half its weak-field value
when a field of detuning A has a field strength of E SA.

It is also useful to define the saturation intensity for a wave at line center
(assuming that [n — 1| < 1) as

10 = 2¢oc|E2[, (6.3.30)
and the saturation intensity for a wave of arbitrary detuning as
12 =2epc| AP = 19(1 + APT}). (6.3.31)

In order to relate our present treatment of the nonlinear optical susceptibil-
ity to the perturbative treatment that we have used in the previous chapters,
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we next calculate the first- and third-order contributions to the susceptibility
of a collection of two-level atoms. By performing a power series expansion of
Eq. (6.3.28) in the quantity | E|?/ |Eg|2 and retaining only the first and second
terms, we find that the susceptibility can be approximated as

—ap(0) ([ AT, —i 1 E|?
L )( 2 ’2><1— - 0|2> (6.3.32)
wpa/c \1+ A2T; 14+ A2T5 | EJ|

We now equate this expression with the usual power series expansion y =
x D 43y |E2| (where x@ = x®(w = w + w — w)) to find that the first-
and third-order susceptibilities are given by

= , 6.3.33a

Wpa/cC 1+A2T22 ( )

3 _ “0(0)[ AT i } P (6.3.33b)
3wpa/c L(1+ A2TH? | |ED)?

The frequency dependence of x ® as given by this expression is illustrated in
Fig. 6.3.3. Note that the sign of x® is the opposite of that of x 1. One can
understand this result by noting that x ® represents a saturation of the optical
response.

For some purposes, it is useful to express the nonlinear susceptibility in
terms of the line-center saturation intensity as

0 AT —i ]2
(B = 0(0) [ 2 1 ] co¢ (6.3.34a)

 Bwpa/cL(1+A2TH2] 10

or, through the use of Egs. (6.3.22a) and (6.3.31), in terms of the saturation
intensity and absorption coefficient at the laser frequency as

3wpa/c 1A

(6.3.34b)

Note also that the third-order susceptibility can be related to the linear sus-
ceptibility by
—x® —x®

G = = ) 6.3.35
X S U A B SIEAP (6:3.33)
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FIGURE 6.3.3 Real and imaginary parts of the susceptibility x ® plotted as functions

of the optical frequency w.

Furthermore, through use of Eqs. (6.3.22b) and (6.3.27), the first- and third-
order susceptibilities can be expressed in terms of microscopic quantities as

| AT, —i
M _|N _ (eq) L ekt B 6.3.36a
X [(%b Paa) “%“em}1+AH§’ ( )
NI} AT —i
G _4nN — (eq) 42 6.3.36b)
bb b . oJe
X 3N (p Paa)” " | Wbal coh® 1+ A2T22)2 (
In the limit AT> > 1, the expression for x ) reduces to
1 T
XD ==3Nwb = paa) Pl1tval 5 (6.3.37)

BA3 T

Let us consider the magnitudes of some of the physical quantities we
have introduced in this section. Since (for n = 1) the intensity of an opti-
cal wave with field strength E is given by I = 2¢gc| E|?, the Rabi frequency
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of Eq. (6.3.18) can be expressed as

7 I 1/2
Q= 2Hpal (1 T (6.3.38)
h 2¢€pc

Assuming that |ppe| = 2.5eag = 2.0 x 1072 Cm (as it is for the 3s — 3p
transition of atomic sodium) and that / is measured in W/ cmz, this relation-
ship gives the numerical result

(6.3.39)

I[W/cm2]>1/2
127

Q[rad/sec] =27 (1 x 109)<

Hence, whenever the intensity / exceeds 127 W/ cm?, Q /27 becomes greater
than 1 GHz, which is a typical value of the Doppler-broadened linewidth of an
atomic transition. Intensities this large are available from the focused output
of even low-power, cw lasers.

The saturation intensity of an atomic transition can be quite small. Again
using |pq| = 2.0 x 1072 Cm, and assuming that 77 = 16 nsec (the value for
the 3p — 3s transition of atomic sodium) and that 7,/ 7} = 2 (the ratio for a
radiatively broadened transition; see Eq. (6.2.21a)), we find from Eq. (6.3.30)
that

\

—. (6.3.40)
m

0 mW
Iy =527 — =527
cm

Lastly, let us consider the magnitude of x® under conditions of the near-

resonant excitation of an atomic transition. We take the typical values N =

10" ecm ™3, (ppp — paa)©® = —1, ptpa =2.0 x 10722 Cm, A = w — wpy =

2c (1 em™!) = 67 x 1010 rad/sec, and 7>/ T; = 2, in which case we find

from Eq. (6.3.37) that x® = 2.1 x 107! m?/V?. Note that this value is very

much larger than the values of the nonresonant susceptibilities discussed in
Chapter 4.

6.4. Optical Bloch Equations

In the previous two sections, we have treated the response of a two-level atom
to an applied optical field by working directly with the density matrix equa-
tions of motion. We chose to work with the density matrix equations in order
to establish a connection with the calculation of the third-order susceptibility
presented in Chapter 3. However, in theoretical quantum optics the response
of a two-level atom is often treated through use of the optical Bloch equations
or through related theoretical formalisms. Although these various formalisms
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are equivalent in their predictions, the equations of motion look very different
within different formalisms, and consequently different intuition regarding the
nature of resonant optical nonlinearities is obtained. In this section, we review
several of these formalisms.

We have seen (Egs. (6.3.9) and (6.3.10)) that the density matrix equations
describing the interaction of a closed two-level atomic system with the optical
field

E(t)=E@®)e ' +c.c., (6.4.1)

can be written in the rotating-wave approximation as

d . 1 i
—-Oba = |:l (0 — wpa) — E]Gba — —Uba E(Ppb — paa), (6.4.2a)

dt h
i( _ )= — (Pbb — Paa) — (Pbb — paa)(eq)
dr Pbb — Paa) = T
2i N
+ g(l‘«ba Eoap — abE"0pa), (6.4.2b)

where the slowly varying, off-diagonal density matrix component op,(¢) is
defined by

Pba(t) = Opa (t)e ™ . (6.4.3)

The form of Egs. (6.4.2) can be greatly simplified by introducing the following
quantities:

1. The population inversions
w=ppp—paa and  w = (opp — Paa) P (6.4.42)
2. The detuning of the optical field from resonance,*
A=w—wp (6.4.4b)
3. The atom-field coupling constant

K =2pq/h. (6.4.4¢)

* Note that some authors use the opposite sign convention for A.
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We also drop the subscripts on op, for compactness. The density matrix
equations of motion (6.4.2) then take the simpler form

d . 1 1.

EO' = <ZA — E)O’ — EZKE'LU, (6453.)
4, _wowe i(kEc™ — kK*E*o). (6.4.5b)
dt Ti

It is instructive to consider the equation of motion satisfied by the complex
amplitude of the induced dipole moment. We first note that the expectation
value of the induced dipole moment is given by

(L) = Pbalbab + PabMba = Obaﬂabe_iwt + Uabﬂbaeiwl- (6.4.6)

A

If we define the complex amplitude p of the dipole moment (fi) through the
relation

() = pe i +c.c., (6.4.7)
we find by comparison with Eq. (6.4.6) that
P = Obalab- (6.4.8)

Equations (6.4.5) can hence be rewritten in terms of the dipole amplitude p
as

d 1 h

d_’t’ - <iA - Fz)p - Zi|/<|2Ew, (6.4.92)
dw _ w-w® 4 (Ep®) (6.4.9b)
—=———""————-Im . 4.

dt T, h P

These equations illustrate the nature of the coupling between the atom and
the optical field. Note that they are linear in the atomic variables p and w
and in the applied field amplitude E. However, the coupling is parametric: the
dipole moment p is driven by a term that depends on the product of E with
the inversion w, and likewise the inversion is driven by a term that depends
on the product of E with p.

For those cases in which the field amplitude E can be taken to be a real
quantity, the density matrix equations (6.4.5) can be simplified in a different
way. We assume that the phase convention for describing the atomic energy
eigenstates has been chosen such that up, and hence « are real quantities. It
is then useful to express the density matrix element ¢ in terms of two real
quantities # and v as

o=3u—iv). (6.4.10)
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The factor of one-half and the minus sign are used here to conform with
convention (Allen and Eberly, 1975). This definition is introduced into Eq.
(6.4.5b), which becomes

d 1
E(u—iv): (iA— E)(u —iv) —ikEw.

This equation can be separated into its real and imaginary parts as

%u:Av— % (6.4.11a)

%v:—Au—%—{—rcEw. (6.4.11b)
Similarly, Eq. (6.4.5b) becomes

d w — w©d

d—tw=—T—KEv. (6.4.11¢c)

The set (6.4.11) is known as the optical Bloch equations.
We next show that in the absence of relaxation processes (i.e., in the limit
T1, T» — 00) the variables u, v, and w obey the conservation law

W+l +wr=1. (6.4.12)

First, we note that the time derivative of u% 4+ v? + w? vanishes:

d, 5 2 2 dv dw
ull =y 4 dpy— gt
dt(u +v +w) ud+vdt+ wdt
=2ulAv —2vAu +2vk Ew — 2wk Ev
=0, (6.4.13)

where we have used Eqs. (6.4.11) in obtaining expressions for the time deriv-
atives. We hence see that u? + v2 + w? is a constant. Next, we note that before
the optical field is applied the atom must be in its ground state and hence that
w = —1 and u = v = 0 (as there can be no probability amplitude to be in the
upper level). In this case we see that u? 4 v? 4+ w? is equal to 1, but since the
quantity u? 4+ v?> + w? is conserved, it must have this value at all times. We
also note that since all of the damping terms in Eqgs. (6.4.11) have negative
signs associated with them, it must generally be true that

Wi+ wr<l. (6.4.14)
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6.4.1. Harmonic Oscillator Form of the Density Matrix Equations

Still different intuition regarding the nature of resonant optical nonlinearities
can be obtained by considering the equation of motion satisfied by the expec-
tation value of the dipole moment induced by the applied field (rather than
considering the equation satisfied by its complex amplitude). This quantity is
given by

M = (jt) = ppaltab +c.C. (6.4.15)
For simplicity of notation, we have introduced the new symbol M rather than
continuing to use (ﬁ). Note that M is a real quantity that oscillates at an
optical frequency.

We take the density matrix equations of motion in the form

) : 1 P
Pba = —\ i®pa + — | Pba — T b EW, (6.4.162)
T h
) w—w® 4E
w = —T + 7 Im(abpba), (6.4.16b)

where the dot denotes a time derivative. These equations follow from
Egs. (6.2.6), (6.2.13a), and (6.2.17) and the definition w = ppp — pguq. Here E
is the real, time-varying optical field; note that we have not made the rotating-
wave approximation. We find by direct time differentiation of Eq. (6.4.15) and
subsequent use of Eq. (6.4.16a) that the time derivative of M is given by

M = ppatap + c.C.

. 1 i -
= —(i®pa + = ) obattar — ~|1tpa* Ew + c.c.
T h

1

= —<ia)ba + ?)Pba#ab +c.c. (6.4.17)
2

We have dropped the second term in the second-to-last form because it is

imaginary and disappears when added to its complex conjugate. Next, we

calculate the second time derivative of M by taking the time derivative of

Eq. (6.4.17) and introducing expression (6.4.16a) for pp,:

= . LY.
M = —(la)bg + _)pbaﬂab +c.c.
I

. 1) if 1 i
= (lwba + E) Pballab + g (lwba + E) |Mba|2Ew +c.c.
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or

= 2iw, 1 , ~
_ 2 ba ba 2
M = (—a)ba + Tz + T—22>,0ba,bbab - T“Lbal Ew +c.c. (6.4.]8)

If we now introduce Egs. (6.4.15) and (6.4.17) into this expression, we find
that M obeys the equation

M+ Fuw. (6.4.19)

Mtel =2 _

5w

Since wi , 18 much larger than 1/ T22 in all physically realistic circumstances,
we can drop the first term on the right-hand side of this expression to obtain
the result

2wpqg
h

This is the equation of a damped, driven harmonic oscillator. Note that the
driving term is proportional to the product of the applied field strength E(1)
with the inversion w.

We next consider the equation of motion satisfied by the inversion w. In or-
der to simplify Eq. (6.4.16b), we need an explicit expression for Im(ppq tap)-
To find such an expression, we rewrite Eq. (6.4.17) as

|tpal > Ew. (6.4.20)

B 2 5 -~
M+—M+a)baM=—
Ip)

B . 1
M = —<la)ba + _>phaﬂab +c.c.
Ip)

. 1
= —iwpa(pPbaltab — €-C.) — E(ﬂbaﬂab +c.c.)

M
= 2wpa Im(ppaflap) — ?7 (6.4.21)
2
which shows that
1 s M
Im(ppapbar) = M+ —). (6.4.22)
2Wpa T

This result is now introduced into Eq. (6.4.16b), which becomes

— we 2E [+ M
w-w <M ) (6.4.23)

w=— + + =
T1 hwpg T
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Since M oscillates at an optical frequency (which is much larger than 1/7>),
the term M /T, can be omitted, yielding the result
w — weD . 2 i .
T hwpg

W= (6.4.24)
We see that the inversion w is driven by the product of E with M, which is
proportional to the part of M that is 90 degrees out of phase with E. We also
see that w relaxes to its equilibrium value w©® (which is typically equal to
—1) in a time of the order of 7.

Equations (6.4.20) and (6.4.24) provide a description of the two-level
atomic system. Note that each equation is linear in the atomic variables M
and w. The origin of the nonlinear response of atomic systems lies in the fact
that the coupling to the optical field depends parametrically on the atomic
variables. A linear harmonic oscillator, for example, would be described by
Eq. (6.4.20) with the inversion w held fixed at the value —1. The fact that
the coupling depends on the inversion w, whose value depends on the applied
field strength as described by Eq. (6.4.24), leads to nonlinearities.

6.4.2. Adiabatic Following Limit

The treatment of Section 6.3 considered the steady-state response of a two-
level atom to a cw laser field. The adiabatic following limit (Grischkowsky,
1970) is another limit in which it is relatively easy to obtain solutions to the
density matrix equations of motion. The nature of the adiabatic following ap-
proximation is as follows: We assume that the optical field is in the form of a
pulse whose length 7, obeys the condition

T, KT, Iy, (6.4.25)

we thus assume that essentially no relaxation occurs during the optical pulse.
In addition, we assume that the laser is detuned sufficiently far from resonance
that

o —wpal > Ty 7, " o E /B (6.4.26)

that is, we assume that the detuning is greater than the transition linewidth,
that no Fourier component of the pulse extends to the transition frequency,
and that the transition is not power-broadened into resonance with the pulse.
These conditions ensure that no appreciable population is excited to the upper
level by the laser pulse.
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To simplify the following analysis, we introduce the (complex) Rabi fre-
quency

Q@) =2upa E(2)/1, (6.4.27)

where E () gives the time evolution of the pulse envelope. The density matrix
equations of motion (6.4.5) then become, in the limit 77 — oo, T, — o0,

do

— =ifo— liQu, (6.4.28a)
dw . * *
= —i(Q%0 — Qo™). (6.4.28b)

We note that the quantity w? + 4o 0* is a constant of the motion whose value
is given by

w (1) + 4o ()] =1. (6.4.29)

This conclusion is verified by means of a derivation analogous to that leading
to Eq. (6.4.12).

We now make the adiabatic following approximation, that is, we assume
that for all times the atomic response is nearly in steady state with the applied
field. We thus set do/dt and dw/dt equal to zero in Egs. (6.4.28). The si-
multaneous solution of these equations (which in fact is just the solution to
(6.4.28a)) is given by

w9

Since w(¢) is a real quantity, this result shows that o (¢) is always in phase
with the driving field €(¢). We now combine Egs. (6.4.29) and (6.4.30) to
obtain the equation

o(t) (6.4.30)

2 w@)RP
w(t)” + — 2 = 1, (6.4.31)
which can be solved for w(z) to obtain
_ —|Al
w(t) = (6.4.32)

VAT Q)P

This expression can now be substituted back into Eq. (6.4.30) to obtain the
result

1
PSS 1)

S 6.4.33
Al A2+ 19002 ( )
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We now use these results to deduce the value of the nonlinear susceptibility.
As in Egs. (6.3.11) through (6.3.17), the polarization P is related to o (t)
(recall that o = op,) through

P = Nugpo, (6.4.34)
which through use of Eq. (6.4.33) becomes

A ANuapQ@
po_B NHa®R® (6.4.35)
Al /A2 + Q)2
Our derivation has assumed that the condition |A| > |€2| is valid. We can thus
expand Eq. (6.4.35) in a power series in the small quantity |2|/A to obtain

AQ  —IN AQ 1 11Q?
AR ke ARL (1R 6436
A2 (1+|Q|2/A2)1/2 AZ 2 2 A
The contribution to P that is third-order in the applied field is thus given by
RLPQARIa _ 2N |l
404 n3A3
where, in obtaining the second form, we have used the fact that Q =

2upqa E /h. By convention, the coefficient of |E |2E is 3¢ x(3), and hence we
find that

|EIE, (6.4.37)

3 _ 2N |wpal*
3egh’ A3
Note that this prediction is identical to that of the steady-state theory
(Eq. (6.3.37)) in the limit AT, > 1 for the case of a radiatively broadened
transition (i.e., 7>/ Ty = 2) for which (ppp — paa) P = —1.

(6.4.38)

6.5. Rabi Oscillations and Dressed Atomic States

In this section we consider the response of a two-level atom to an optical field
sufficiently intense to remove a significant fraction of the population from the
atomic ground state. One might think that the only consequence of a field this
intense would be to lower the overall response of the atom. Such is not the
case, however. Stark shifts induced by the laser field profoundly modify the
energy-level structure of the atom, leading to new resonances in the optical
susceptibility. In the present section, we explore some of the processes that
occur in the presence of a strong driving field.
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The development will proceed primarily at the level of the atomic wave-
function, rather than at the level of the density matrix, as our interest is pri-
marily in determining how the atomic energy level structure is modified by
an intense driving field. Some brief comments regarding damping effects are
included at the end of this section.

6.5.1.  Rabi Solution of the Schrédinger Equation

Let us consider the solution to the Schrodinger equation for a two-level atom
in the presence of an intense optical field.* We describe the state of the system
in terms of the atomic wave function ¥ (r, t), which obeys the Schrodinger
equation

oy

ih— = H 6.5.1
ih— Y ( )

with the Hamiltonian operator H given by
H=Hy+V@. (6.5.2)

Here ﬁo represents the Hamiltonian of a free atom, and \7([) represents the
energy of interaction with the applied field. In the electric dipole approxima-
tion, V (¢) is given by

V()= E(), (6.5.3)

where the dipole moment operator is given by 1 = —er.

We assume that the applied field is given by E(r) = Ee '+ c.c. with E
constant, and that the field is nearly resonant with an allowed transition be-
tween the atomic ground state a and some other level b, as shown in Fig. 6.2.1.
Since the effect of the interaction is to mix states a and b, the atomic wave-
function in the presence of the applied field can be represented as

Y (r, 1) = Co(t)ttg (t)e ™ " 4 Cpp(t)up(r)e ", (6.5.4)
Here u,(r)e @at represents the wavefunction of the atomic ground state a,
and uy, (r)e '’ represents the wavefunction of the excited state b. We assume
that these wavefunctions are orthonormal in the sense that

/ d*ruf(r)u;(r) =5;. (6.5.5)

The quantities C,(¢) and Cp(t) that appear in Eq. (6.5.4) can be interpreted
as the probability amplitudes that at time ¢ the atom is in state a or state b,
respectively.

* See also Sargent et al. (1974, p. 26), or Dicke and Wittke (1960, p. 203).
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We next derive the equations of motion for C,(¢) and Cj(t), using methods
analogous to those used in Section 3.2. By introducing Eq. (6.5.4) into the
Schrodinger equation (6.5.1), multiplying the resulting equation by u, and
integrating this equation over all space, we find that

. 1 .
Cy= %CbVabe_“‘)b“’, (6.5.6)

where we have introduced the resonance frequency wp, = wp — @, and the
interaction matrix element

Vap =V, = /d3r w'Vup. (6.5.7)

Similarly, by multiplying instead by uj; and again integrating over all space,
we find that

. 1 .
Cp = ECa Vpge' Pt (6.5.8)

We now explicitly introduce the form of the interaction Hamiltonian and
represent the interaction matrix elements as

= Via = —lpa E(t) = —pupa (Ee " + E*e'"). (6.5.9)
Equations (6.5.6) and (6.5.8) then become

Cu _ _-l';lab Cb(E*e—i(wba—a))t + Ee—i(whu-i-w)t) (6.5.10a)
l
and
Cb _ _{v;lba c, (Eei(a)hufa))t + E*ei(wh”er)t). (6510b)

We next make the rotating-wave approximation, that is, we drop the rapidly
oscillating second terms in these equations and retain only the first terms.*
We also introduce the detuning factor

A=w— wpg. (6.5.11)
The coupled equations (6.5.10) then reduce to the set
. E* .
Ca= i““; Cpe' ™, (6.5.122)
. E .
Cp= i’”’Tacae—lN. (6.5.12b)

* See also the discussion preceding Eq. (6.3.5).
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This set of equations can be readily solved by adopting a trial solution of
the form

C,=Ke ™, (6.5.13)

This expression is introduced into Eq. (6.5.12a), which shows that C, must be
of the form

Cp= 2K mivran (6.5.14)
Hap E*
This form for Cj, and the trial solution (6.5.13) for C, are now introduced into
Eq. (6.5.12b), which shows that the characteristic frequency A must obey the
equation

2 2
E
MO+ A) = '“b“h# (6.5.15)
The solutions of this equation are given by
A =—3AL£1Q, (6.5.16)

where we have introduced the generalized (or detuned) Rabi frequency
Q' = (1P +4%)"? (6.5.17)

and where, as before, 2 = 2u, E /A denotes the complex Rabi frequency.
The general solution to Egs. (6.5.12) for C,(¢) can thus be expressed as

Co(t) = VPR (A LoD 4 g (1/2iC21), (6.5.182)

where A and A_ are constants of integration whose values depend on the
initial conditions. The corresponding expression for Cp(¢) is obtained by in-
troducing this result into Eq. (6.5.12a):

~hCy _;
Cp(1) = —— e
HabE

/ /
_ e—(l/2)iAt(A —Q A+e—(1/2)isz/z + A+Q A_e(l/z)im)_
Q* Q*

(6.5.18b)

Equations (6.5.18) give the general solution to Egs. (6.5.12). Next, we find
the specific solution for two different sets of initial conditions.
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6.5.2.  Solution for an Atom Initially in the Ground State

One realistic set of initial conditions is that of an atom known to be in the
ground state at time ¢ = 0 so that

C,(0)=1 and Cp(0)=0. (6.5.19)
Equation (6.5.18a) evaluated at t = O then shows that
Ar+A_=1, (6.5.20)
while Eq. (6.5.18b) evaluated at ¢ = 0 shows that
(A—QNAL +(A+Q)A_=0. (6.5.21)
These equations are solved algebraically to find that
Ay=1-A_= @+ (6.5.22)
2Q

The probability amplitudes C,(¢) and Cjp(¢) are now determined by intro-
ducing these expressions for A4 and A_ into Egs. (6.5.18), to obtain

C,(t) = e(l/Z)iAt[(M)e—(l/z)im + (_Q/ + A>e(1/2)i9/t]

29 20
. A
— (1/2)iAt [COS(%QII‘) . IQ_/ Sin(%Q't):| (6.5.23)
and
. —Q . Q Iy
_ —(1/2)iAt —(1/2)iQ't (1/2)iY't
Cb(t) =e / ! (He / ! + ﬁe / ! >
= ie—<1/2>"A'[g sin(lm)] (6.5.24)
- Q/ 2 : -

The probability that the atom is in level a at time ¢ is hence given by

A%
|Cal? = cos? (321) + o7 sin(1Q'), (6.5.25)
while the probability of being in level b is given by
2192 o,
|Cpl” = oz i (QQ t). (6.5.26)

Note that (since /2 = |Q2|? + A2)
|Cal® +1Cs* =1, (6.5.27)

which shows that probability is conserved.
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t

FIGURE 6.5.1 Rabi oscillations of the populations in the ground (|C, |2) and excited
(|Cp|?) states for the case of exact resonance (A = 0).
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FIGURE 6.5.2 Rabi oscillations of the excited state population for two values of
A=w— wpg-

For the case of exact resonance (A = 0), Egs. (6.5.25) and (6.5.26) reduce
to

|Cal* = cos?(3121), (6.5.28a)
Gy = sin(L]9r), (6.5.28b)

and the probabilities oscillate between zero and one in the simple manner il-
lustrated in Fig. 6.5.1. Note that, since the probability amplitude C, oscillates
at angular frequency |$2|/2, the probability |C,|? oscillates at angular fre-
quency |£2|, that is, at the Rabi frequency. As the detuning A is increased, the
angular frequency at which the population oscillates increases, since the gen-
eralized Rabi frequency is given by Q' = [|Q|> + A?]!/2, but the amplitude of
the oscillation decreases, as shown in Fig. 6.5.2.

Next, we calculate the expectation value of the atomic dipole moment
for an atom known to be in the atomic ground state at time ¢ = 0. This
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quantity is given by
() = (ylly), (6.5.29)

where ¥ (r, t) is given by Eq. (6.5.4). We assume as before that (a|ji|a) =
(b|ix|b) = 0, and we denote the nonvanishing matrix elements of i by

tab = (alit|b) = (blfila)" = wp,. (6.5.30)
We thus find that the induced dipole moment is given by
() = CrCppape "' +c.c. (6.5.31)
or, introducing Egs. (6.5.23) and (6.5.24) for C, and Cp, by

N Ql—-A _. . 1/ A i ()t
<M>=Mab§|:2w/e @ +Z<§—1)€ He

1A —ilo—' )t
+ 4({2’ + 1>e ( ) ] +c.c. (6.5.32)

This result shows that the atomic dipole oscillates not only at the driving
frequency w but also at the Rabi sideband frequencies w + Q" and w — Q.
We can understand the origin of this effect by considering the frequencies
that are present in the atomic wavefunction. We recall that the wavefunction
is given by Eq. (6.5.4), where (according to Egs. (6.5.23) and (6.5.24)) C,(t)
contains frequencies — % (A £ ') and Cp () contains frequencies %(A + Q.
Figure 6.5.3 shows graphically the frequencies that are present in the atomic
wavefunction. Note that the frequencies at which the atomic dipole oscillates
correspond to differences of the various frequency components of the wave-
function.

6.5.3. Dressed States

Another important solution to the Schrodinger equation for a two-level atom
is that corresponding to the dressed atomic states (Autler and Townes, 1955;
Cohen-Tannoudji and Reynaud, 1977). The characteristic feature of these
states is that the probability to be in atomic level a (or b) is constant in time.
As a consequence, the probability amplitudes C,(¢#) and Cp(¢) can depend
on time only in terms of exponential phase factors. Recall, however, that in
general C,(t) and Cp(¢) are given by Egs. (6.5.18).

There are two ways in which the solution of Egs. (6.5.18) can lead to time-
independent probabilities of occupancy for levels a and b. One such solution,
which we designate as ¥, corresponds to the case in which the integration
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FIGURE 6.5.3 Frequency spectrum of the atomic wavefunction given by Eq. (6.5.4)
(with C,(¢) and Cp(¢) given by Egs. (6.5.28) and (6.5.29)) for the case of (a) positive
detuning (A > 0) and (b) negative detuning (A < 0).

constants Ay and A_ have the values
AL =1, A_=0 (for v4); (6.5.33a)
the other solution, which we designate as yr_, corresponds to the case in which
AL =0, A_=1 (for vy_). (6.5.33b)

Explicitly, the atomic wavefunction corresponding to each of these solu-
tions is given, through use of Egs. (6.5.4), (6.5.18), and (6.5.33), as

Yy = Ni{ua(r) exp[—i(wa — %A + %Q/)t]

AFQ

+— ub(r)exp[—i(a)b+%A:i:%9’)t]}, (6.5.34)
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where N is a normalization constant. The value of this constant is determined
by requiring that

/ a2 d3r = 1. (6.5.35)

By introducing Eq. (6.5.34) into this expression and performing the integra-
tions, we find that

(AFQ)?
NePf1+——|=1 6.5.36
|ﬂ[-+ or (6.5.36)
For future convenience, we choose the phases of N1 such that N are given by
QO Q' 1/2

Ni=—|——— . 6.5.37
* 9{%Q$m] (©23D

The normalized dressed-state wavefunctions are hence given by

Q* Q/ 1/2 . | |
‘(pi: ﬁ[m} ua(r)exp[—l(a)a — EA:IZQQ/)[]
QAT .

[ o ] up (r) exp| —i (wp + %A + %Q/)t]. (6.5.38)

We next examine some of the properties of the dressed states. The proba-
bility amplitude for an atom in the dressed state ¥ to be in the atomic level
a is given by

O o 172
(alys) = = [m} exp[—i(ws — A £ 3Q)1], (6.5.39)
and thus the probability of finding the atom in the state a is given by
QP @ 122
[alys)|” = (6.5.40)

Q22 TFA) - 2Q/(Q FA)
Similarly, the probability amplitude of finding the atom in state b is given by

QA2 .
(bly+) = :F( o ) exp[—i(wp + 3A £ 5Q)1], (6.5.41)
and thus the probability of finding the atom in the state b is given by
ol = =2 (6.5.42)
x| =g 5.

Note that these probabilities of occupancy are indeed constant in time; in this
sense the dressed states constitute the stationary states of the coupled atom—
field system.
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The dressed states 14 are solutions of Schrodinger’s equation in the pres-
ence of the total Hamiltonian H = I:IO + V(t). Thus, if the system is known to
be in state ¥4 (or ¥_) at the time ¢ = 0, the system will remain in this state,
even though the system is subject to the interaction Hamiltonian V. They are
stationary states in the sense just mentioned that the probability of finding the
atom in either of the atomic states a or b is constant in time. Although
the states /4 are stationary states, they are not energy eigenstates, because
the Hamiltonian H depends explicitly on time.

It is easy to demonstrate that the dressed states are orthogonal—that is, that

(Yyly_)=0. (6.5.43)

The expectation value of the induced dipole moment for an atom in a
dressed state is given by

7 Q —iwt
(Valilys) = F ooy have " +ec. (6.5.44)
Thus, the induced dipole moment of an atom in a dressed state oscillates only

at the driving frequency. However, the dipole transition moment between the
dressed states is nonzero:

i Q (M o
(l/fi|li|1ﬂ¢)=:|:,uab—< ) o~ @FQ)

2\ FA
QL FAN? Lo
¢/xbaﬁ< o A) QOED L (6.5.45)

The properties of the dressed states are summarized in the frequency level
diagram shown for the case of positive A in Fig. 6.5.4(a) and for the case of
negative A in Fig. 6.5.4(b).

(a) A
o __Y. e
o, _A A
A \
o o v, (V.
Y
0}
SR A ~ Y
weak field strong field weak field strong field

FIGURE 6.5.4 The dressed atomic states ¥4 and ¥_ for A positive (a) and nega-
tive (b).
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Next, we consider the limiting form of the dressed states for the case of a
weak applied field—that is, for |©2] <« |A|. In this limit, we can approximate
the generalized Rabi frequency Q' as

12 1212\
Q = (1P +a2)Y =|A|<1+F

1Q?
~1al(1+3 55 )- (6.5.46)

Using this result, we can approximate the dressed-state wavefunctions of
Eq. (6.5.38) for the case of positive A as

Q* 12l

Ve = gptae ! = Fiune A, (6.5.47)
Q :

w_ = ﬂuae_l(wa_A)t =+ ube_lwbt_ (6547b)

We note that in this limit v is primarily ¥, and ¥ _ is primarily v,. The
smaller contribution to 14 can be identified with the virtual level induced by
the transition. For the case of negative A, we obtain

Q* i
V= _ﬁuae_’(“’“ A ype=o! (6.5.48a)
QF : Q ;
b= gt s (5.4)

Now 4 is primarily ¥, and v_ is primarily ¥,. These results are illustrated
in Fig. 6.5.5. Note that these results have been anticipated in drawing certain
of the levels as dashed lines in the weak-field limit of the diagrams shown in
Figs. 6.5.3 and 6.5.4.

a \/ o

- - a

FIGURE 6.5.5 The weak field limit of the dressed states 4 and ¥ _ for the case of
(a) positive and (b) negative detuning A.
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6.5.4. Inclusion of Relaxation Phenomena

In the absence of damping phenomena, it is adequate to treat the response of
a two-level atom to an applied optical field by solving Schrédinger’s equa-
tion for the time evolution of the wavefunction. We have seen that under such
circumstances the population inversion oscillates at the generalized Rabi fre-
quency Q' = (Q* + A?)!/2. If damping effects are present, we expect that
these Rabi oscillations will eventually become damped out and that the pop-
ulation difference will approach some steady-state value. In order to treat this
behavior, we need to solve the density matrix equations of motion with the in-
clusion of damping effects. We take the density matrix equations in the form

) 1 i 5
=(iA——|p— —|ul"Ew, 6.5.49
P (l T2>p hlul w ( a)
2
b= 2, (6.5.49b)
T h
and we assume that at # = 0 the atom is in its ground state—that is, that
p(0)=0, w()=-1, (6.5.50)

and that the field E(¢) is turned on at 7 = 0 and oscillates harmonically there-
after (i.e., E =0 for r <0, E = constant for t > 0).

Equations (6.5.49) can be solved in general under the conditions given
above (see Problem 4 at the end of this chapter). For the special case in which
T1 = T3, the form of the solution is considerably simpler than in the general
case. The solution to Egs. (6.5.49) for the population inversion for this special
case is given by

w(t) =wo — (1 +wo)e /2| cos 't + sinQ't |, (6.5.51a)
QT

where
—(14 A%TH)
AT QT

wo (6.5.51b)
The nature of this solution is shown in Fig. 6.5.6. Note that the Rabi oscilla-
tions are damped out in a time of the order of 75. Once the Rabi oscillations
have damped out, the system enters one of the dressed states of the coupled
atom—field system.

In summary, we have just seen that, in the absence of damping effects,
the population inversion of a strongly driven two-level atom oscillates at the
generalized Rabi frequency Q' = (22 + A?)!/2 and that consequently the in-
duced dipole moment oscillates at the applied frequency @ and also at the
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FIGURE 6.5.6 Damped Rabi oscillations.

Rabi sideband frequencies w & . In the presence of dephasing processes,
the Rabi oscillations die out in a characteristic time given by the dipole de-
phasing time 7>. Hence, Rabi oscillations are not present in the steady state.

In the following section, we explore the nature of the response of the atom
to a strong field at frequency w and a weak field at frequency w + §. If the
frequency difference & (or its negative —&) between these two fields is nearly
equal to the generalized Rabi frequency €2/, the beat frequency between the
two applied fields can act as a source term to drive the Rabi oscillation. We
shall find that, in the presence of such a field, the population difference oscil-
lates at the beat frequency 4, and that the induced dipole moment contains the
frequency components @ and w % §.

6.6. Optical Wave Mixing in Two-Level Systems

In the present section we consider the response of a collection of two-level
atoms to the simultaneous presence of a strong optical field (which we call
the pump field) and one or more weak optical fields (which we call probe
fields). These latter fields are considered weak in the sense that they alone
cannot saturate the response of the atomic system.

An example of such an occurrence is saturation spectroscopy, using a setup
of the sort shown in Fig. 6.6.1. In such an experiment, one determines how the
response of the medium to the probe wave is modified by the presence of the
pump wave. Typically, one might measure the transmission of the probe wave
as a function of the frequency w and intensity of the pump wave and of the
frequency detuning § between the pump and probe waves. The results of such
experiments can be used to obtain information regarding the dipole transition
moments and the relaxation times 77 and 7>.
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(strong pump wave)

S
—

atomic w+0
w+06 —> vapor e ——
\ measure transmission

(weak probe wave) of probe wave

FIGURE 6.6.1 Saturation spectroscopy setup.

Another example of the interactions considered in this section is the multi-
wave mixing experiment shown in part (a) of Fig. 6.6.2. Here the pump wave
at frequency w and the probe wave at frequency w + § are copropagating (or
nearly copropagating) through the medium. For this geometry, the four-wave
mixing process shown in part (b) of the figure becomes phase-matched (or
nearly phase-matched), and this process leads to the generation of the sym-
metric sideband at frequency w — 8.

At low intensities of the pump laser, the response of the atomic system at the
frequencies w + § and w — § can be calculated using perturbation theory of the
sort developed in Chapter 3. In this limit, one finds that the absorption (and
dispersion) experienced by the probe wave in the geometry of Fig. 6.6.1 is
somewhat reduced by the presence of the pump wave. One also finds that, for
the geometry of Fig. 6.6.2, the intensity of the generated sideband at frequency
o — § increases quadratically as the pump intensity is increased.

@ w+0 o+d
— omi —
atomic
— vapor —>w
® —_ >
w-08
S — b
o |w-0 0] w+0
a

FIGURE 6.6.2 (a) Forward four-wave mixing. (b) Energy-level description of the
four-wave mixing process, drawn for clarity for the case in which § is negative.
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In this section we show that the character of these nonlinear processes is
profoundly modified when the intensity of the pump laser is increased to the
extent that perturbation theory is not sufficient to describe the interaction.
These higher-order processes become important when the Rabi frequency €2
associated with the pump field is greater than both the detuning A of the pump
wave from the atomic resonance and the transition linewidth 1/73. Under this
condition, the atomic energy levels are strongly modified by the pump field,
leading to new resonances in the absorptive and mixing responses. In partic-
ular, we shall find that these new resonances can be excited when the pump-
probe detuning § is approximately equal to £, where Q' is the generalized
Rabi frequency.

6.6.1. Solution of the Density Matrix Equations for a Two-Level
Atom in the Presence of Pump and Probe Fields

We have seen in Section 6.4 that the dynamical behavior of a two-level atom
in the presence of the optical field

E(t)= Ee ' +c.c. (6.6.1)

can be described in terms of equations of motion for the population inver-
sion w = ppp — Paq and the complex dipole amplitude p = gp0pq, Which is
related to the expectation value p(¢) of the atomic dipole moment by

pt) = pe ' fcec. (6.6.2)

The equations of motion for p and w are given explicitly by

P _(in-l L \ipalE (6.6.3)
—=|iA——=]|p— < w, 6.
dr 7 p 7 Mba

dw w—wC 4

= 4+ _Im(pE"), 6.6.4
7 T +2 m(pE™) (6.6.4)

where A = w — wy,. For the problem at hand, we represent the amplitude of
the applied optical field as

E=Ey+ Eje” %, (6.6.5)

where we assume that | E'| | < | Ep|. By introducing Eq. (6.6.5) into Eq. (6.6.1),
we find that the electric field can alternatively be expressed as

E(t) = Ege ' + Eje 1@t 4 ¢ e (6.6.6)

hence, Eg and E; represent the complex amplitudes of the pump and probe
waves, respectively.
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Equations (6.6.3) and (6.6.4) cannot readily be solved exactly for the field
given in Eq. (6.6.5). Instead, our strategy will be to find a solution that is
exact in the amplitude Ey of the strong field and is correct to lowest order
in the amplitude E of the weak field. We hence require that the steady-state
solution of Egs. (6.6.3) and (6.6.4) be of the form

p=rpo+pie + p_je® (6.6.7)

and

—idt

w=wo+wie " +w_1, (6.6.8)

where pg and wq denote the solution for the case in which only the pump field
Ej is present, and where the other terms are assumed to be small in the sense
that

Ip1l, Ip—1l < Ipol,  |wil, lw_1] < |wol. (6.6.9)

Note that, to the lowest order in the amplitude E; of the probe field, 0 and
=+4 are the only frequencies that can be present in the solution of Egs. (6.6.3)
and (6.6.4). Note also that, in order for w(#) to be a real quantity, w_; must
be equal to w. Hence, w(t) is of the form w(t) = wo + 2|wy|cos(5t + @),
where ¢ is the phase of w. Thus, in the simultaneous presence of pump and
probe fields, the population difference oscillates harmonically at the pump—
probe frequency difference, and w; represents the complex amplitude of the
population oscillation.

We now introduce the trial solution (6.6.7) and (6.6.8) into the density ma-
trix equations (6.6.3) and (6.6.4) and equate terms with the same time depen-
dence. In accordance with our perturbation assumptions, we drop any term
that contains the product of more than one small quantity. Then, for exam-
ple, the zero-frequency part of the equation of motion for dipole amplitude,
Eq. (6.6.3), becomes

1 i
0=(iA——)po— —|mpal* Eowo,
<l o ) po— 7 |bal” Eowo

whose solution is

A upal*E
po = 1 1Keal”Eowo (6.6.10)
Ati/Ts
iét

Likewise, the part of Eq. (6.6.3) oscillating as e™*°" is

. . 1 i
—wMZGA——)m——Wm%%m+EW@
T, h
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which can be solved to obtain

N ppa*(Eowy 4 Eywo)

; ; (6.6.11)
(A=68+i/T,
the part of Eq. (6.6.3) oscillating as ¢% is
5 A ' a2 (Eow_1)
l —_1=11 —_ -1 — — —
P—1 T2P1 h,uba ow-1),
which can be solved to obtain
Rl 2Eow_
p_y = 1_l#balPEow—r (6.6.12)
(A=68)+i/T

Next, we consider the solution of the inversion equation (6.6.4). We in-
troduce the trial solution (6.6.7) and (6.6.8) into this equation. The zero-
frequency part of the resulting expression is

—wed 4
wo —w
O=———7—+ -1 E}). 6.6.13
T + 7 m(PO ()) ( )
We now introduce the expression (6.6.10) for pg into this expression to obtain
wo — w®D ) ( A—i/T > —Q2wo/ T»
—=Q wo lm 2| = 2
4} A2+ 1/T; A2+ 1/T;

(6.6.14)

where we have introduced the on-resonance Rabi frequency Q =2|upq E|/fi.
We now solve Eq. (6.6.14) algebraically for wy to obtain

w1+ ATS)
L+ AT 2TV T

wo (6.6.15)
We next consider the oscillating part of Eq. (6.6.4). The part of Im(p E™*)
oscillating at frequencies +4 is given by

Im(pE*) = Im(poETei‘St + p1E§eii5t + p_1E6kei‘St)

—iét

1 : ‘

2i
— PEE1e™ — ptEge’" — pflEoe_i‘St), (6.6.16)
where in obtaining the second form we have used the identity Imz =

(z — z*)/2i. We now introduce this result into Eq. (6.6.4). The part of the
resulting expression that varies as e ~/%’ is
—w; 2

—idw; = Tl - g(PlES - PgEl - PLEO)-
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This expression is solved for wj to obtain

_ 20N (p1 E§ — pyE1 — p*  Eo)

6.6.17
wi 511/, ( )
We similarly find from the part of Eq. (6.6.4) oscillating as /% that
2h~ Y (p¥Eo — poEY — p—1E}
W= (pYEo — poE] — p-1 0). 6.6.18)

s—i/T

Note that w_; = w}, as required from the condition that w(t) as given by
Eq. (6.6.8) be real.

At this point we have a set of six coupled equations [(6.6.10), (6.6.11),
(6.6.12), (6.6.15), (6.6.17), (6.6.18)] for the six quantities pg, p1, p—1, Wo, W1,
w_1. We note that wg is given by Eq. (6.6.15) in terms of known quantities.
Our strategy is thus to solve next for wi, since the other unknown quantities
are simply related to wg and w;. We thus introduce the expressions for p1, po,
and p_; into Eq. (6.6.17), which becomes

i 2| tpal?
b — =
< * T1>w1 K2
( |Eo|?w; E1Efwo E|Ejwo |Eo|>w; )

A+d5+i/T, A+8+i/Th A—-i/Th A-6—i/Th
This equation is now solved algebraically for w1, yielding
wlinaPEVEGh (6 = A+i/To) (0 420/ T)(A =i/ Ty) !
G+I/TNG—A+i/T(A+0+i/T) — Q2@ +i/T2)
(6.6.19)

w] =

The combination of terms that appears in the denominator of this expression
appears repeatedly in the subsequent equations. For convenience we denote
this combination as

UL Y PO Y _rss L
D(8)_<8+Tl)(5 A+T2><8+A+T2> Q<8+T2>,
(6.6.20)

so that Eq. (6.6.19) can be written as

S—A+i/Th)(6+2i/T
wy = —2wglppa LB Egp 2 E T AT TIC /T o 6ny)
(A —i/T2)D(3)
Note that w; (and consequently p; and p_;) shows a resonance whenever
the pump wave is tuned to line center so that A =0, or whenever a zero oc-
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FIGURE 6.6.3 Resonances in the response of a two-level atom to pump and probe
fields, as given by the function D(§), (a) in the limit Q2% — 0, and (b) in the general
case.

curs in the function D(§). We next examine the resonance nature of the func-
tion D(8). We first consider the limit 2 — O—that is, the x ® perturbation
theory limit. In this limit D(§) is automatically factored into the product of
three terms as

i i i
D(§) = <5+E>(8—A+E) <A+8+Tz)’ (6.6.22)

and we see by inspection that zeros of D(§) occur at
5=0,xA. (6.6.23)

The positions of these frequencies are indicated in part (a) of Fig. 6.6.3. How-
ever, inspection of Eq. (6.6.21) shows that no resonance occurs in wy at§ = A,
because the factor § — A 4 i/ T, in the numerator exactly cancels the same
factor in the denominator. However, a resonance occurs near § = A when the
term containing Q2 in Eq. (6.6.20) is not ignored. x© is the lowest-order
contribution to this resonance.

In the general case in which Q2 is not small, the full form of Eq. (6.6.20)
must be used. In order to determine its resonance structure, we write D(§) in
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terms of its real and imaginary parts as

D(§) = 8(82 —Q?— iz - i)
ry Tl

+i + = —
T n T, TiT}

(82 —A% 282 Q@ 1

, (6.6.24)
where we have introduced the detuned Rabi frequency Q' = (Q2 4+ A2)1/2,
We see by inspection that the real part of D vanishes for

1/2
§=0, 3=i<Q’Z+L+i> / . (6.6.25)
77 Tl

If we now assume that Q'7» is much greater than unity, these three reso-
nances will be well separated, and we can describe their properties separately.
In this limit, the function D(§) becomes

D) =58(5> — Q%) +i TN W (6.6.26)
= — I s .6.
T Iy
and the three resonances occur at
§=0,+9". (6.6.27)
Near the resonance at § =0, and D(§) can be approximated as
D(8) =—Q"*(8 +il), (6.6.282)
where
A?/T) + Q2T
o= AN+ D (6.6.28b)

A? + Q2
represents the width of this resonance. Likewise, near the resonances at § =
FQ', D(S) can be approximated as

D) =2Q*[(8 £ Q) +il4], (6.6.29a)
where
Q2T+ QA2+ QYT
- 2(Q2+ A?)
represents the width of these resonances. Note that the positions of these reso-
nances can be understood in terms of the energies of the dressed atomic states,

as illustrated in Fig. 6.6.3b. Note also that, for the case of weak optical exci-
tation (i.e., for Q% « A?), 'y approaches the population decay rate 1/ 77, and

'y (6.6.29b)
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"1 approach the dipole dephasing rate 1/ 7. In the limit of strong optical ex-
citation (i.e., for 2 > A?), I'y approaches the limit 1/7> and '+ approach
the limit §(1/ 7y + 1/ 7).

We next calculate the response of the atomic dipole at the sideband frequen-
cies £46. We introduce the expression (6.6.19) for w; into Eq. (6.6.11) for p;
and obtain

7 ppalPwoE

 OA+S+i/TD
[1_ IRPG - A+i/T)E+2i/T)/(A—i/Ts) }
G+i/TE—A+i/T)A+8+i/Tr) — Q2@ +i/Th) ]

(6.6.30)

Written in this form, we see that the response at the probe frequency w + §
can be considered to be the sum of two contributions. The first is the result
of the zero-frequency part of the population difference w. The second is the
result of population oscillations. The first term is resonant only at § = — A,
whereas the second term contains the additional resonances associated with
the function D(8). Sargent (1978) has pointed out that the second term obeys
the relation

o0 —1Q2E = A+i/T)+2i/To)(A—i/Tr)!
/_Oo B+i/TNE—A+i/T)(A+8+i/Ty) — Q28 +i/Tr)

(6.6.31)

Thus, the second term, which results from population oscillations, does not
modify the integrated absorption of the atom in the presence of a pump field;
it simply leads to a spectral redistribution of probe-wave absorption.

A certain simplification of Eq. (6.6.30) can be obtained by combining the
two terms algebraically so that p; can be expressed as

h_1|Mba|2w0El i i 12 s
L LAt [ F SRR | S NSLS IS ¥' © S,
P 6] [( +T1>( +T2) 2 A—i/Tz]
(6.6.32)

Finally, we calculate the response at the sideband opposite to the applied
probe wave through use of Egs. (6.6.12) and (6.6.21) and the fact that w_; =
wy, as noted in the discussion following Eq. (6.6.18). We obtain the result

 2wolppa*EGET (8 = A =i/ D) (=8 +2i | T)(A +i/T>) ™

B3 (A —8+4i/T>)D*(8)
(6.6.33)
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6.6.2.  Nonlinear Susceptibility and Coupled-Amplitude Equations

Let us now use these results to determine the forms of the nonlinear polariza-
tion and the nonlinear susceptibility. Since p; is the complex amplitude of the
dipole moment at frequency w + 8 induced by a probe wave at this frequency,
the polarization at this frequency is P(w+38) = Np;. If we set P(w+6) equal
to eoxeff)(a) + 6) E1, we find that Xeff) (w+38) = Np1/€egE1, or through use of
Eq. (6.6.32) that

N pa|*wo i 8

(1) 162

H=—"2""1|(s §—A B ne—

Xef( w+0)= eohD(8) +T1 D T Y A—ID
(6.6.34)

We have called this quantity an effective linear susceptibility because it de-
pends on the intensity of the pump wave. Similarly, the part of the nonlinear
polarization oscillating at frequency w — § is given by P(w — §) = Np_1. If
we set this quantity equal to 360)(( )[a) —d=wt+o—(0+ 8)]E§E’f, we find
through use of Eq. (6.6.33) that

ritlo—s=w+o—(@+5)]

_ 2Nwolppal* (8 = A —i/To) (=8 +2i/T)(A+i/Ty) !
3eoh> (A — 8 + i/ T>) D*(8) )
We have called this quantity an effective third-order susceptibility, because it
too depends on the laser intensity.

The calculation just presented has assumed that E; (the field at frequency
w + 8) is the only weak wave that is present. However, for the geometry of
Fig. 6.6.2, a weak wave at frequency w — § is generated by the interaction, and
the response of the medium to this wave must also be taken into consideration.
If we let E_ denote the complex amplitude of this new wave, we find that we
can represent the total response of the medium through the equations

(6.6.35)

P(@+8) =eoxly @+ Ei +3e0x Q[0+ =0 +w— (0—8)]|EIE*,,
(6.6.36a)
P(w—238) = eoxeff)(w —8E_1 + 3eoxeff [0—8=0w+0v—(w+ 8)]E3ET.

(6.6.36b)

Formulas for the new quantities x ff) (w—35) and g’f) [w+8=w+w—(w—15)]

can be obtained by formally replacing § by —§ in Egs. (6.6.34) and (6.6.35).
The nonlinear response of the medium as described by Egs. (6.6.36) will of
course influence the propagation of the weak waves at frequencies w + §. We
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can describe the propagation of these waves by means of coupled-amplitude
equations that we derive using methods described in Chapter 2. We introduce
the slowly varying amplitudes A of the weak waves by means of the equa-
tion

Ex) = Agjeh?, (6.6.37a)

where the propagation constant is given by
ki1 =nt1(w=Ed)/c. (6.6.37b)

Here n4; is the real part of the refraction index experienced by each of the
sideband frequencies and is given by

nd;=1+Rexy (@x9). (6.6.37¢)

We now introduce the nonlinear polarization of Egs. (6.6.36) and the
field decomposition of Eq. (6.6.37a) into the wave equation in the form of
Eq. (2.1.22), and assume the validity of the slowly varying amplitude ap-
proximation. We find that the slowly varying amplitudes must obey the set
of coupled equations

dAy

— = —wA + K1 AT el AR (6.6.38a)
Z
dA_ .
y L — A K AtelRe (6.6.38b)
V4

where we have introduced the nonlinear absorption coefficients

1 (0+d
IR <“’ ) Im 3} (@ £ ), (6.6.39)
2\ niqc

the nonlinear coupling coefficients

Kel=—i

RNEOE)
2

)Xe(ff)[wi §=w+o—(0F8]A], (6.6.39b)
nyic

and the wavevector mismatch

Ak =2ky — k1 —k_1, (6.6.39¢)
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where kg is the magnitude of the wavevector of the pump wave.* The coupled
wave equations given by Eqgs. (6.6.38) can be solved explicitly for arbitrary
boundary conditions. We shall not present the solution here; it is formally
equivalent to the solution presented in Chapter 10 to the equations describ-
ing Stokes—anti-Stokes coupling in stimulated Raman scattering. The nature
of the solution to Egs. (6.6.38) for the case of a two-level atomic system has
been described in detail by Boyd et al. (1981). These authors find that signif-
icant amplification of the A; and A_; waves can occur in the near-forward
direction as a consequence of the four-wave mixing processes described by
Egs. (6.6.38). They also find that the gain is particularly large when the de-
tuning & (or its negative —§) is approximately equal to the generalized Rabi
frequency €'. These effects have been studied experimentally by Harter ef al.
(1981).

Let us consider the nature of the solutions of Eqgs. (6.6.38) for the spe-
cial case of the geometry shown in Fig. 6.6.1. For this geometry, because of
the large angle 6 between the pump and probe beams, the magnitude Ak of
the wavevector mismatch is very large, and as a result the coupled-amplitude
equations (6.6.38a) and (6.6.38b) decouple into the two equations

dA dA_
— =—ajAj, =—u_1A_]. (6.6.40)
dz dz

Recall that o1 denotes the absorption coefficient experienced by the probe
wave at frequency w % §, and that o+ depends on the probe—pump detuning
3, on the detuning A of the pump wave from the atomic resonance, and on the
intensity I of the pump wave.

The dependence of «; on the probe—pump detuning § is illustrated for one
representative case in part (a) of Fig. 6.6.4. We see that three features appear
in the probe absorption spectrum. One of these features is centered on the
laser frequency, and the other two occur at the Rabi sidebands of the laser fre-
quency, that is, they occur at frequencies detuned from the laser frequency by
the generalized Rabi frequency ' = (22 + A?)!/2 associated with the driven
atomic response. Note that & can become negative for two of these features;
the gain associated with these features was predicted by Mollow (1972) and
has been observed experimentally by Wu et al. (1977) and by Gruneisen et al.
(1988, 1989). The gain feature that occurs near § = 0 can be considered to be

* We have arbitrarily placed the real part of x ;flf) in n41 and the imaginary part in o4 1. We could

equivalently have placed all of x éflf) in a complex absorption coefficient ¢ | and set Ak equal to zero,
or could have placed all of x e(flf) in a complex refraction index n | and set o4 | equal to zero. We have
chosen the present convention because it illustrates most clearly the separate effects of absorption and

of wavevector mismatch.
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FIGURE 6.6.4 (a) Absorption spectrum of a probe wave in the presence of a strong
pump wave for the case AT, = —3, QT, =8, and T»/T; = 2. (b) Each of the features
in the spectrum shown in part (a) is identified by the corresponding transition between
dressed states of the atom. TP denotes the three-photon resonance, RL denotes the
Rayleigh resonance, and AC denotes the ac-Stark-shifted atomic resonance.

a form of stimulated Rayleigh scattering (see also Chapter 9). Alternatively,
the origin of this feature can be traced to the harmonic temporal modulation of
the population difference w(¢), as described by Eqs. (6.6.8) and (6.6.21)—that
is, to coherent population oscillations. The gain associated with these features
has been utilized to construct optical parametric oscillators (Grandclement et
al., 1987). As demanded by Kramers—Kronig relations, there is a rapid spec-
tral variation of the refractive index associated with this gain feature. This
rapid frequency variation can lead to a significant modification of the group
velocity v, at which light pulses propagate through such a system in accor-
dance with the standard relation v = c/ng, where the group index ng is given
by ng = n + w(dn/dw). Physical situations occur for which ng >> 1; the term
“slow light” is sometimes used to describe this situation. Analogously, the sit-
uation n, positive with n, <« 1 corresponds to “fast light.” Most intriguingly,
physical situations can occur for which ng is negative, which corresponds to
“backward” light propagation. More detailed accounts of these possibilities
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have been presented by Bigelow et al. (2003a, 2003b), and Gehring et al.
(2006).

Part (b) of Fig. 6.6.4 shows the origin of each of the features shown in part
(a). The leftmost portion of this figure shows how the dressed states of the
atom are related to the unperturbed atomic energy states. The next diagram,
labeled TP, shows the origin of the three-photon resonance. Here the atom
makes a transition from the lowest dressed level to the highest dressed level
by the simultaneous absorption of two pump photons and the emission of a
photon at the Rabi sideband frequency w — €. This process can amplify a
wave at the Rabi sideband frequency, as indicated by the region of negative
absorption labeled TP in part (a). The third diagram of part (b), labeled RL,
shows the origin of the stimulated Rayleigh resonance. The Rayleigh reso-
nance corresponds to a transition from the lower level of the lower doublet
to the upper doublet. Each of these transitions is centered on the frequency
of the pump laser. The final diagram of part (b) of the figure, labeled AC,
corresponds to the usual absorptive resonance of the atom as modified by the
ac= Stark effect. For the sign of the detuning used in the diagram, the atomic
absorption is shifted to higher frequencies. Note that this last feature can lead
only to absorption, whereas the first two features can lead to amplification.
The theory of optical wave mixing has been generalized by Agarwal and Boyd
(1988) to treat the quantum nature of the optical field; this theory shows how
quantum fluctuations can initiate the four-wave mixing process described in
this section.

Problems

1. Alternative relaxation models. Determine how the saturated absorption of
an atomic transition depends on the intensity of the incident (monochro-
matic) laser field for the case of an open two-level atom and for a two-level
atom with a non-radiatively coupled intermediate level, and compare these
results with those derived in Section 6.3 for a closed two-level atom.

2. x® for an impurity-doped solid. One is often interested in determin-
ing the third-order susceptibility of a collection of two-level atoms con-
tained in a medium of constant (i.e., wavelength-independent and non-
intensity-dependent) refractive index ng. Show that the third-order suscep-
tibility of such a system is given by Eq. (6.3.36b) in the form shown, or
by Eq. (6.3.33b) with a factor of ng introduced in the numerator, or by
Eq. (6.3.34a) or (6.3.34b) with a factor of n% introduced in the numerator.
In cases in which 10, I2, or ap(A) appears in the expression, it is to be
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understood that the expressions (6.3.30) and (6.3.31) for / so and / SA should
each be multiplied by a factor of ng and the expression (6.3.22b) for «g(0)
should be divided by a factor of ng.

Orthogonality of dressed states. Verify Eq. (6.5.43).

Damping of Rabi oscillations. The intent of this problem is to determine
the influence of 77- and 7»-type relaxation processes on Rabi oscillations
of the sort predicted by the solution to the Schrodinger equation for an
atom in the presence of an intense, near-resonant driving field. In particu-
lar, you are to solve the Bloch equation in the form of Egs. (6.5.49) for the
time evolution of an atom known to be in the ground state at time ¢ = 0 and
subject to a field E e~ 4 ¢.c. that is turned on at time 7 = 0. In addition,
sketch the behavior of w and of p as functions of time.

[Hint: At a certain point in the calculation, the mathematical complexity

will be markedly reduced by assuming that 77 = 7. Make this simplifica-
tion only when it becomes necessary.]
Response times. Consider the question of estimating the response time of
nonresonant electronic nonlinearities of the sort described in Section 4.3.
Student A argues that it is well known that the response time under such
conditions is of the order of the reciprocal of the detuning of the laser field
from the nearest atomic resonance. Student B argues that only relaxation
processes can allow a system to enter the steady state and that consequently
the response time is of the order of the longer of 77 and 7T,—that is, is of
the order of 7. Who is right, and in what sense is each of them correct?

[Hint: Consider how the graph shown in Fig. 6.5.6 and the analogous
graph of p(z) would look in the limit of A > Q, AT, > 1.]

[Partial answer: The nonlinearity turns on in a time A~! but does not
reach its steady-state value until a time of the order of 77.]

Identity pertaining to population oscillations. Verify Eq. (6.6.31).
Coupled wave equations for forward four-wave mixing. Verify that
Egs. (6.6.38) follow from the referenced equations. Also, display explic-
itly the two alternative forms of these equations alluded to in the footnote
to these equations.
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Chapter 7

Processes Resulting from the
Intensity-Dependent Refractive Index

In this chapter, we explore several processes of practical importance that occur
as a result of the intensity-dependent refractive index.

7.1. Self-Focusing of Light and Other Self-Action Effects

Self-focusing of light is the process in which an intense beam of light modifies
the optical properties of a material medium in such a manner that the beam is
caused to come to a focus within the material (Kelly, 1965). This circumstance
is shown schematically in Fig. 7.1.1(a). Here we have assumed that n is posi-
tive. As a result, the laser beam induces a refractive index variation within the
material with a larger refractive index at the center of the beam than at its pe-
riphery. Thus the material acts as if it were a positive lens, causing the beam to
come to a focus within the material. More generally, one refers to self-action
effects as effects in which a beam of light modifies its own propagation by
means of the nonlinear response of a material medium.

Another self-action effect is the self-trapping of light, which is illustrated
in Fig. 7.1.1(b). In this process a beam of light propagates with a constant
diameter as a consequence of an exact balance between self-focusing and dif-
fraction effects. An analysis of this circumstance, which is presented below,
shows that self-trapping can occur only if the power carried by the beam is
exactly equal to the so-called critical power for self-trapping

_ 7(0.61)*2

cr —
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(a)
D -

(b)

(c)

FIGURE 7.1.1 Schematic illustration of three self-action effects: (a) self-focusing of
light, (b) self-trapping of light, and (c) laser beam breakup, showing the transverse
distribution of intensity of a beam that has broken up into many filaments.

where X is the vacuum wavelength of the laser radiation. This line of rea-
soning leads to the conclusion that self-focusing can occur only if the beam
power P is greater than P.

The final self-action effect shown in Fig. 7.1.1(c) is laser beam breakup.*
This process occurs only for P > P and leads to the breakup of the beam
into many components each carrying approximately power P.. This process
occurs as a consequence of the growth of imperfections of the laser wavefront
by means of the amplification associated with the forward four-wave mixing
process.

Let us begin our analysis of self-action effects by developing a simple
model of the self-focusing process. For the present, we ignore the effects
of diffraction; these effects are introduced below. The neglect of diffraction
is justified if the beam diameter or intensity (or both) is sufficiently large.
Fig. 7.1.2 shows a collimated beam of light of characteristic radius wg and an
on-axis intensity [y falling onto a nonlinear optical material for which n; is

* Some authors use the term filamentation to mean the creation of a self-trapped beam of light,
whereas other authors used this term to mean the quasi-random breakup of a beam into many trans-
verse components. While the author’s intended meaning is usually clear from context, in the present
work we avoid the use of the word filamentation to prevent ambiguity. Instead, we will usually speak
of self-trapped beams and of laser beam breakup.
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Zsf/COS esf

3

Y

FIGURE 7.1.2 Prediction of the self-focusing distance zs by means of Fermat’s prin-
ciple. The curved ray trajectories within the nonlinear material are approximated as
straight lines.

positive. We determine the distance z4 from the input face to the self-focus
through use of Fermat’s principle, which states that the optical path length
[ n(r)dl of all rays traveling from a wavefront at the input face to the self-
focus must be equal. As a first approximation, we take the refractive index
along the marginal ray to be the linear refractive index ng of the medium and
the refractive index along the central ray to be ng + nlp. Fermat’s principle
then tells us that

(no + nal)zst = nozst/cos s, (7.1.2)

where the angle Oyt is defined in the figure. If we approximate cos g as 1 —
%Oszf and solve the resulting expression for 6, we find that

Ost = /2121 /nop. (7.1.3)

This quantity is known as the self-focusing angle and in general can be inter-
preted as the characteristic angle through which a beam of light is deviated as
a consequence of self-action effects. The ratio ny1/ng of nonlinear to linear
refractive index is invariably a small quantity, thus justifying the use of the
paraxial approximation. In terms of the self-focusing angle, we can calculate
the characteristic self-focusing distance as zss = wq /6 or as

[T _ 2nowg 1 (for P> Pur) (7.14)
Zsf = W = or s ..
TN 2l T VP P o

where in writing the result in the second form we have made use of expression
(7.1.1).

The derivation leading to the result given by Eq. (7.1.4) ignores the effects
of diffraction, and thus might be expected to be valid when self-action ef-
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FIGURE 7.1.3 Definition of the parameters w, wo, and zpyi. The “rays” are shown as
unmodified by the nonlinear interaction.

fects overwhelm those of diffraction—that is, for P > P... For smaller laser
powers, the self-focusing distance can be estimated by noting that the beam
convergence angle is reduced by diffraction effects and is given approximately
by 6 = (Qszf — Ogif)l/z, where

O4it = 0.61A0/nod (7.1.5)

is the diffraction angle of a beam of diameter d and vacuum wavelength Aq.
Then, once again arguing that zgt = wg/6, we find that
2n0w(2) 1
Z = .
YT T JPIPa—1

Yariv (1975) has shown that for the still more general case in which the
beam has arbitrary power and arbitrary beam-waist position, the distance from
the entrance face to the position of the self-focus is given by the formula

%sz
Tsf = ,
YT (P P — D2 4 2z kw2

(7.1.6)

(7.1.7)

where k = now/c. The beam radius parameters w and wq (which have their
conventional meanings) and zp, are defined in Fig. 7.1.3.

7.1.1.  Self-Trapping of Light

Let us next consider the conditions under which self-trapping of light can
occur. One expects self-trapping to occur when the tendency of a beam to
spread as a consequence of diffraction is precisely balanced by the tendency
of the beam to contract as a consequence of self-focusing effects. The con-
dition for self-trapping can thus be expressed mathematically as a statement
that the diffraction angle of Eq. (7.1.5) be equal to the self-focusing angle of
Eq. (7.1.3)—that is, that

Odif = Ost. (7.1.8)
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By introducing Eqgs. (7.1.3) and (7.1.5) into this equality, we find that self-
trapping will occur only if the intensity of the light within the beam is given
by

_(0.61)%.3

=—. 7.1.9
2nonod? ( )

Since the power contained in such a beam is given by P = (77/4)d*I, we also
see that self-trapping occurs only if the power contained in the beam has the
critical value

7(0.61)°25  A§

cr —

. (7.1.10)
8nony 8nony

This result was stated above as Eq. (7.1.1) without proof. Note that according
to the present model a self-trapped beam can have any diameter d, and that
for any value of d the power contained in the filament has the same value,
given by Eq. (7.1.10). The value of the numerical coefficient appearing in
this formula depends on the detailed assumptions of the mathematical model
of self-focusing; this point has been discussed in detail by Fibich and Gaeta
(2000).

The process of laser-beam self-trapping can be described perhaps more
physically in terms of an argument presented by Chiao et al. (1964). One
makes the simplifying assumption that the laser beam has a flat-top intensity
distribution, as shown in Fig. 7.1.4(a). The refractive index distribution within
the nonlinear medium then has the form shown in part (b) of the figure, which
shows a cut through the medium that includes the symmetry axis of the laser
beam. Here the refractive index of the bulk of the material is denoted by ng
and the refractive index of that part of the medium exposed to the laser beam
is denoted by no + én, where én is the nonlinear contribution to the refrac-
tive index. Also shown in part (b) of the figure is a ray of light incident on
the boundary between the two regions. It is one ray of the bundle of rays that
makes up the laser beam. This ray will remain trapped within the laser beam if
it undergoes total internal reflection at the boundary between the two regions.
Total internal reflection occurs if 0 is less than the critical angle 6y for total
internal reflection, which is given by the equation

no
no+én’

cosfy = (7.1.11)

Since én is very much smaller than ng for essentially all nonlinear optical
materials, and consequently 6y is much smaller than unity, Eq. (7.1.11) can be
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FIGURE 7.1.4 (a) Radial intensity distribution of a “flat-top” laser beam. (b) A ray of
light incident on the boundary formed by the edge of the laser beam.

approximated by
on
12

which shows that the critical angle is related to the nonlinear change in refrac-
tive index by

6o = (26n/np)'/. (7.1.12)

A laser beam of diameter d will contain rays within a cone whose maximum
angular extent is of the order of magnitude of the characteristic diffraction
angle 6gir = 0.6110/nod, where Ag is the wavelength of the light in vacuum.
We expect that self-trapping will occur if total internal reflection occurs for
all of the rays contained within the beam, that is, if 64if = 6p. By comparing
Egs. (7.1.12) and (7.1.5), we see that self-trapping will occur if

8n = $no(0.61x0/dng)?, (7.1.13a)
or equivalently, if
d =0.6119(2nodn)~1/2. (7.1.13b)

If we now replace én by ny1, we see that the diameter of a self-trapped beam
is related to the intensity of the light within the beam by

d = 0.611o(2nonal) "'/ (7.1.14)
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The power contained in a beam whose diameter is given by Eq. (7.1.14) is as
before given by

(7.1.15)

Note that the power, not the intensity, of the laser beam is crucial in determin-
ing whether self-focusing will occur.

When the power P greatly exceeds the critical power P and self-focusing
does occur, the beam will usually break up into many filaments, each of which
contains power P.;. The theory of filament formation has been described by
Bespalov and Talanov (1966) and is described more fully in a following sub-
section.

It is instructive to determine the numerical values of the various physical
quantities introduced in this section. For carbon disulfide (CS,), ny for lin-
early polarized light is equal to 3.2 x 10~!8 m? /W, ng is equal to 1.7, and P,;
at a wavelength of 1 pum is equal to 27 kW. For typical crystals and glasses,
ny is in the range 5 x 1072 to 5 x 107! m?/W and P, is in the range 0.2 to
2 MW. We can also estimate the self-focusing distance of Eq. (7.1.4). A fairly
modest Q-switched Nd: YAG laser operating at a wavelength of 1.06 um might
produce an output pulse containing 10 mJ of energy with a pulse duration of
10 nsec, and thus with a peak power of the order of 1 MW. If we take wg equal
to 100 um, Eq. (7.1.4) predicts that z¢s = 1 cm for carbon disulfide.

7.1.2.  Mathematical Description of Self-Action Effects

The description of self-action effects just presented has been of a somewhat
qualitative nature. Self-action effects can be described more rigorously by
means of the nonlinear optical wave equation.

For the present we consider steady-state conditions only, as would apply
for excitation with a continuous-wave laser beam. The paraxial wave equation
under these conditions is given according to Eq. (2.10.3) by

. 0A 5 w?
2ikp— + V3 A=——pnNL, (7.1.16)
9z €oc?

where for a purely third-order nonlinear optical response the amplitude of the
nonlinear polarization is given by
L = 3eox D APA. (7.1.17)

Steady-state self-trapping can be described by these equations.
We consider first the solution of Eqgs. (7.1.16) and (7.1.17) for a beam that
is allowed to vary in one transverse dimension only. Such a situation could be
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realized experimentally for the situation in which a light field is constrained
to propagate within a planar waveguide. In this case these equations become
A 9%A w?
2iko—— + —5 = —3x P = |A]*A, 7.1.18
05 + 52 =14l (7.1.18)
where A is now a function of x and z only. This equation possesses a solution
of the form

A(x, z) = Agsech(x/xq)e' "7, (7.1.19)

where the width of the field distribution is given by

1
xO:k—,/no/Zﬁz|A0|2 (7.1.20)
0

and the rate of nonlinear phase acquisition is given by
y = komiz| Ao|* /o, (7.1.21)

where, as in Section 4.1, ny = 3X(3)/4n0. The solution given by Eq. (7.1.19)
is sometimes referred to as a spatial soliton, because it describes a field that
can propagate for long distances with an invariant transverse profile. Behavior
of this sort has been observed experimentally by Barthelemy et al. (1985) and
by Aitchison et al. (1991).

For a beam that varies in both transverse directions, Eqgs. (7.1.16) and
(7.1.17) cannot be solved analytically, and only numerical results are known.
The lowest-order solution for a beam with cylindrical symmetry was reported
by Chiao et al. (1964) and is of the form of a bell-shaped curve of approxi-
mately gaussian shape. Detailed analysis shows that in two transverse dimen-
sions spatial solitons are unstable in a pure Kerr medium (i.e., one described
by an 77 nonlinearity) but that they can propagate stably in a saturable non-
linear medium. Stable self-trapping in saturable media has been observed ex-
perimentally by Bjorkholm and Ashkin (1974). Higher-order solutions have
been reported by Haus (1966).

7.1.3. Laser Beam Breakup into Many Filaments

We mentioned earlier that beam breakup occurs as a consequence of the
growth by forward four-wave-mixing amplification of irregularities initially
present on the laser wavefront. This occurrence is illustrated schematically
in Fig. 7.1.5. Filamentation typically leads to the generation of a beam with
a random intensity distribution, of the sort shown in part (c) of Fig. 7.1.1.
However, under certain circumstances, the beam breakup process can produce
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FIGURE 7.1.5 Tllustration of laser beam breakup by the growth of wavefront pertur-
bations.

beams with a transverse structure in the form of highly regular geometrical
patterns; see, for instance, Bennink et al. (2002).

Let us now present a mathematical description of the process of laser beam
breakup. Our derivation follows closely that of the original description of
Bespalov and Talanov (1966). We begin by expressing the field within the
nonlinear medium as

E(r,t) = E()e ' +c.c., (7.1.22)

where (see also Fig. 7.1.6) it is convenient to express the electric field ampli-
tude as the sum of three plane-wave components as

E(r) = Eo(r) + E1(r) + E_1(r) = [Ao(2) + A1 (1) + A_1 (1) ]’
=[A0(2) + a1(2)e'9" +a_j(z)e 97 ]e’?,

where k = now/c. Here E( represents the strong central component of the
laser field and E| and E_; represent weak, symmetrically displaced spatial
sidemodes; at various points in the calculation it will prove useful to introduce
the related quantities Ag, A+1 and a4;. The latter quantities are defined in
relation to the transverse component q of the optical wavevector of the off-
axis modes. We next calculate the nonlinear polarization in the usual manner:

P=3cxP|EPE=Py+ P + P_, (7.1.23)

where the part of the polarization that is phase matched to the strong central
component is given by

Py =3eox P |Eol* Eg = 30 x V| Ao|* Ag /% = poe’**, (7.1.24)

and where the part of the polarization that is phase matched to the sidemodes
is given by

Piy=3eox P (21Eo Ex1 + EGEL)) = p+1e™. (7.1.25)
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(a) ()

FIGURE 7.1.6 (a) Filamentation occurs by the growth of the spatial sidemodes E
and E_ at the expense of the strong central component Eg. (b) Wavevectors of the
interacting waves.

Let us first solve the wave equation for the spatial evolution of Ag, which
is given by

LAY s w?
2ik—— 4+ V{ Ay =——=po. (7.1.26)
9z €oc?

Since VJZ_AO = (0, the solution of this equation is simply

Ao(z) = Agoe' "%, (7.1.27)
where
360)((3)
L |Agol? = nakyacl (7.1.28)

denotes the spatial rate of nonlinear phase acquisition and where, for simplic-
ity but without loss of generality, we assume that Agg is a real quantity. This
solution expresses the expected result that the strong central component sim-
ply acquires a nonlinear phase shift as it propagates. We now use this result
with Eq. (7.1.25) to find that the part of the nonlinear polarization that couples
to the sidemodes is given by

pr1 =3e0x P [21Ago* Ax1 + AGge® T A% ]. (7.1.29)
We next consider the wave equation for the off-axis modes. Starting with

As1 o, o
+ViA4 = —Goczpil, (7.1.30)

2ik

we introduce A+] = a4 exp(£iq - r) and expression (7.1.29) for Py to ob-
tain

9 2 .
2ik% — gPas; = —%3X<3>|A00|2[2ai1 +at i (71130
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This equation is now rearranged, and expression (7.1.28) for y is introduced
to obtain

day ig? . ]
= T zq—kail =iy (2as) +a%e77). (7.1.32)

We next perform a change of variables to remove the unwanted exponential
phase factor appearing in the last term in this equation. In particular, we define

at) =al, ez (7.1.33)

In terms of the new “primed” variables, Eq. (7.1.32) becomes

d . 2 .
d_za;“ =i(y —q°/2k)al, +iyaZy. (7.1.34)
This set of equations now possesses constant coefficients and can be solved
directly. Perhaps the simplest way to solve these equations is to express them
in matrix form as

d | a i(y =B iy a
— = . . , 7.1.35
iz [aﬁi} "D s a (7139
where B = ¢%/2k. We seek the eigensolutions of this equation—that is, solu-
tions of the form
/ / O
@@ | a® foas (7.136)
(1_1 (Z) a—l (O)
This assumed solution is substituted into Eq. (7.1.35), which then becomes
. . _ . / 0
[l(’” H=A 1y } aO_g (7.1.37)
—iy —i(y =B)—A || a’*(0)

This equation possesses nonvanishing solutions only if the determinant of the
two-by-two matrix appearing in this equation vanishes. This condition leads
to the result that

A=+/B2y - p). (7.1.38)

Note that this system of equations can produce gain (Re A > 0) only for
y > % B, which shows immediately that 7, must be positive in order for beam
breakup to occur. More explicitly, Fig. 7.1.7 shows a plot of the forward four-
wave-mixing gain coefficient A as a function of the transverse wavevector
magnitude g. We see that the maximum gain is numerically equal to the non-
linear phase shift y experienced by the pump wave. We also see that the gain
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FIGURE 7.1.7 Variation of the gain coefficient A of the forward four-wave mixing
process that leads to laser-beam breakup with transverse wavevector magnitude ¢.

vanishes for all values of ¢ greater than gpax = 2+4/ky and reaches its maxi-
mum value for wavevector gopt = gmax/ /2. There is consequently a charac-
teristic angle at which the breakup process occurs, which is given by

Gopt = CIopt/k~ (7.1.39)

This angle has a direct physical interpretation, as described originally by
Chiao er al. (1966). In particular, Oop is the direction in which the near-
forward four-wave-mixing process becomes phase matched, when account is
taken of the nonlinear contributions to the wavevectors of the on- and off-axis
waves.

It is extremely instructive to calculate the characteristic power carried by
each of the filaments created by the breakup process. This power Py is of
the order of the initial intensity / of the laser beam times the characteristic
cross sectional area of one of the filaments. If we identify this area with the
square of the characteristic transverse distance scale associated with the beam
breakup process—that is, with wgff =( /q)z, we find that

)\42
Pg =

= , (7.1.40)
8nonay

which is of the same order of magnitude as the critical power for self-focusing
P, introduced in Eq. (7.1.1). We thus see that the beam breakup process is
one in which the laser beam breaks up into a large number of individual com-
ponents, each of which carries power of the order of P.

Conditions for the Occurrence of Nonlinear Beam Breakup Let us next deter-
mine the conditions under which laser breakup is expected to occur. This is
actually a quite subtle question, for at least two reasons. First, the breakup
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process grows from perturbations initially present on the laser wavefront, and
thus a very clean laser beam will have a much higher threshold for beam
breakup than a “dirty” beam. Second, whereas the gain of the breakup process
depends directly on laser intensity, the properties of whole-beam self-focusing
depend on the intensity and beam spot size in a more complicated manner.

To address this question, let us define a beam breakup distance zg; through
the relation noky.cIz61 = G, where G is a numerical factor (of the order of 3
to 10) that specifies the level of gain that must be present in order for beam
breakup to occur. For the optimum transverse wavevector gop the gain will
attain its maximum value A = y = naky,c I, and we thus find that

G (7.1.41)
261 = . 1.
nokyacl
This distance is to be compared to the self-focusing distance
2now} 1
Zsf = 0 (7.1.42)

A N P/Py—1

(see Eq. (7.1.4) derived earlier), with P, = 7[(0.61)2)% /8non,. The condition
for the occurrence of beam breakup then can be stated as zg < L, where L
is the interaction path length, and zg < zsf. These conditions state that the
breakup process must occur within the length of the interaction region, and
that the competing process of whole-beam self-focusing must not occur. Note
that zg) decreases more rapidly with increasing laser power (or intensity) than
does zsf, and thus beam breakup can always be induced through use of a suf-
ficiently large laser power. Let us calculate the value of the laser power under
conditions such that zg; is exactly equal to zgr. We find, using Eq. (7.1.42) in
the limit P > P, that

P/ P =4G>. (7.1.43)

For the representative value G = 5, we find that beam breakup is expected
only for P > 100 P,;.

7.1.4. Self-Action Effects with Pulsed Laser Beams

For simplicity and conceptual clarity, the preceding discussion has dealt with
continuous-wave laser beams. Self-action effects can have quite a different
character when excited using pulsed radiation. Only some general comments
are presented here. Additional aspects of self-action effects as excited by ul-
trashort optical pulses are presented in Chapter 13.
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Moving Focus Model The moving focus model was developed by Loy and
Shen (1973) to describe the properties of self-focusing when excited with
nanosecond laser pulses. To understand this model, one notes that for pulsed
radiation the self-focusing distance zgr of Eq. (7.1.4) (i.e., the distance from
the input face of the nonlinear medium to the self-focus point) will vary ac-
cording to the value of the instantaneous intensity 7 (¢) at the input face. Thus,
the focal point will sweep through the material as it follows the temporal evo-
lution of the pulse intensity. Under many circumstances, damage will occur
at the point of peak intensity, and thus the damage tracks observed by early
works (Hercher, 1964) can be interpreted as the locus of focal points for all
values of the input intensity / (¢). Some aspects of the moving focus model are
quite subtle. For instance, because of transit time effects, there are typically
two self-focal points within the material at any given time. One of these oc-
curs closer to the entrance face of the material and is a consequence of intense
light near the peak of the pulse, whereas another focus occurs at greater dis-
tances into the material and occurs as a consequence of earlier, weaker parts
of the pulse.

Transient Self-Focusing Transient self-focusing occurs when the laser pulse
duration 7, is comparable to or shorter than the turn-on time of the material
response. In this situation, the nonlinear response develops during the time
extent of the laser pulse, and consequently the nonlinear response is stronger
for the trailing edge of the pulse than for the leading edge. Thus the trailing
edge is more strongly self-focused than is the leading edge, leading to signifi-
cant distortion of the pulse intensity distribution in both space and time. This
process has been described in detail by Shen (1975). Transient self-focusing
can be observed through use of picosecond laser pulses propagating through
liquids in which the dominant nonlinearity is the molecular orientation effect.

7.2. Optical Phase Conjugation

Optical phase conjugation is a process that can be used to remove the effects
of aberrations from certain types of optical systems (Zel’dovich et al., 1985;
Boyd and Grynberg, 1992). The nature of the phase conjugation process is
illustrated in Fig. 7.2.1. Part (a) of the figure shows an optical wave falling
at normal incidence onto an ordinary metallic mirror. We see that the most
advanced portion of the incident wavefront remains the most advanced af-
ter reflection has occurred. Part (b) of the figure shows the same wavefront
falling onto a phase-conjugate mirror. In this case the most advanced por-
tion turns into the most retarded portion in the reflection process. For this
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FIGURE 7.2.1 Reflection from (a) an ordinary mirror and (b) a phase-conjugate mir-
ror.

reason, optical phase conjugation is sometimes referred to as wavefront rever-
sal. Note, however, that the wavefront is reversed only with respect to normal
geometrical reflection; in fact, the generated wavefront exactly replicates the
incident wavefront but propagates in the opposite direction. For this reason,
optical phase conjugation is sometimes referred to as the generation of a time-
reversed wavefront, as shown more explicitly in Eq. (7.2.5).

The reason why the process illustrated in part (b) of Fig. 7.2.1 is called
phase conjugation can be understood by introducing a mathematical descrip-
tion of the process. We represent the wave incident on the phase-conjugate
mirror (called the signal wave) as

E(r, 1) = E(r)e ' +c.c. (7.2.1)

When illuminated by such a wave, a phase-conjugate mirror produces a re-
flected wave, called the phase-conjugate wave, described by

E.(r, 1) =rEf(r)e ™ +c.c., (7.2.2)

where r represents the amplitude reflection coefficient of the phase-conjugate
mirror. In order to determine the significance of replacing Eq(r) by Ef (r) in
the reflection process, it is useful to represent Eq(r) as the product

Eg(r) = &Ag(r)e’™sT, (7.2.3)

where € represents the polarization unit vector, A¢(r) the slowly varying field
amplitude, and kg the mean wavevector of the incident light. The complex
conjugate of Eq. (7.2.3) is given explicitly by

EX(r) =efAl(r)e ™, (7.2.4)

We thus see that the action of an ideal phase-conjugate mirror is threefold:
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1. The complex polarization unit vector of the incident radiation is replaced
by its complex conjugate. For example, right-hand circular light remains
right-hand circular in reflection from a phase-conjugate mirror rather than
being converted into left-hand circular light, as is the case in reflection at
normal incidence from a metallic mirror.

2. Aq(r) is replaced by A (r), implying that the wavefront is reversed in the
sense illustrated in Fig. 7.2.1(b).*

3. Kk, is replaced by —Ks, showing that the incident wave is reflected back into
its direction of incidence. From the point of view of ray optics, this result
shows that each ray of the incident beam is precisely reflected back onto
itself.

Note further that Eqs. (7.2.1) through (7.2.4) imply that
Ec(r, 1) = rEy(r, —1). (7.2.5)

This result shows that the phase conjugation process can be thought of as the
generation of a time-reversed wavefront.

It is important to note that the description given by Eq. (7.2.4) refers to an
ideal phase-conjugate mirror. Many physical devices that are commonly re-
ferred to as phase-conjugate mirrors are imperfect either in the sense that they
do not possess all three properties just listed or in the sense that they possess
these properties only approximately. For example, many phase-conjugate mir-
rors are highly imperfect in their polarization properties, even though they are
nearly perfect in their ability to perform wavefront reversal.

7.2.1.  Aberration Correction by Phase Conjugation

The process of phase conjugation is able to remove the effects of aberrations
under conditions such that a beam of light passes twice in opposite direc-
tions through an aberrating medium. The reason why optical phase conjuga-
tion leads to aberration correction is illustrated in Fig. 7.2.2. Here an initially
plane wavefront propagates through an aberrating medium. The aberration
may be due to turbulence in the earth’s atmosphere, inhomogeneities in the
refractive index of a piece of glass, or a poorly designed optical system. The
wavefront of the light leaving the medium therefore becomes distorted in the
manner shown schematically in the figure. If this aberrated wavefront is now
allowed to fall onto a phase-conjugate mirror, a conjugate wavefront will be
generated, and the sense of the wavefront distortion will be inverted in this

* Because of this property, the phase conjugation process displays special quantum noise charac-
teristics. These characteristics have been described by Gaeta and Boyd (1988).
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FIGURE 7.2.2 Aberration correction by optical phase conjugation.
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FIGURE 7.2.3 Conjugate waves propagating through an inhomogeneous optical
medium.

reflected wave. As a result, when this wavefront passes through the aberrating
medium again, an undistorted output wave will emerge.

Let us now see how to demonstrate mathematically that optical phase con-
jugation leads to aberration correction. (Our treatment here is similar to that
of Yariv and Fisher in Fisher, 1983.) We consider a wave E(r, 1) propagating
through a lossless material of nonuniform refractive index n(r) = [€ (r)]'/2,
as shown in Fig. 7.2.3.

We assume that the spatial variation of €(r) occurs on a scale that is much
larger than an optical wavelength. The optical field in this region must obey
the wave equation, which we write in the form

vzﬁ—ﬂaz—E=o (7.2.6)
2 0t? ) -

We represent the field propagating to the right through this region as
E@r, 1) =Ame* ) pcc., (7.2.7)

where the field amplitude A(r) is assumed to be a slowly varying function
of r. Since we have singled out the z direction as the mean direction of prop-
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agation, it is convenient to express the Laplacian operator which appears in
Eq. (7.2.6) as
2

vz—a—+v2 (7.2.8)
T2 T -

where V% = 3%2/8x> + 8%/0y? is called the transverse Laplacian. Equa-
tions (7.2.7) and (7.2.8) are now introduced into Eq. (7.2.6), which becomes

2

w e(r dA

VZA+ ® _ e |a+2k24 —o, (7.2.9)
2 0z

In writing this equation in the form shown, we have omitted the term 82 A /9z>

because A(r) has been assumed to be slowly varying. Since this equation is

generally valid, so is its complex conjugate, which is given explicitly by

2 *
0A
V2ar 4 | 260 ol 0l . (7.2.10)
c2 0z
However, this equation describes the wave
Ec(r,t) = A*(n)e! T ) p ¢, (7.2.11)

which is a wave propagating in the negative z direction whose complex am-
plitude is everywhere the complex conjugate of the forward-going wave. This
proof shows that if the phase-conjugate mirror can generate a backward-going
wave whose amplitude is the complex conjugate of that of the forward-going
wave at any one plane (say the input face of the mirror), then the field am-
plitude of the backward-going wave will be the complex conjugate of that of
the forward-going wave at all points in front of the mirror. In particular, if the
forward-going wave is a plane wave before entering the aberrating medium,
then the backward-going (i.e., conjugate) wave emerging from the aberrating
medium will also be a plane wave.

The phase conjugation process is directly suited for removing the effects
of aberrations in double pass, but under special circumstances can be used to
perform single-pass aberration correction; see, for instance, MacDonald e al.

(1988).

7.2.2. Phase Conjugation by Degenerate Four-Wave Mixing

Let us now consider a physical process that can produce a phase conjugate
wavefront. It has been shown by Hellwarth (1977) and by Yariv and Pepper
(1977) that the phase conjugate of an incident wave can be created by the
process of degenerate four-wave mixing (DFWM) using the geometry shown
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FIGURE 7.2.4 Geometry of phase conjugation by degenerate four-wave mixing.

in Fig. 7.2.4. This four-wave mixing process is degenerate in the sense that
all four interacting waves have the same frequency. In this process, a lossless
nonlinear medium characterized by a third-order nonlinear susceptibility x
is illuminated by two strong counterpropagating pump waves E; and E; and
by a signal wave E3. The pump waves are usually taken to be plane waves,
although in principle they can possess any wavefront structure as long as their
amplitudes are complex conjugates of one another. The signal wave is allowed
to have an arbitrary wavefront. In this section we show that, as a result of the
nonlinear coupling between these waves, a new wave Ejy is created that is
the phase conjugate of E3. We also derive an expression (Eq. (7.2.37)) that
describes the efficiency with which the conjugate wave is generated.

Since the mathematical development that follows is somewhat involved, it
is useful to consider first in simple terms why the interaction illustrated in
Fig. 7.2.4 leads to the generation of a conjugate wavefront. We represent the
four interacting waves by

Ei(r,1)=E;(r)e " +c.c.
= A;(r)EI®iTo e, (7.2.12)

fori =1,2,3,4, where the A; (r) are slowly varying quantities. The nonlinear
polarization produced within the medium by the three input waves will have,
in addition to a large number of other terms, a term of the form

PN = 6eox O E|E2Ef =660 P A1 A Al Kitha—ka) T (7.2.13)

Since we have assumed that the pump waves E; and E, are counterpropagat-
ing, their wavevectors are related by

k; +ky =0, (7.2.14)
and thus Eq. (7.2.13) becomes
PNE = 6egx P A AgAGe ST, (7.2.15)
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We see that this contribution to the nonlinear polarization has a spatial de-
pendence that allows it to act as a phase-matched source term for a conjugate
wave (E4) having wavevector —k3, and thus we see that the wavevectors of
the signal and conjugate waves are related by

ks = —Ky. (7.2.16)

The field amplitude of the wave generated by the nonlinear polarization
of Eq. (7.2.15) will be proportional to A A;A3. This wave will be the phase
conjugate of A3 whenever the phase of the product A A, is spatially invariant,
either because A; and A, both represent plane waves and hence are each
constant or because A; and A; are phase conjugates of one another (because
if A; is proportional to A¥, then A A, will be proportional to the real quantity
|A1l%).

We can also understand the interaction shown in Fig. 7.2.4 from the fol-
lowing point of view. The incoming signal wave of amplitude A3 interferes
with one of the pump waves (e.g., the forward-going pump wave of amplitude
A1) to form a spatially varying intensity distribution. As a consequence of the
nonlinear response of the medium, a refractive index variation accompanies
this interference pattern. This variation acts as a volume diffraction grating,
which scatters the other pump wave to form the outgoing conjugate wave of
amplitude Ay4.

Let us now treat the degenerate four-wave mixing process more rigorously.
The total field amplitude within the nonlinear medium is given by

E=E1+E,+ E3+ E4. (7.2.17)
This field produces a nonlinear polarization within the medium, given by
P =3eox Y E’E*, (7.2.18)
where x® = x®(w = w + w — w). The product E2E* that appears on the
right-hand side of this equation contains a large number of terms with different
spatial dependences. Those terms with spatial dependence of the form

M fori=1,2,3,4 (7.2.19)

are particularly important because they can act as phase-matched source terms
for one of the four interacting waves. The polarization amplitudes associated
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with these phase-matched contributions are as follows:
=3eox P[ELE} + 2E1E2E} +2E\E3E} + 2E | E4E} + 2E3E4E} |,
Py =3eox P[E3E} + 2E,E\Ef +2E2E3E} + 2E,E4Ef + 2E3E4E} |,
Py =3eox P[E3E} + 2E3E\Ef +2E3E>E} + 2E3E4E + 2E1 E2E} |,
Py =3eox P[EFE} +2E4E\E} +2E4E>E} + 2E4EsE} + 2E1 E2 E} .
(7.2.20)

We next assume that the fields E3 and E4 are much weaker than the pump
fields £ and E». In the above expressions we therefore drop those terms that
contain more than one weak-field amplitude. We hence obtain

Py =3eox P[ELE} +2E 1 E2 E}),

P, =3eox P[E3E; +2E,E\ Ef ],

Py =3eox V[2E3E\E} +2E5ELE; +2EE2E}],

Py =3eox V[2E4E\E} + 2E4E2E + 2E1E2ES]. (7.2.21)

Note that, at the present level of approximation, the E3 and E4 fields are
each driven by a polarization that depends on the amplitudes of all of the
fields, but that the polarizations driving the E| and E; fields depend only on
E1 and E; themselves. We thus consider first the problem of calculating the
spatial evolution of the pump field amplitudes E£; and E,. We can then later
use these known amplitudes when we calculate the spatial evolution of the
signal and conjugate waves.

We assume that each of the interacting waves obeys the wave equation in
the form

,~ € O°E 1 9% -
VE -G Ta2 el
c* 0t €pct Ot
We now introduce Egs. (7.2.12) and (7.2.21) into this equation and make the
slowly varying amplitude approximation. Also, we let z’ be the spatial coordi-
nate measured in the direction of propagation of the E; field, and we assume
for simplicity that the pump waves have plane wavefronts. We then find that
the pump field A; must obey the equation

d 2 .
[( &+ 2ik1 7 —I—ﬂ)Al}e’(l‘”_“’”

2
w ' /
=—— 3xV[1A11> +21A2]A ' C1e 7D,
C

(7.2.22)
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which, after simplification, becomes

dA1 3diw )

= =—x[1A117 +2142°]A1 = iK1 Ay (7.2.23a)
dz 2nc
We similarly find that the backward-going pump wave is described by the

equation

dA,Z = ﬂxm[mzﬁ +2|A11*]A2 = iK2 As. (7.2.23b)
dz 2nc

Since k1 and ky are real quantities, these equations show that A; and A;
each undergo phase shifts as they propagate through the nonlinear medium.
The phase shift experienced by each wave depends both on its own intensity
and on that of the other wave. Note that each wave shifts the phase of the
other wave by twice as much as it shifts its own phase, in consistency with the
general result described in the discussion following Eq. (4.1.14). These phase
shifts can induce a phase mismatch into the process that generates the phase-
conjugate signal. Note that since only the phases (and not the amplitudes) of
the pump waves are affected by the nonlinear coupling, the quantities |Aj|?
and |A,|? are spatially invariant, and thus the quantities 1 and «, that appear
in Egs. (7.2.23) are in fact constants. These equations can therefore be solved
directly to obtain

A1(@) = A (0)e™ 17, (7.2.24a)
Ar() = Ax(0)e~ 27, (7.2.24b)

The product A1 A, that appears in the expression (7.2.15) for the nonlinear po-
larization responsible for producing the phase-conjugate wave therefore varies
spatially as

A1(2)A2(2) = A1(0) Ay (D)€' *1 77 (7.2.25)

the factor ¢! K17¥2)Z" shows the effect of wavevector mismatch. If the two
pump beams have equal intensities so that k1 = k», the product A;A; be-
comes spatially invariant, so that

A1(Z)A2(Z)) = A1(0)A2(0), (7.2.26)

and in this case the interaction is perfectly phase-matched. We shall hence-
forth assume that the pump intensities are equal.

We next consider the coupled-amplitude equations describing the signal and
conjugate fields, E3 and E4. We assume for simplicity that the incident sig-
nal wave has plane wavefronts. This is actually not a restrictive assumption,



7.2. Optical Phase Conjugation 351

because an arbitrary signal field can be decomposed into plane-wave compo-
nents, each of which will couple to a plane-wave component of the conjugate
field E4. Under this assumption, the wave equation (7.2.22) applied to the
signal and conjugate fields leads to the coupled-amplitude equations

dA3 3la) (3)

AP+ 1A2%) A3 + A1 A2 AT], (7227
dz ne [(' 1| +1 2|) 3+ A1A2 4] ( a)
dA 3i
dz4 ,ZU LA +142°) Ag + A1 4245]. (7.2.27b)

For convenience, we write these equations as

dAs | Lk
— =ik3A3 +ikAy, (7.2.28a)
dz
dA
T = ik Ag — ik AL (7.2.28b)
dz
where we have introduced the coupling coefficients
3w
k3= x V(141 +142P%), (7.2.292)
306
K= Al A>. (7.2.29b)
ne t

The set of equations (7.2.28) can be simplified through a change of vari-
ables. We let

Az = Al (7.2.30a)
Ay = Alje™ 3%, (7.2.30b)
Note that the primed and unprimed variables coincide at the input face of the

interaction region—that is, at the plane z = 0. We introduce these relations
into Eq. (7.2.28), which becomes

/

lK3A/ zK;z+d(1A3 lKgZ_lK3A/ iK32 +IKA/* ucgz
Z

or
3 __ /%
— =iKkAy". (7.2.31a)

We similarly find that Eq. (7.2.28) becomes
dA)

= —ikAY (7.2.31b)
Z
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This set of equations shows why degenerate four-wave mixing leads to
phase conjugation: The generated field A} is driven only by the complex
conjugate of the input field amplitude. We note that this set of equations is
formally identical to the set that we would have obtained if we had taken the
driving polarizations of Eq. (7.2.21) to be simply

Pi=P,=0, Py=6eoxVEIEE],  Py=6e0xVE|ELE},
(7.2.32)
if we had ignored the modification of the pump waves resulting from the non-
linear interaction.

Next, we solve the set of equations (7.2.31). We take the derivative of
Eq. (7.2.31) with respect to z and introduce Eq. (7.2.31) to obtain*

2 /

ey 44 cPA, (7.2.33)

This result shows that the spatial dependence of A, must be of the form
A} (z) = Bsin|k|z + C cos|k|z. (7.2.34)

In order to determine the constants B and C, we must specify the boundary
conditions for each of the two weak waves at their respective input planes. In
particular, we assume that A’3* (0) and AQ{(L) are specified. In this case, the
solution of Eq. (7.2.33) is

l|K| smliclz cos[|x|(z — L)]

( y=—— oSl |L AL (L) + WA?’ 0), (7.2.35a)
Lo cosIKIZ _iksinf|k|(z = L)]
A= oo AL(L) oL AT @ (72350)

However, for the case of four-wave mixing for optical phase conjugation, we
can usually assume that there is no conjugate wave injected into the medium
at z = L—that is, we can assume that

4(L)=0. (7.2.36)

* We are assuming throughout this discussion that x(3) and hence « are real; we have written the
equation in the form shown for generality and for consistency with other cases where « is complex.
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Furthermore, we are usually interested only in the output values of the two
interacting fields. These output field amplitudes are then given by

A0
AF(L) = L), (7.2.37a)
cos|k|L
AL(0) = %(tanwlL)Ag*(O). (7.2.37b)
K

Note that the transmitted signal wave A%*(L) is always more intense than
the incident wave. Note also that the output conjugate wave A4(0) can have
any intensity ranging from zero to infinity, the actual value depending on the
particular value of |« |L. The reflectivity of a phase-conjugate mirror based on
degenerate four-wave mixing can exceed 100% because the mirror is actively
pumped by externally applied waves, which can supply energy.

From the point of view of energetics, we can describe the process of de-
generate four-wave mixing as a process in which one photon from each of
the pump waves is annihilated and one photon is added to each of the sig-
nal and conjugate waves, as shown in Fig. 7.2.5. Hence, the conjugate wave
Ay is created, and the signal wave A3 is amplified. The degenerate four-wave
mixing process with counterpropagating pump waves is automatically phase-
matched (when the two pump waves have equal intensity or whenever we
can ignore the nonlinear phase shifts experienced by each wave). We see that
this is true because no phase-mismatch terms of the sort ¢ 2<% appear on

(a) (b) (©)

Al Ayl Ayl Ay

FIGURE 7.2.5 Parts (a) and (b) are energy-level diagrams describing two different
interactions that can lead to phase conjugation by degenerate four-wave mixing. In ei-
ther case, the interaction involves the simultaneous annihilation of two pump photons
with the creation of signal and conjugate photons. Diagram (a) describes the domi-
nant interaction if the applied field frequency is nearly resonant with a one-photon
transition of the material system, whereas (b) describes the dominant interaction un-
der conditions of two-photon-resonant excitation. Part (c) shows the wavevectors of
the four interacting waves. Since k; + ko — k3 — kg = 0, the process is perfectly
phase-matched.
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FIGURE 7.2.6 Experimental setup for studying phase conjugation by degenerate
four-wave mixing.

the right-hand sides of Egs. (7.2.31). The fact that degenerate four-wave mix-
ing in the phase conjugation geometry is automatically phase-matched has a
very simple physical interpretation. Since this process entails the annihilation
of two pump photons and the creation of a signal and conjugate photon, the
total input energy is 2fiw and the total input momentum is z(k; + ko) = 0;
likewise the total output energy is 2fiw and the total output momentum is
h(ks 4+ kq) = 0. If the two pump beams are not exactly counterpropagating,
then 7 (k; + k) does not vanish and the phase-matching condition is not au-
tomatically satisfied.

The first experimental demonstration of phase conjugation by degenerate
four-wave mixing was performed by Bloom and Bjorklund (1977). Their ex-
perimental setup is shown in Fig. 7.2.6. They observed that the presence of
the aberrating glass plate did not lower the resolution of the system when the
mirror was aligned to retroreflect the pump laser beam onto itself. However,
when this mirror was partially misaligned, the return beam passed through a
different portion of the aberrating glass and the resolution of the system was
degraded.
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Degenerate four-wave mixing is usually performed using the geometry of
Fig. 7.2.4, although it can also be performed using the surface nonlinearity of
the interface between a linear and nonlinear medium; see, for instance, Maki
et al. (1992) for details.

7.2.3.  Polarization Properties of Phase Conjugation

Our discussion thus far has treated phase conjugation in the scalar approxi-
mation and has shown that phase conjugation can be used to remove the ef-
fects of wavefront aberrations. It is often desirable that phase conjugation be
able to remove the effects of polarization distortions as well. An example is
shown in Fig. 7.2.7. Here a beam of light that initially is linearly polarized
passes through a stressed optical component. As a result of stress-induced
birefringence, the state of polarization of the beam becomes distorted nonuni-
formly over the cross section of the beam. This beam then falls onto a phase-
conjugate mirror. If this mirror is ideal in the sense that the polarization unit
vector € of the incident light is replaced by its complex conjugate in the re-
flected beam, the effects of the polarization distortion will be removed in the
second pass through the stressed optical component, and the beam will be re-
turned to its initial state of linear polarization. A phase-conjugate mirror that
produces a reflected beam that is both a wavefront conjugate and a polariza-
tion conjugate is often called a vector phase-conjugate mirror.

In order to describe the polarization properties of the degenerate four-wave
mixing process, we consider the geometry shown in Fig. 7.2.8, where F, B,
and S denote the amplitudes of the forward- and backward-going pump waves

stressed optical

input polarization component
linear
| A
> ¢ (X) PCM
N A
Y
depolarized
output polarization radiation
linear

FIGURE 7.2.7 Polarization properties of phase conjugation.
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FIGURE 7.2.8 Geometry of vector phase conjugation.

and of the signal wave, respectively. The total applied field is thus given by
E=F+B+S. (7.2.38)

We assume that the angle 6 between the signal and forward-going pump wave
is much smaller than unity, so that only the x and y components of the incident
fields have appreciable amplitudes. We also assume that the nonlinear optical
material is isotropic, so that the third-order nonlinear optical susceptibility

Xl.(;,?l = Xz‘(jlzl (w=w+ o — w) is given by Eq. (4.2.5) as

3
XS0 = x11220818k1 + 88 1) + x1221818 k. (7.2.39)
and so that the nonlinear polarization can be expressed as
P = 6€0x1122(E - E*)E + 3€0 x1221 (E - E)E*
= €A(E-E*)E + ¢ B(E - E)E*.

If we now introduce Eq. (7.2.38) into Eq. (7.2.40), we find that the phase-
matched contribution to the nonlinear polarization that acts as a source for the
conjugate wave is given by

Py x1122(By Fy + By Fy) XunByFy + x121 By Fe | | % )

(7.2.40)

where x1111 = 2x1122 + x1221- The polarization properties of the phase-
conjugation process will be ideal (i.e., vector phase conjugation will be ob-
tained) whenever the two-by-two transfer matrix of Eq. (7.2.40) is a multiple
of the identity matrix. Under these conditions, both cartesian components of
the incident field are reflected with equal efficiency and no coupling between
orthogonal components occurs.

There are two different ways in which the matrix in Eq. (7.2.40) can be
made to reduce to a multiple of the identity matrix. One way is for A = 61122
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to vanish identically. In this case Eq. (7.2.40) becomes

P 1 07| Sk
[Py} = 6€0x1221(Bx Fx + By F)) [0 1] |:S;'<

*
= 6€0x1221(Bx Fx + By F)) |:§i] )

y
and thus the nonlinear polarization is proportional to the complex conjugate
of the signal amplitude for any choice of the polarization vectors of the pump
waves. This result can be understood directly in terms of Eq. (7.2.40), which
shows that P has the vector character of E* whenever x1122 vanishes. How-
ever, x1122 (or A) vanishes identically only under very unusual circumstances.
The only known case for this condition to occur is that of degenerate four-
wave mixing in an atomic system utilizing a two-photon resonance between
certain atomic states. This situation has been analyzed by Grynberg (1984)
and studied experimentally by Malcuit et al. (1988). The analysis can be de-
scribed most simply for the case of a transition between two S states of an
atom with zero electron spin. The four-wave mixing process can then be de-
scribed graphically by the diagram shown in Fig. 7.2.9. Since the lower and
upper levels each possess zero angular momentum, the sum of the angular
momenta of the signal and conjugate photons must be zero, and this condition
implies that the polarization unit vectors of the two waves must be related by
complex conjugation.

For most physical mechanisms giving rise to optical nonlinearities, the co-
efficient A does not vanish. (Recall that for molecular orientation B/A = 6,
for electrostriction B/A = 0, and for nonresonant electronic response
B/A = 1.) For the general case in which A is not equal to 0, vector phase
conjugation in the geometry in Fig. 7.2.8 can be obtained only when the
pump waves are circularly polarized and counterrotating. By counterrotating,

S

backward pump l signal

forward pump conjugate
S

FIGURE 7.2.9 Phase conjugation by degenerate four-wave mixing using a two-
photon transition.
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we mean that if the forward-going wave is described by

Fz, 1) = FE 1 pitke=on ¢ ¢ (7.2.41a)

then the backward-going wave is described by
Bzt = BT Y itchemon 4 ¢ (7.2.41b)
V2

These waves are counterrotating in the sense that, for any fixed value of z,
F rotates clockwise in time in the xy plane and B rotates counterclockwise
in time. However, both waves are right-hand circularly polarized, since, by
convention, the handedness of a wave is the sense of rotation as determined
when looking into the beam.

In the notation of Eq. (7.2.40), the amplitudes of the fields described by
Egs. (7.2.41) are given by

- F k2 F . F ikz

=—e"", = —l—

V2 V2
B B

By = —e 'k, By=i—e 'k, (7.2.42)
V2 V2

and so Eq. (7.2.40) becomes

P 1 07| Sk
|:P);] =3eoFB(x1111 + X1221) |:0 1] |:S);C‘:| : (7.2.43)

We see that the transfer matrix is again a multiple of the identity matrix and
hence that the nonlinear polarization vector is proportional to the complex
conjugate of the signal field vector. The fact that degenerate four-wave mixing
excited by counterrotating pump waves leads to vector phase conjugation was
predicted theoretically by Zel’dovich and Shkunov (1979) and was verified
experimentally by Martin et al. (1980).

The reason why degenerate four-wave mixing with counterrotating pump
waves leads to vector phase conjugation can be understood in terms of the con-
servation of linear and angular momentum. As just described, phase conjuga-
tion can be visualized as a process in which one photon from each pump wave
is annihilated and a signal and conjugate photon are simultaneously created.
Since the pump waves are counterpropagating and counterrotating, the total
linear and angular momenta of the two input photons must vanish. Then con-
servation of linear and angular momentum requires that the conjugate wave
must be emitted in a direction opposite to the direction of propagation of the
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signal wave and that its polarization vector must rotate in a sense opposite to
that of the signal wave.

7.3. Optical Bistability and Optical Switching

Certain nonlinear optical systems can possess more than one output state for
a given input state. The term optical bistability refers to the situation in which
two different output intensities are possible for a given input intensity, and
the more general term optical multistability is used to describe the circum-
stance in which two or more stable output states are possible. Interest in opti-
cal bistability stems from its potential usefulness as a switch for use in optical
communication and in optical computing.

Optical bistability was first described theoretically and observed experi-
mentally using an absorptive nonlinearity by Szoke et al. (1969). Optical
bistability was observed experimentally for the case of a refractive nonlin-
earity (real x 3 by Gibbs et al. (1976). The bistable optical device described
in these works consists of a nonlinear medium placed inside of a Fabry—Perot
resonator. Such a device is illustrated schematically in Fig. 7.3.1. Here A de-
notes the field amplitude of the incident wave, A’1 denotes that of the reflected
wave, Ay and A, denote the amplitudes of the forward- and backward-going
waves within the interferometer, and A3 denotes the amplitude of the trans-
mitted wave. The cavity mirrors are assumed to be identical and lossless, with
amplitude reflectance p and transmittance 7 that are related to the intensity
reflectance R and transmittance 7 through

R=1p)* and T=|t? (7.3.12)
with
R+T=1. (7.3.1b)

The incident and internal fields are related to each other through boundary
conditions of the form

Al = pAye?iki=el (7.3.2a)
Ar=T1A1 + pA/z. (7.3.2b)

In these equations, we assume that the field amplitudes are measured at the
inner surface of the left-hand mirror. The propagation constant k = nw/c and
intensity absorption coefficient « are taken to be real quantities, which include
both their linear and nonlinear contributions. In writing Eq. (7.3.2) in the form
shown, we have implicitly made a mean-field approximation—that is, we have
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FIGURE 7.3.1 Bistable optical device in the form of a Fabry—Perot interferometer
containing a nonlinear medium.

assumed that the quantities k and « are spatially invariant; if such is not the
case, the exponent should be replaced by fol dz[2ik(z) — a(z)]. For simplicity
we also assume that the nonlinear material and the medium surrounding the
resonator have the same linear refractive indices.

Equations (7.3.2) can be solved algebraically by eliminating A’, to obtain

TA|

A2 = —5 >
1— pZeZZklfal

(7.3.3)
what is known as Airy’s equation and which describes the properties of a
Fabry—Perot interferometer. If k or « (or both) is a sufficiently nonlinear func-
tion of the intensity of the light within the interferometer, this equation pre-
dicts bistability in the intensity of the transmitted wave. In general, both k and
« can display nonlinear behavior; however, we can obtain a better understand-
ing of the nature of optical bistability by considering in turn the limiting cases
in which either the absorptive or the refractive contribution dominates.

7.3.1. Absorptive Bistability

Let us first examine the case in which only the absorption coefficient « de-
pends nonlinearly on the field intensity. The wavevector magnitude k is hence
assumed to be constant. To simplify the following analysis, we assume that the
mirror separation / is adjusted so that the cavity is tuned to resonance with the
applied field; in such a case the factor p2e%*! that appears in the denominator
of Eq. (7.3.3) is equal to the real quantity R. We also assume that o/ < 1, so
that we can ignore the spatial variation of the intensity of the field inside the
cavity, which justifies the use of the mean-field approximation. Under these
conditions, Airy’s equation (7.3.3) reduces to

TA|

= T—RA—aD)’ (7.3.4)

A
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The analogous equation relating the incident and circulating intensities /; =
2nep|A;|? is given by

B Tl

[ =R —aD]?
This equation can be simplified by introducing the dimensionless parameter
C (known as the cooperation number),

Ip) (7.3.5)

Ral
C=_—2 (7.3.6)
1—R
which becomes (since 1 +C =(1— R+ Ral)/(1—R)=[1—R( —al)]/T)
het_D (7.3.7)
TTA+0)r "

We now assume that the absorption coefficient & and hence the parameter C
depend on the intensity of the light within the interferometer. For simplicity,
we assume that the absorption coefficient obeys the relation valid for a two-
level saturable absorber,

o0
o=—"-",
1+1/1

where o denotes the unsaturated absorption coefficient, / the local value of
the intensity, and I the saturation intensity. For simplicity we also ignore the
standing-wave nature of the field within the interferometer and take / equal to
I 4 I ~ 21> 1t is only approximately valid to ignore standing-wave effects
for the interferometer of Fig. 7.3.1, but it is strictly valid for the traveling-
wave interferometer shown in Fig. 7.3.2. Under the assumption that the ab-
sorption coefficient depends on the intensity of the internal fields according to

(7.3.8)

nonlinear medium

Y

> >—

4
<«

FIGURE 7.3.2 Bistable optical device in the form of a traveling wave interferometer
containing a nonlinear medium.
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FIGURE 7.3.3 The input—output relation for a bistable optical device described by
Eqgs. (7.3.10) and (7.3.11).

Eq. (7.3.8) with I =21, the parameter C is given by
C
ce_ G0
1+20L/1

with Co = Rapl/(1 — R). The relation between /1 and I, given by Eq. (7.3.7)
can be rewritten using this expression for C as

(7.3.9)

C 2
h=1h{1+—% (7.3.10)
! 1+20/1,) >

Finally, the output intensity /3 is related to I, by
L =TI,. (7.3.11)

The input—output relation implied by Eqs. (7.3.10) and (7.3.11) is illustrated
graphically in Fig. 7.3.3 for several different values of the weak-field parame-
ter Co. For Cq greater than 8, more than one output intensity can occur for
certain values of the input intensity, which shows that the system possesses
multiple solutions.

The input—output characteristics for a system showing optical bistability
are shown schematically in Fig. 7.3.4(a). The portion of the curve that has
a negative slope is shown by a dashed line. This portion corresponds to the
branch of the solution to Eq. (7.3.10) for which the output intensity increases
as the input intensity decreases. As might be expected on intuitive grounds,
and as can be verified by means of a linear stability analysis, this branch of the
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FIGURE 7.3.4 Schematic representation of the input—output characteristics of a sys-
tem showing optical bistability.

solution is unstable; if the system is initially in this state, it will rapidly switch
to one of the stable solutions through the growth of small perturbations.

The solution shown in Fig. 7.3.4(a) displays hysteresis in the following
sense. We imagine that the input intensity /; is initially zero and is slowly
increased. As I is increased from zero to I (the high jump point), the output
intensity is given by the lower branch of the solution—that is, by the segment
terminated by points a and b. As the input intensity is increased still further,
the output intensity must jump to point ¢ and trace out that portion of the
curve labeled c—d. If the intensity is now slowly decreased, the system will
remain on the upper branch and the output intensity will be given by the curve
segment e—d. As the input intensity passes through the value ; (the low jump
point), the system makes a transition to point f and traces out the curve of
f—a as the input intensity is decreased to zero.

The use of such a device as an optical switch is illustrated in part (b) of
Fig. 7.3.4. If the input intensity is held fixed at the value [, (the bias intensity),
the two stable output points indicated by the filled dots are possible. The state
of the system can be used to store binary information. The system can be
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forced to make a transition to the upper state by injecting a pulse of light so
that the total input intensity exceeds Ij; the system can be forced to make a
transition to the lower state by momentarily blocking the input beam.

7.3.2.  Refractive Bistability

Let us now consider the case in which the absorption coefficient vanishes but
in which the refractive index n depends nonlinearly on the optical intensity.
For « =0, Eq. (7.3.3) becomes

TA] _TA
1 — 022K ~ 1_Reéid"

Ay = (7.3.12)

In obtaining the second form of this equation, we have written ,o2 in terms of
its amplitude and phase as

0> = Re'? (7.3.13)

and have introduced the total phase shift § acquired in a round trip through
the cavity. This phase shift is the sum

8§=2680+ 6 (7.3.14)
of a linear contribution
So = + 2n0$l (7.3.15)
and a nonlinear contribution
82=2n21%l, (7.3.16)
where
[=DL+1;>~2D. (7.3.17)

Equation (7.3.12) can be used to relate the intensities I; = 2negc|A; |2 of
the incident and internal fields as

TI T
12 = " - =
(1— Rel®)(1— Re=%) ~ 1+ R2—2Rcos$
B TI, B TI,
"~ (1—-R)2+4Rsin?}6 T2 +4Rsin’Ls
L/T

= : (7.3.18)
14 (4R/T?)sin?18
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FIGURE 7.3.5 Graphical solution to Eq. (7.3.19). The oscillatory curve represents the
right-hand side of this equation, and the straight lines labeled a through c represent the
left-hand side for increasing values of the input intensity /.

which shows that
L /T
I\ 1+ 4R/T?)sin?1s’

(7.3.19)

where, according to Egs. (7.3.14) though (7.3.17), the phase shift is given by
8 =360+ (dnawl/c) 1. (7.3.20)

In order to determine the conditions under which bistability can occur, we
solve Eqgs. (7.3.19) and (7.3.20) for the internal intensity /> as a function of
the incident intensity /1. This procedure is readily performed graphically by
plotting each side of Eq. (7.3.19) as a function of />. Such a plot is shown
in Fig. 7.3.5. We see that the system can possess one, three, five, or more
solutions depending on the value of /. For the case in which three solutions
exist for the range of input intensities /| that are available, a plot of I3 versus
11 looks very much like the curves shown in Fig. 7.3.4. Hence, the qualitative
discussion of optical bistability given above is applicable in this case as well.

More detailed treatments of optical bistability can be found in Lugiato
(1984) and Gibbs (1985).

7.3.3.  Optical Switching

Let us now analyze a prototypical all-optical switching device, as illustrated in
Fig. 7.3.6. For simplicity, in the present analysis we assume that only a signal
field is applied to the device; we shall show that this signal beam is directed
to one or the other of the output ports depending on its intensity. Such an
application of this device is illustrated in Fig. 7.3.7. A more general situation,
in which both signal and control fields are applied to the device, can be treated
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FIGURE 7.3.6 Configuration of an all-optical switch in the form of a Mach—Zehnder
interferometer containing a nonlinear element. The input signal field is routed to either
output 1 or 2 depending on its intensity and/or on the intensity of the control field.
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FIGURE 7.3.7 Illustration of the use of the device of Fig. 7.3.6 (without a control
field) as a pulse sorter.
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by a similar but somewhat more detailed calculation, with the conclusion that
the control field can be used to route the signal beam to either output port.

We assume that a signal field of amplitude Ej is incident upon the device
and that the beam splitters are symmetric (have the same amplitude reflection
and transmission coefficients r and ¢ for beams incident on the beam splitter
from either side) with coefficients given by*

r=ivR, t=~T (7.3.21)

with
R+T=1. (7.3.22)
The field at output port 1 is then seen to be given by
Ey = Ey(rt +rte'™), (7.3.23)
where
oNL = na(w/c)I L = ny(w/c)|t]*(2noeoc) | Es L. (7.3.24)

The intensity at output port 1 is thus proportional to
E1? = [EsPIrPle (14 M) (14 o770
=2|Es|*RT (1 + cos ¢nL). (7.3.25)

We similarly find that the output at port 2 is given by

Ey = E,(r* + t?¢'™) (7.3.26)
with an intensity proportional to
|Ea)> = |E[R? + T2 — 2RT cos éni. |- (7.3.27)
Note that
|E\[* + | Ea* = | Ey? (7.3.28)

as required by conservation of energy. These relations are illustrated in
Fig. 7.3.8 and lead to the sort of behavior shown qualitatively in Fig. 7.3.7.
Even though the calculation just presented is somewhat simplistic in that it
considers the situation in which there is only a single input beam, it illustrates
a crucial point: A nonlinear phase shift of 7 radians is required to produce
high-contrast all-optical switching. The requirement that the nonlinear phase

* This form of the beam-splitter relation ensures that the transfer characteristics obey a unitarity
condition or equivalently that they obey the Stokes relations.
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FIGURE 7.3.8 Plot of the transfer relations described by Eqs. (7.3.25) and (7.3.27).

shift be as large as 7 radians is generic to a broad class of all-optical switching
devices.

Let us therefore examine more carefully the conditions under which a non-
linear phase shift of 7 radians can be achieved. Let us first examine the conse-
quences of using a nonlinear optical material that displays linear absorption.
Under this circumstance the nonlinear phase shift is given by

L
ONL =n2(w/6)/ I(z)dz, (7.3.29)
0

where
1(2) = Ipe™*~. (7.3.30)

Straightforward integration leads to the result

dNL = na(w/c)loLest, (7.3.31a)
where
1— e—ozL
Leff = ——. (7.3.31b)
o

Note that
Legt — L foral < 1, (7.3.32a)
Legt — 1/a foral > 1. (7.3.32b)

Thus, for a strongly absorbing nonlinear optical material the effective inter-
action length can be much shorter than the physical length of the nonlinear
medium. We also note that optical damage (see also Chapter 11) imposes a
limit on how large a value of Iy can be used for a particular material. Thus
certain material cannot even in principle be used for all-optical switching.
When the optical material displays two-photon absorption as well as lin-
ear absorption, the absorption coefficient appearing in Eq. (7.3.30) should be
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FIGURE 7.3.9 Two-photon absorption (shown in a) can be prevented by utilizing a
material (b) such that the laser frequency lies below the half-band-gap energy. This
strategy, however, precludes the use of one-photon-resonant nonlinearities (c).
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>

replaced by
a=ay+ B, (7.3.33)

where 8 is the two-photon absorption coefficient.

Two-photon absorption is often a significant problem in the design of all-
optical switching devices because it occurs at the same order of nonlinearity as
the intensity-dependent refractive index ny (because these processes are pro-
portional to the imaginary and real parts of x ), respectively). Two-photon
absorption can be eliminated entirely by choosing a material for which the
lowest-lying excited state lies more than 2/ above the ground state, as illus-
trated schematically in Fig. 7.3.9. A good summary of all-optical switching
has been presented by Stegeman and Miller (1993).

7.4. Two-Beam Coupling

Let us consider the situation shown in Fig. 7.4.1 in which two beams of light
(which in general have different frequencies) interact in a nonlinear material.
Under certain conditions, the two beams interact in such a manner that energy
is transferred from one beam to the other; this phenomenon is known as two-
beam coupling. Two-beam coupling is a process that is automatically phase-
matched. Consequently the efficiency of the process does not depend critically
upon the angle 6 between the two beams. The reason why this process is au-
tomatically phase-matched will be clarified by the following analysis; for the
present it is perhaps helpful to note that the origin of two-beam coupling is
that the refractive index experienced by either wave is modified by the inten-
sity of the other wave.
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FIGURE 7.4.1 Two-beam coupling.

Two-beam coupling occurs under several different circumstances in non-
linear optics. We saw in Chapter 6 that the nonlinear response of a two-level
atom to pump and probe fields can lead to amplification of the probe wave.
Furthermore, we shall see in Chapters 9 and 10 that gain occurs for various
scattering processes such as stimulated Brillouin scattering and stimulated
Raman scattering. Furthermore, in Chapter 11 we shall see that two-beam
coupling occurs in many photorefractive materials. In the present section, we
examine two-beam coupling from a general point of view that elucidates the
conditions under which such energy transfer can occur. Our analysis is similar
to that of Silberberg and Bar-Joseph (1982, 1984).

We describe the total optical field within the nonlinear medium as

E(r, 1) = A ®1m=o10) 4 gy pitkar—ant) 4 ¢ ¢ (7.4.1)

where k; = now; /c, with ng denoting the linear part of the refractive index
experienced by each wave. We now consider the intensity distribution asso-
ciated with the interference between the two waves. The intensity is given in
general by

I =noeoc(E?), (74.2)

where the angular brackets denote an average over a time interval of many
optical periods. The intensity distribution for E given by Eq. (7.4.1) is hence
given by

I =2ngeoc] A AT + AyA3 + [ A Ase! Kk riler—e)t 4 ¢ ¢ )
= 2npeoc{ A AT + A A5 + [A A% 4T el (7.4.3)

where we have introduced the wavevector difference (or “grating” wavevec-
tor)

q= k1 — k2 (7.4.48.)
and the frequency difference

8 =w) — wy. (7.4.4b)
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FIGURE 7.4.2 Interference pattern formed by two interacting waves.

For the geometry of Fig. 7.4.1, the interference pattern has the form shown
in Fig. 7.4.2, where we have assumed that |§| < w;. Note that the pattern
moves upward for § > 0, moves downward for § < 0, and is stationary for
§=0.

A particularly simple example is the special case in which 8 = 180 degrees.
Then, again assuming that |§| < w1, we find that the wavevector difference is
given approximately by

q>~ —2Kk; (7.4.5)
and thus that the intensity distribution is given by
I =2npeoc{A1AT + A2 A% + [A 1A T2 e el]). (7.4.6)

The interference pattern is hence of the form shown in Fig. 7.4.3. If § is pos-
itive, the interference pattern moves to the left, and if § is negative, it moves
to the right—in either case with phase velocity |5]/2k.

Since the material system is nonlinear, a refractive index variation accom-
panies this intensity variation. Each wave is scattered by this index variation,
or grating. We shall show below that no energy transfer accompanies this in-
teraction for the case of a nonlinear material that responds instantaneously
to the applied field. In order to allow the possibility of energy transfer, we
assume that the nonlinear part of the refractive index (nnp) obeys a Debye
relaxation equation of the form

dnnL
dt

Note that this equation predicts that, in steady state, the nonlinear contribu-
tion to the refractive index is given simply by nnp = n2 1, in consistency with
Eq. (4.1.15). However, under transient conditions it predicts that the nonlin-
earity develops in a time interval of the order of 7.

Equation (7.4.7) can be solved (i.e., by the method of variation of parame-
ters or by the Green’s function method) to give the result

T +nNL =nal. (7.4.7)

t
g = 22 / 1()e" D/ gy, (7.4.8)
T J-o
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FIGURE 7.4.3 Interference pattern formed by two counterpropagating beams.

The expression (7.4.3) for the intensity / (¢) is next introduced into this equa-
tion. We find, for example, that the part of I (¢) that varies as e ~/%' leads to an
integral of the form

t o t ) , e—icSt
/ e—uSt e(t —t)/t dt/ Ze—t/T/ e(—16+1/r)t dt/ — : ] (7.4‘9)
—o0 —00 —is+ 1/t

Equation (7.4.8) hence shows that the nonlinear contribution to the refractive
index is given by

A1A§ei(q'r_‘”) N ATAze_i(q'r_‘s’)
1—iét 1+idt
(7.4.10)

nNL = 27107’1260C|:(A1A>1k + AQA;) +

Because of the complex nature of the denominators, the refractive index vari-
ation is not in general in phase with the intensity distribution.

In order to determine the degree of coupling between the two fields, we
require that the field given by Eq. (7.4.1) satisfy the wave equation

2921
~ PE
VE-L2Z o, (7.4.11)

where we take the refractive index to have the form
n=ngo -+ nNL. (7.4.12)

We make the physical assumption that |nnp | < ng, in which case it is a good
approximation to express n” as

n? =n} + 2nonn. (7.4.13)

Let us consider the part of Eq. (7.4.11) that shows a spatial and temporal
dependence given by exp[i(ka - r — wyt)]. Using Eqgs. (7.4.1), (7.4.10), and
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(7.4.13), we find that this portion of Eq. (7.4.11) is given by

d*A, dA n%w%
d 2 + 2i k2 d - k2 C—2A2
4n0n2w260 B 4n%n2w%60 |A112A;

= —7(|A1|2+ 1A2%) A (7.4.14)

1+iét
Note that the origin of the last term on the right-hand side is the scattering
of the field Ajexpli(ky - r — wit)] from the time-varying refractive index
distribution (i.e., the moving grating)
e—i(q-r—ét)
2npe€ AjAy——,
(2npepna/c) 142 1 +ist

whereas the origin of the first term on the right-hand side is the scattering of
the field A, exp[i (kp - r — wyt)] from the stationary refractive index variation

(2noeonz/c)(A AT + A2A3).

We next drop the first term on the left-hand side of Eq. (7.4.14) by making
the slowly varying amplitude approximation, and we note that the third and
fourth terms exactly cancel. The equation then reduces to

dAy |A1I2A2}

2= 2inonz(a)/c)|:(|1‘11|2 + |A2|2)A2 +

7.4.15
1+iét ( )

where, to good approximation, we have replaced w; and w; by w. We now
calculate the rate of change of intensity of the w, field. We introduce the
intensities

I1 =2npegcA1A] and Iy =2npegcArA} (7.4.16)

and note that the spatial variation of I, is given by

D e (Asz2 + Asz*> (74.17)

dz dz dz

We then find from Eqgs. (7.4.15) through (7.4.17) that
dh _me Ot (7.4.18)

dz ¢ 148212
Note that only the last term on the right-hand side of Eq. (7.4.15) contributes
to energy transfer.

For the case of a positive value of n, (e.g., for the molecular orientation Kerr
effect, for electrostriction, for a two-level atom with the optical frequencies
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FIGURE 7.4.4 Frequency dependence of the gain for two-beam coupling.

above the resonance frequency), Eq. (7.4.18) predicts gain for positive §—
that is, for wy < w1. The frequency dependence of Eq. (7.4.18) is shown in
Fig. 7.4.4.

Note that the wy wave experiences maximum gain for 7 = 1, in which case
Eq. (7.4.18) becomes

Note also from Eq. (7.4.18) that in the limit of an infinitely fast nonlinearity,
that is, in the limit T — 0, the coupling of intensity between the two waves
vanishes. The reason for this behavior is that only the imaginary part of the
(total) refractive index can lead to a change in intensity of the w; wave. We
see from Eq. (7.4.10) that (for a real n,) the only way in which nnyp can
become complex is if T is nonzero. When t is nonzero, the response can lag
in phase behind the driving term, leading to a complex value of the nonlinear
contribution to the refractive index.

The theory just presented predicts that there will be no energy coupling if
the product §t vanishes, either because the nonlinearity has a fast response
or because the input waves are at the same frequency. However, two-beam
coupling can occur in certain photorefractive crystals even between beams of
the same frequency (Feinberg, 1983). In such cases, energy transfer occurs
as a result of a spatial phase shift between the nonlinear index grating and
the optical intensity distribution. The direction of energy flow depends upon
the orientation of the wavevectors of the optical beams with respect to some
symmetry axis of the photorefractive crystal. The photorefractive effect is de-
scribed in greater detail in Chapter 11.
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7.5. Pulse Propagation and Temporal Solitons

In this section we study some of the nonlinear optical effects that can occur
when short optical pulses propagate through dispersive nonlinear optical me-
dia. We shall see that the spectral content of the pulse can become modified
by the nonlinear optical process of self-phase modulation. This process is es-
pecially important for pulses of high peak intensity. We shall also see that
(even for the case of a medium with a linear response) the shape of the pulse
can become modified by means of propagation effects such as dispersion of
the group velocity within the medium. This process is especially important
for very short optical pulses, which necessarily have a broad spectrum. In
general, self-phase modulation and group-velocity dispersion occur simulta-
neously, and both tend to modify the shape of the optical pulse. However,
under certain circumstances, which are described below, an exact cancella-
tion of these two effects can occur, allowing a special type of pulse known
as an optical soliton to propagate through large distances with no change in
pulse shape.

7.5.1.  Self~-Phase Modulation

Self-phase modulation is the change in the phase of an optical pulse resulting
from the nonlinearity of the refractive index of the material medium. In order
to understand the origin of this effect, let us consider the propagation of the
optical pulse

E(z,t) = A(z, t)e! koz=@0D) 4 ¢ ¢ (7.5.1)

through a medium characterized by a nonlinear refractive index of the sort
n(t) =no+nal (1), (7.5.2)

where I (1) = Znoeoclﬁ(z, 1)|*. Note that for the present we are assuming that
the medium can respond essentially instantaneously to the pulse intensity. We
also assume that the length of the nonlinear medium is sufficiently small that
no reshaping of the optical pulse can occur within the medium; the only effect
of the medium is to change the phase of the transmitted pulse by the amount

ONL(1) = —nal (t)woL/c. (7.5.3)

As aresult of the time-varying phase of the wave, the spectrum of the trans-
mitted pulse will be modified and typically will be broader than that of the
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incident pulse. From a formal point of view, we can determine the spectral
content of the transmitted pulse by calculating its energy spectrum

00 2
S(w) = ‘ / A(r)e ioot—igNL(D it gyl (7.5.4)
— o0

However, it is more intuitive to describe the spectral content of the transmitted
pulse by introducing the concept of the instantaneous frequency w(¢) of the
pulse, which is described by

w(t) =wy+Sw (1), (7.5.5a)
where

d
dw(t) = EngL(t) (7.5.5b)

denotes the variation of the instantaneous frequency. The instantaneous fre-
quency is a well-defined concept and is given by Eqgs. (7.5.5) whenever the
amplitude A(r) varies slowly compared to an optical period.

As an example of the use of these formulas, we consider the case illustrated
in part (a) of Fig. 7.5.1, in which the pulse shape is given by the form

1(t) = Iysech’(t /). (7.5.6)
We then find from Eq. (7.5.3) that the nonlinear phase shift is given by
¢NL(t) = —np— LI sech”(t /1), (7.5.7)
c
and from Eq. (7.5.5b) that the change in instantaneous frequency is given by

S (1) = 2n2 2% LIy sech? (/7o) tanh(z /o). (1.5.8)
cTo

The variation in the instantaneous frequency is illustrated in part (b) of
Fig. 7.5.1, under the assumption that n; is positive. We see that the leading
edge of the pulse is shifted to lower frequencies and that the trailing edge is
shifted to higher frequencies. This conclusion is summarized schematically
in part (c) of the figure. The maximum value of the frequency shift is of the
order of

o

Soman = =2, where A¢1‘\I“L‘a"):n2?10L. (75.9)

We expect that spectral broadening due to self-phase modulation will be
very important whenever §wmax exceeds the spectral width of the incident



7.5. Pulse Propagation and Temporal Solitons 377

@ 10l

A\

(b)

Sw(t) A [\
(c)

e —

‘JL n, = 0 blue red

—Z)" l(_L_)I —ZF'

FIGURE 7.5.1 (a) Time dependence of the incident pulse. (b) Change in instanta-
neous frequency of the transmitted pulse. (c¢) Experimental arrangement to observe
self-phase modulation.

~y

pulse, which for the case of a smooth pulse is of the order of 1/79. We thus
expect self-phase modulation to be important whenever Aq&l(\]nﬁax) >27.
Self-phase modulation of the sort just described was studied initially by
Brewer (1967), Shimizu (1967), and Cheung et al. (1968). Its use in mea-
suring the intensity-dependent refractive index of optical fibers has been de-

scribed by Kim et al. (1994).

7.5.2.  Pulse Propagation Equation
Let us next consider the equations that govern the propagation of the pulse
E(z,1) = A(z, t)e'®0im0D 4 ¢ ¢, (7.5.10)

where ko = njin(wo)wo/c, through a dispersive, nonlinear optical medium. In
particular, we seek an equation that describes how the pulse envelope function
A(z, t) propagates through the medium. We begin with the wave equation in
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the form (see also Eq. (2.1.9a))

92E 1 9’D
972 €pc? 912

=0, (7.5.11)

where D represents the total displacement field, including both linear and
nonlinear contributions. We now introduce the Fourier transforms of E(z, 1)
and D(z, t) by the equations

- oo . d y 00 o d
E(ZJ):/ E(z,a))e_”"’%, D(Z,t):/ D(z,a))e_"‘”—:,

oo oo 2

(7.5.12)
The Fourier amplitudes E(z, w) and D(z, w) are related by
D(z, w) = €0e (w) E(z, w), (7.5.13)

where €(w) is the effective dielectric constant that describes both the linear
and nonlinear contributions to the response.

Equations (7.5.12) and (7.5.13) are now introduced into the wave equation
(7.5.11), which leads to the result that each Fourier component of the field
must obey the equation

32E(z, w) w?
—————— 4+ €e(w)—=E(z,w) =0. (7.5.14)
972 c?

We now write this equation in terms of the Fourier transform of A(z, t), which
is given by

o0
Az, @) :/ Az, e dt, (7.5.15)

—00

and which is related to E(z, w) by
E(z,0) = Az, @ — 00)e"™ + A*(z, 0 + wp)e "
~ A(z, 0 — wp)eto?. (7.5.16)

Here the second, approximate form is obtained by noting that a quantity such
as A(z, 1) that varies slowly in time cannot possess high-frequency Fourier
components. This expression for E(z, w) is now introduced into Eq. (7.5.14),
and the slowly-varying amplitude approximation is made so that the term con-
taining 3% A /dz> can be dropped. One obtains

IA
2iko~— + (K —k3)A=0, (7.5.17)
Z
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where

k(w) =+ve(w w/c. (7.5.18)

In practice, k typically differs from ko by only a small fraction amount and
thus to good approximation k> — k% can be replaced by 2kg(k — ko) so that
Eq. (7.5.17) becomes

0A(z, w — wp)
0z

Recall that the propagation constant k depends both on the frequency and
(through the intensity dependence of €) on the intensity of the optical wave.
It is often adequate to describe this dependence in terms of a truncated power
series expansion of the form

—i(k —ko)A(z,w —wp) =0. (7.5.19)

k=ky+ AknL + k1 (w0 — wp) + %kz(a) — 0)0)2. (7.5.20)

In this expression, we have introduced the nonlinear contribution to the prop-
agation constant, given by

AkNL = AnNLwo/c =n2lwg/c, (7.5.21)

with I = 2mjjin (wo)eoclfi(z, 1)|?, and have introduced the quantities

dk 1 dni; 1
ki = (d—) - —[nﬁn(w) o ”h“(“’)} (7.5.22)
O/ ey € do ],y Ve(®0)

d’k dJ 1 1 dv,
ky = — = =\-5-" . (7.5.23)
dw = do | vg(w) w=wo vg dw w=wp

Here k is the reciprocal of the group velocity, and k; is a measure of the dis-
persion of the group velocity. As illustrated in Fig. 7.5.2, the long-wavelength
components of an optical pulse propagate faster than the short-wavelength
components when the group velocity dispersion parameter k; is positive, and
vice versa.

The expression (7.5.20) for k is next introduced into the reduced wave equa-
tion (7.5.19), which becomes

0A . : 1. 2

a_z — IAKNLA — ik (@ — wp) A — 5ika(w — wp)”A = 0. (7.5.24)
This equation is now transformed from the frequency domain to the time do-
main. To do so, we multiply each term by the factor exp[—i(w — wp)?] and

and
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FIGURE 7.5.2 Pulse spreading resulting from group velocity dispersion.

integrate the resulting equation over all values of w — wg. We next evaluate
the resulting integrals. First, by the definition of the Fourier transform, we find
that

o0 . d _ »
/ A(Z, @ — wp)e @0t M — Az, ). (7.5.25a)
JT

—00

Next, by formal differentiation with respect to the time variable, we find that

/ " (0 - o)A, @ — e itwoon L@ =20
oo ’ 2
1 3 [ o d(w — wp) 0 -
- Az, 0 — i(w—wp)t —i—A(z.1),
o) JAG @@ o i AED
(7.5.25b)
and
o it d(@ — @) 3% -
2 i(w—wo)t _
— A — —_ = 1).
/_ CEORICIENE - ERICN)
(7.5.25¢)
Equation (7.5.24) then becomes
dA A . A -



7.5. Pulse Propagation and Temporal Solitons 381

This equation can be simplified by means of a coordinate transformation.
In particular, we introduce the retarded time t by the substitution
r=t— S =1—kz, (7.5.27)
Vg
and we describe the optical pulse by the function Ay (z, 7), which is related to
the function A(z, t) by
Ay(z,T) = Az, 1). (7.5.28)
We next use the chain rule of differentiation to establish that
A 9A; dA; 9t 9A dA
o8 0% L OAOT _O8s g 2s (7.5.292)
0z 0z dt 0z 0z at
0A 9A, 0z  0A, 9T DA,

—= — —= , (7.5.29b)
ot dz ot Jat ot ot

and analogously that 32A /o1 = 924, /972 These expressions are now intro-
duced into Eq. (7.5.26), which becomes

IA; . %A, .
a—z + jlkZ 8'52 — lAkNLAS =0. (7530)
Finally, we express the nonlinear contribution to the propagation constant as
o ~ ~
Akt =np—1 = 2npeonrwol Ag|> = v | Ag |, (7.5.31)
so that Eq. (7.5.30) can be expressed as
0A, . Ao
9z + 3ik2 972 =iy|As| As. (7.5.32)

This equation describes the propagation of optical pulses through disper-
sive, nonlinear optical media. Note that the second term on the left-hand side
shows how pulses tend to spread because of group velocity dispersion, and
that the term on the right-hand side shows how pulses tend to spread because
of self-phase modulation. Equation (7.5.32) is sometimes referred to as the
nonlinear Schrédinger equation.

7.5.3.  Temporal Optical Solitons

Note from the form of the pulse propagation equation (7.5.32) that it is pos-
sible for the effects of group velocity dispersion to compensate for the effects
of self-phase modulation. In fact, under appropriate circumstances the degree
of compensation can be complete, and optical pulses can propagate through a
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dispersive, nonlinear optical medium with an invariant shape. Such pulses are
known as temporal optical solitons.

As an example of a soliton, note that Eq. (7.5.32) is solved identically by a
pulse whose amplitude is of the form

As(z,7) = Ag sech(t/70)e?, (7.5.33a)

where the pulse amplitude A? and pulse width tp must be related according
to

—k —k
AP =—F=—2— (7.5.33b)
YTy 2no€onawoty
and where
K =—ko/215 = Ly|AD)? (7.5.33¢)

represents the phase shift experienced by the pulse on propagation. One can
verify by direct substitution that Egs. (7.5.33) do in fact satisfy the pulse prop-
agation equation (7.5.32) (see Problem 15 at the end of this chapter).

Note that condition (7.5.33b) shows that k; and n, must have opposite signs
in order for Eq. (7.5.33a) to represent a physical pulse in which the inten-
sity |Ag|2 and the square of the pulse width ‘c02 are both positive. We can see
from Eq. (7.5.32) that in fact k» and y must have opposite signs in order for
group velocity dispersion to compensate for self-phase modulation (because
As_l (82A,/87%) will be negative near the peak of the pulse, where the factor
|AS |ZAS is most important).

Expressions (7.5.33) give what is known as the fundamental soliton solu-
tion to the pulse propagation equation (7.5.32). Higher-order soliton solutions
also are known. These solutions were first obtained through use of inverse
scattering methods by Zakharov and Shabat (1972) and are described in more
detail by Agrawal (1989).

One circumstance under which k, and y have opposite signs occurs in
fused-silica optical fibers. In this case, the nonlinearity in the refractive index
occurs as the result of electronic polarization, and n, is consequently positive.
The group velocity dispersion parameter k is positive for visible light but be-
comes negative for wavelengths longer than approximately 1.3 pm. This ef-
fect is illustrated in Fig. 7.5.3, in which the linear refractive index nj;, and the
group index ng = c/v, are plotted as functions of the vacuum wavelength of
the incident radiation. Optical solitons of the sort described by Eq. (7.5.33a)
have been observed by Mollenauer et al. (1980) in the propagation of light
pulses at a wavelength of 1.55 um obtained from a color center laser.
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FIGURE 7.5.3 Dependence of the linear refractive index nj, and the group index
ng = c/vg on the vacuum wavelength for fused silica.

Problems

1.

2.

Spatial solitons. Verify that Egs. (7.1.19) through (7.1.21) do indeed sat-
isfy Eq. (7.1.18).

Self-focusing and beam breakup. Read carefully the subsection that in-
cludes Eqgs. (7.1.41) through (7.1.43) and write a short essay (one or two
paragraphs) describing how you would proceed to observe filamentation
in the laboratory making use of a laser pulse of 10 nsec duration (assumed
for simplicity to have a square-top time evolution) and making use of the
nonlinear response of carbon disulfide. Describe issues such as the pulse
energy that is required, the length of the interaction region you would use,
and the focusing characteristics of your laser beam.

Z-scan. In this problem we develop a mathematical description of the z-
scan procedure for measuring the nonlinear refractive index. The basis
of this procedure is that a sample is translated longitudinally through the
beam-waist region of a focused gaussian laser beam, and the variation of
the on-axis intensity in the far field is measured as a function of sample
position. The on-axis intensity in the far field is usually determined by
measuring the power transmitted through a small aperture placed on the
system axis. The variation of measured power with sample position is
found to be proportional to the nonlinear phase shift experienced in pass-
ing through the sample, and from this measured phase shift the value of
ny of the sample can be determined from the known sample thickness L
and laser intensity at the sample.
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In detail, you are to derive an expression for the dependence of the frac-
tional change in on-axis intensity AI/[ on the sample position z relative
to the position zg of the beam waist of the incident laser beam. This ex-
pression will also depend on the values of n,, of L, and on the parameters
of the incident laser beam. For simplicity, assume that the sample is thin
both in the sense that L is much smaller than the confocal parameter b
of the incident laser beam and in that the maximum nonlinear phase shift
acquired in passing through the sample is much smaller than unity.

Here are some suggestions on how to proceed. Begin with the expres-
sion for a gaussian laser beam. Determine first how the beam will be
modified in passing through the nonlinear material. Note that under the
assumed conditions the beam diameter at the sample will be unchanged,
but that the wavefront curvature will be modified by nonlinear refraction.
Note that the modified beam itself approximates a gaussian beam, but
with a different value of the wavefront radius of curvature. By assum-
ing that this beam propagates according to the same laws that govern the
propagation of a gaussian beam, determine its on-axis intensity in the far
field as a function of z — zg.

Note that a more detailed analysis of the z-scan procedure (Sheik-
Bahae et al., 1990) leads to the somewhat different result

Al 4P paxx

- = —(x2+ D219’ x =2(z—2z0)/b, (7.5.34)
where ®p .« is the nonlinear phase shift on-axis when the sample is at the
beam waist of the incident laser beam. Plot the functional dependence of
both your result and the literature result.

. Optical phase conjugation. Solve the following coupled equations for the
boundary conditions that A3(0) and A4(L) are arbitrary:

dAj

—— = —a3A3 — ik} A},
dz 3487 145
dAy .

d—z =O[4A4+l/(§kA§.

(These equations generalize Egs. (7.2.31) and describe four-wave mixing
in the usual phase conjugation geometry for the case of a lossy medium.)
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5. Optical phase conjugation. Same as Problem 4 but with the inclusion of
phase-mismatch factors so that the coupled equations are given by

dAj . ;

—2 = —wa3A3 — lKIAZeZAkZ,

dz

dAg . i

T = oy Ay + K AGe IR
z

where Ak = (k1 + ka — ks — Ky) - z, and Ky and kj are the wavevectors
of the two pump waves.

6. Optical phase conjugation. Derive an expression for the phase-conjugate
reflectivity obtained by degenerate four-wave mixing utilizing the non-
linear response of a collection of “two-level” atoms. You may make the
rotating wave and slowly varying amplitude approximations and may as-
sume that the amplitudes of the strong pump waves are not modified by
the nonlinear interaction.

[Hint: This problem can be solved using the formalism developed in
Section 6.3. This problem has been solved in the scientific literature, and
the solution is given by Abrams and Lind, 1978.]

7. Polarization properties of phase conjugation. Verify Eq. (7.2.40).

8. Optical bistability. The discussion of absorptive optical bistability pre-
sented in the text assumed that the incident laser frequency was tuned to
a cavity resonance. Generalize this treatment by allowing the cavity to be
mistuned from resonance, so that the factor p2e**! appearing in the de-
nominator of Eq. (7.3.3) can be set equal to Re%, where 8 is the cavity
mistuning in radians.

[Ans.: Eq. (7.3.10) must be replaced by

CoT/R 5 CoT/R \?
Th=hL{l —-2R{1—————)cosdp+ R[] — ——— .
1+20/1 1+2DL/1;

Examination of this expression shows that larger values of C¢ and I, are
required in order to obtain optical bistability for 6y # 0.]

9. Optical bistability. The treatment of absorptive bistability given in the
text assumed that the absorption decreased with increasing laser intensity
according to

o

IENA

In fact, many saturable absorbers are imperfect in that they do not saturate

all the way to zero; the absorption can better be represented by

o

o0

R/
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10.

11.

12.

13.

14.

15.

where o is constant. How large can «; be (for given o) and still allow
the occurrence of bistability? Use the same approximations used in the
text, namely that o << 1 and that the cavity is tuned to exact resonance.
How are the requirements on the intensity of the incident laser beam mod-
ified by a nonzero value of o ?

Optical bistability. By means of a graphical analysis of the sort illustrated
in Fig. 7.3.5, make a plot of the transmitted intensity /3 as a function of
the incident intensity /;. Note that more than two stable solutions can
occur for a device that displays refractive bistability.

Optical bistability. Consider refractive bistability in a nonlinear Fabry—
Perot interferometer. Assume that the nonlinear material also displays
(linear) absorption. How are the intensity requirements for switching
modified by the inclusion of loss, and how large can the absorption be
and still allow the existence of bistability?

Optical switching. Show that any physically realizable beam splitter must
obey the relation (7.3.21).

Two-beam coupling. According to Section 7.4, the equations governing
the growth of two beams subject to two-beam coupling can be written

ah = phL1,
dz

d£ =—-8L1.
dz

Solve this system for /5(z) in terms of /;(0) and the total intensity / =
I1 + I>. (This is not difficult, but you may need to refer to a textbook on
differential equations.) Make a sketch of I>(z) for the cases 8 > 0 and
B < 0. What is §, both mathematically and physically?
Self-phase modulation. The analysis of self-phase modulation that led to
Fig. 7.5.1 assumed that the medium had instantaneous response and that
the temporal evolution of the pulse had a symmetric waveform. In this
case the spectrum of the pulse is seen to broaden symmetrically. How
is the spectrum modified for a medium with a sluggish response (given,
for example, by Eq. (7.4.7) with T much longer than the pulse duration)?
How is the spectrum modified if the pulse waveform is not symmetric
(a sawtooth waveform, for example)?
Pulse propagation. How is the pulse propagation equation (7.5.32) mod-
ified if the quantity k> — kg is not approximated by 2ko(k — ko), as was
done in going from Eq. (7.5.18) to Eq. (7.1.19)?

[Ans.: kp in Eq. (7.5.32) must be replaced by (kf + 2koka) /2kg.]
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Problems 387

Why is it that this new equation seems to predict that pulses will spread
as they propagate, even when both k; and y vanish?

Temporal solitons. Verify that the solution given by Eqgs. (7.5.33) does in
fact satisfy the pulse propagation equation (7.5.32).

Temporal solitons. Calculate the peak power and energy of an optical soli-
ton with tgp = 10 psec propagating in a silica-core optical fiber of 8 um
core diameter at a wavelength of 1.55 pm.

[Solution: Using the typical values k» = —20 psec?/km and np = 3 x

10716 cm?/W, we find that P = 80 mW and Q = 0.8 plJ. Note also that
the full width of the pulse measured at half intensity points is equal to
1.7679.]
Self-induced transparency. Optical solitons can also be formed as a con-
sequence of the resonant nonlinear optical response of a collection of
two-level atoms. Show that, in the absence of damping effects and for the
case of exact resonance, the equations describing the propagation of an
optical pulse through such a medium are of the form

9A  10A 2miwN

9z Tcot . ¢ P
dp [0z dw —4i -
P LA aw_TMi
TR e arn P

(where the atomic response is described as in Section 6.4). Show that
these equations yield soliton-like solutions of the form

A(z, 1) = i sech(l _Z/v),

KTo 70
t j—
w(z,t):—1+ZSech2( Z/v),
70
t— t—
p(z, 1) =—ipn sech( Z/v>tanh<7z/v)
0 70
as long as the pulse width and pulse velocity are related by
27 NPt
¢, e
v A

What is the value (and the significance) of the quantity

o0
2L ~
/ #A(z,t)dt?

—0oQ0
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(For the case of an inhomogeneously broadened medium, the equations
are still satisfied by a sech pulse, but the relation between v and 7y is
different. See, for example, Allen and Eberly, 1975.)

19. Modulational instability. The intent of this problem is to determine the

conditions under which the propagation of a monochromatic laser field
inside an optical fiber is unstable to the growth of new frequency compo-
nents. Base your analysis on the nonlinear Schrodinger equation (NLSE)
in the form of Eq. (7.5.32). First note that the solution to the NLSE for
an input in the form of a cw monochromatic wave is the input field mul-
tiplied by an exponential phase factor describing a nonlinear phase shift.

One next wants to determine if this solution is stable to growth of weak
perturbations. Assume that the total field within the fiber has the form
of the strong component of amplitude Ay and frequency w and two weak
sidebands symmetrically displaced by frequency 6 such that the total field
within the fiber can be represented as

Az T) = Ao(2) + A1(R)e " + Ax(2)e'".

(Here we have dropped the tilde and the subscript s for notational con-
venience.) Derive the differential equations satisfied by each of the field
amplitudes by linearizing the equations in A; and A;. Note that A; and
A, are coupled by four-wave mixing interactions. Determine the condi-
tions for instability to occur by determining when the simultaneous solu-
tion to the equations for the A and A; fields will experience exponential
growth. For what relative sign of ny and k» can this instability exist?
Sketch the dependence of the gain on the sideband detuning § for vari-
ous values of the pump amplitude Ag. Also determine the “eigenvector”
associated with the exponentially growing solution, that is, the particular
linear combination of A; and A; that experiences exponential growth.
Describe the nature of the modulation present on the transmitted field for
this particular eigenvector.

Thought question: Why does your solution depend on the group veloc-
ity and not the phase velocity and considering that we have analyzed this
situation under continuous-wave conditions?
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Chapter 8

Spontaneous Light Scattering and
Acoustooptics

8.1. Features of Spontaneous Light Scattering

In this chapter, we describe spontaneous light scattering; Chapters 9 and 10
present descriptions of various stimulated light-scattering processes. By spon-
taneous light scattering, we mean light scattering under conditions such that
the optical properties of the material system are unmodified by the presence
of the incident light beam. We shall see in the following two chapters that
the character of the light-scattering process is profoundly modified whenever
the intensity of the incident light is sufficiently large to modify the optical
properties of the material system.

Let us first consider the light-scattering experiment illustrated in part (a) of
Fig. 8.1.1. Under the most general circumstances, the spectrum of the scat-
tered light has the form shown in part (b) of the figure, in which Raman, Bril-
louin, Rayleigh, and Rayleigh-wing features are present. By definition, those
components of the scattered light that are shifted to lower frequencies are
known as Stokes components, and those components that are shifted to higher
frequencies are known as anti-Stokes components. Table 8.1.1 lists some of
the physical processes that can lead to light scattering of the sort shown in the
figure and gives some of the physical parameters that describe these processes.

One of these light-scattering processes is Raman scattering. Raman scat-
tering results from the interaction of light with the vibrational modes of the
molecules constituting the scattering medium. Raman scattering can equiva-
lently be described as the scattering of light from optical phonons.

391
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scattering medium

(a) incident beam

frequency vy (; § kLL

$ scattering light
(b) Stokes Antistokes
I ;
: Rayleigh
Raman y Raman
Rayleigh Brillouin
A wing A
\ A -

\ % \ %
FIGURE 8.1.1 Spontaneous light scattering. (a) Experimental setup. (b) Typical ob-

served spectrum.

TABLE 8.1.1 Typical values of the parameters describing
several light-scattering processes

Shift Linewidth  Relaxation Time  Gain ¢
Process (cm_1 ) (cm_1 ) (sec) (m/MW)
Raman 1000 5 10712 5% 1073
Brillouin 0.1 5%x1073 1079 1074
Rayleigh 0 5x107% 1078 10-6
Rayleigh-wing 0 5 10-12 1073

@ Gain of the stimulated version of the process.

Brillouin scattering is the scattering of light from sound waves—that is,
from propagating pressure (and thus density) waves. Brillouin scattering can
also be considered to be the scattering of light from acoustic phonons.

Rayleigh scattering (or Rayleigh-center scattering) is the scattering of light
from nonpropagating density fluctuations. Formally, it can be described as
scattering from entropy fluctuations. It is known as quasielastic scattering be-
cause it induces no frequency shift.

Rayleigh-wing scattering (i.e., scattering in the wing of the Rayleigh line) is
scattering from fluctuations in the orientation of anisotropic molecules. Since
the molecular reorientation process is very rapid, this component is spectrally
very broad. Rayleigh-wing scattering does not occur for molecules with an
isotropic polarizability tensor.
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FIGURE 8.1.2 Light scattering cannot occur in a completely homogeneous medium.

8.1.1.  Fluctuations as the Origin of Light Scattering

Light scattering occurs as a consequence of fluctuations in the optical prop-
erties of a material medium; a completely homogeneous material can scat-
ter light only in the forward direction (see, for example, Fabelinskii, 1968).
This conclusion can be demonstrated with the aid of Fig. 8.1.2, which shows
a completely homogeneous medium being illuminated by a plane wave. We
suppose that the volume element d V| scatters light into the 6 direction. How-
ever, for any direction, except the exact forward direction (6 = 0), there must
be a nearby volume element (labeled d V,) whose scattered field interferes de-
structively with that from d V;. Since the same argument can be applied to any
volume element in the medium, we conclude that there can be no scattering
in any direction except 6 = 0. Scattering in the direction 6 = 0 is known as
coherent forward scattering and is the origin of the index of refraction. (See,
for example, the discussion in Section 31 of Feynman et al., 1963.)

Note that the argument that scattering cannot occur (except in the forward
direction) requires that the medium be completely homogeneous. Scattering
can occur as the result of fluctuations in any of the optical properties of the
medium. For example, if the density of the medium is nonuniform, then the
total number of molecules in the volume element d V| may not be equal to the
number of molecules in d V>, and consequently the destructive interference
between the fields scattered by these two elements will not be exact.

Since light scattering results from fluctuations in the optical properties of a
material medium, it is useful to represent the dielectric tensor of the medium
(which for simplicity we assume to be isotropic in its average properties) as
(Landau and Lifshitz, 1960)

€ = €8;k + A€jg, (8.1.1)
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where € represents the mean dielectric constant of the medium and where
A€ represents the (temporally and/or spatially varying) fluctuations in the
dielectric tensor that lead to light scattering. It is convenient to decompose the
fluctuation Ag;y in the dielectric tensor into the sum of a scalar contribution
A€d;; and a (traceless) tensor contribution Ae.(,? as

Aeix = Aedi + Ae'l. (8.1.2)

The scalar contribution Ae arises from fluctuations in thermodynamic
quantities such as the pressure, entropy, density, or temperature. In a chemical
solution it also has a contribution from fluctuations in concentration. Scatter-
ing that results from Ae is called scalar light scattering; examples of scalar
light scattering include Brillouin and Rayleigh scattering.

Scattering that results from Ae () is called tensor light scattering. The ten-

sor Ae ) has been taken to be traceless (e, Ae(t) 0), since the scalar

contrlbutlon A€ has been separated out. It is useful to express Ae(k) as

Ae) = Ael) + Ael?, (8.1.3)

where Ae(k) is the symmetric part of Ae; k) (symmetric in the sense that

AG,-(}? = Ae]?)) and gives rise to Rayleigh-wing scattering, and where Ae(“)

is the antisymmetric part of Ae(’) (that is, Ae(,f) = —Ae(a)) and gives rise to
Raman scattering.

It can be shown that the ﬂuctuatlons A€, Ae(s) and Aei(,?) are statistically

independent. Scattering due to Aei « 18 called depolarized scattering, because
in general the degree of polarization in the scattered light is smaller than that
of the incident light.

8.1.2. Scattering Coefficient

A quantity that is used to describe the efficiency of the scattering process is
the scattering coefficient R, which is defined in terms of the quantities shown
in Fig. 8.1.3. Here a beam of light of intensity /o illuminates a scattering
region of volume V, and the intensity /s of the scattered light is measured
at a distance L from the interaction region. It is reasonable to assume that
the intensity of the scattered light increases linearly with the intensity Iy of
the incident light and with the volume V of the interaction region and that
it obeys the inverse square law with respect to the distance L to the point of
observation. We can hence represent I as

IRV

Ii==>

, (8.1.4)
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FIGURE 8.1.3 Quantities used to define the scattering coefficient.

where the constant of proportionality R is known as the scattering coefficient.

We now assume that the scattered light falls onto a small detector of pro-
jected area d A. The power hitting the detector is given by d P = I;d A. Since
the detector subtends a solid angle at the scattering region given by d<2 =
dA/L?, the scattered power per unit solid angle is given by d P/dQ = I;L?,
or by

ar =IHRV. (8.1.5)

dQ
Either Eq. (8.1.4) or (8.1.5) can be taken as the definition of the scattering
coefficient R. For scattering of visible light through an angle of 90 degrees, R

has the value 2 x 1078 cm™! for air and 1.4 x 10~* m~! for water.

8.1.3. Scattering Cross Section

It is also useful to define the scattering cross section. We consider a beam of
intensity [o falling onto an individual molecule, as shown in Fig. 8.1.4. We
let P denote the total power of the radiation scattered by this molecule. We
assume that P increases linearly with Iy according to

P=oly, (8.1.6)

where the constant of proportionality o is known as the (total) scattering cross
section. Since Iy has the dimensions of power per unit area, we see that o
has the dimensions of an area, which justifies it being called a cross section.
The cross section can be interpreted as the effective geometrical area of the
molecule for removing light from the incident beam.

We also define a differential cross section. Rather than describing the to-
tal scattered power, this quantity describes the power d P scattered in some
particular direction into the element of solid angle d€2. We assume that the
scattered power per unit solid angle d P /d<2 increases linearly with the inci-
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FIGURE 8.1.4 Scattering of light by a molecule.

dent intensity according to
dP do
==l
dQ dQ
where do/dS2 is known as the differential cross section. Clearly, since P is
equal to f(dP/dQ) d<2, it follows from Egs. (8.1.6) and (8.1.7) that

0:/ 49 41a. (8.1.8)

Let us next see how to relate the differential scattering cross section do /d <2
to the scattering coefficient R. If each of the ' molecules contained in the
volume V of Fig. 8.1.3 scatters independently, then the total power per unit
solid angle of the scattered light will be N\ times larger than the result given
in Eq. (8.1.7). Consequently, by comparison with Eq. (8.1.5), we see that the
scattering coefficient is given by

(8.1.7)

N do

S VdQ

One should be wary about taking this equation to constitute a generally

valid result. Recall that a completely homogeneous medium does not scatter

light at all, which implies that for such a medium R would be equal to zero

and not to (N'/V)(do/dS2). In the next section we examine the conditions

under which it is valid to assume that each molecule scatters independently.

As a general rule, Eq. (8.1.9) is valid for dilute media and is entirely invalid
for condensed matter.

(8.1.9)

8.2. Microscopic Theory of Light Scattering

Let us now consider light scattering in terms of the field scattered by each
molecule contained within the interaction region. Such a treatment is partic-
ularly well suited to the case of scattering from a dilute gas, where collective
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FIGURE 8.2.1 Geometry of light scattering from an individual molecule.

effects due to the interaction of the various molecules are relatively unim-
portant. (Light scattering from condensed matter is more conveniently treated
using the thermodynamic formalism presented in the next section.) As illus-
trated in Fig. 8.2.1, we assume that the optical field

E=Epe ' +cc. (8.2.1)

of intensity Ip = (2nce0)|Eo|2 is incident on a molecule whose linear dimen-
sions are assumed to be much smaller than the wavelength of light. In response
to the applied field, the molecule develops the dipole moment

P = o (w)Ege " +c.c., (8.2.2)

where «(w) is the polarizability of the particle. Explicit formulas for o (w) for
certain types of scatterers are given below, but for reasons of generality we
leave the form of «(w) unspecified for the present.

As a consequence of the time-varying dipole moment given by Eq. (8.2.2),
the particle will radiate. The intensity of this radiation at a distance L from the
scatterer is given by the magnitude of the Poynting vector (see, for example,
Jackson, 1982, Section 9.2) as

n(p)

3 _ no'epla()? Kol .
T 16m2e9c3 L2

sin’ = ——2 55— sin’¢. (8.2.3)
The angular brackets in the first form imply that the time average of the en-
closed quantity is to be taken. As shown in Fig. 8.2.1, ¢ is the angle between
the induced dipole moment of the particle and the direction r to the point of
observation.

We next use Eq. (8.2.3) to derive an expression for the differential scattering
cross section. As in the derivation of Eq. (8.1.5), the scattered power per unit
solid angle is given by d P/d2 = I;L?. We introduce the differential cross
section of Eq. (8.1.7), do/d2 = (d P/d2)/ Iy = I;L?/ Iy, which through the
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use of Eq. (8.2.3) becomes

do 1
dQ ~ l6m2 ¢+

We note that this expression for the differential cross section do /d<2 predicts
a sin? ¢ dependence for any functional form for o (w). This result is a conse-
quence of our assumption that the scattering particle is small compared to an
optical wavelength and hence that the scattering is due solely to electric dipole
and not to higher-order multipole processes. Since the angular dependence of
do /d is contained entirely in the sin® ¢ term, we can immediately obtain an
expression for the total scattering cross section by integrating do/d <2 over all
solid angles, yielding

|oe(a))| sin” ¢. (8.2.4)

_ [ aqde 8 1 |( |___|(| 8.2.5)
o_[m a3 Ton2 & %@ (@) (8.2.

In deriving Eq. (8.2.4) for the differential scattering cross section, we as-
sumed that the incident light was linearly polarized, and for convenience we
took the direction of polarization to lie in the plane of Fig. 8.2.1. For this di-
rection of polarization, the scattering angle 6 and the angle ¢ of Eq. (8.2.3)
are related by 6 + ¢ = 90 degrees, and thus for this direction of polarization
Eq. (8.2.4) can be expressed in terms of the scattering angle as

d 1
<£) 1672 & |"‘(‘°)| cos”6. (8.2.6)

Other types of polarization can be treated by allowing the incident field to have
a component perpendicular to the plane of Fig. 8.2.1. For this component ¢ is
equal to 90 degrees for any value of the scattering angle 6, and thus for this
component the differential cross section is given by

do 1 ot 2
N

for any value of 6. Since unpolarized light consists of equal intensities in
the two orthogonal polarization directions, the differential cross section for
unpolarized light is obtained by averaging Eqgs. (8.2.6) and (8.2.7), giving

do 1 )
). T 4Ioz(w)| (1+cos?6). (8.2.8)
unpolarize

As an example of the use of these equations, we consider scattering from
an atom whose optical properties can be described by the Lorentz model of
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cross section
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FIGURE 8.2.2 Frequency dependence of the scattering cross section of a Lorentz
oscillator.

the atom (that is, we model the atom as a simple harmonic oscillator). Ac-
cording to Egs. (1.4.17) and (1.4.10) and the relation of x (w) = Na(w), the
polarizability of such an atom is given by

e?/meg

2 ; ’
wy — w? — 2wy

w(w) = (8.2.9)

where wq is the resonance frequency and y is the dipole damping rate.
Through use of this expression, the total scattering cross section given by
Eq. (8.2.5) becomes

kY4 e? 2 w*
= . 8.2.10
773 (47160 mc‘z) (@3 — w)? + dw?y? ( )

The frequency dependence of the scattering cross section predicted by this
equation is illustrated in Fig. 8.2.2. Equation (8.2.10) can be simplified under
several different limiting conditions. In particular, we find that

8 2 2 4
o= —”(672) © forw < wp, (8.2.11a)
3 \4negmce w,
2 2 2 Cl)2
o=T(_° 0 forw~wo, (8.2.11b)
3 \dmegmc? ) (wo — w)? + y?
B for w > (8.2.11¢)
oO=—|——"= or w ). L. C
3 \4dmegmc? 0

Equation (8.2.11a) shows that the scattering cross section increases as the
fourth power of the optical frequency w in the limit w < wp. This result
leads, for example, to the prediction that the sky is blue, since the shorter
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wavelengths of sunlight are scattered far more efficiently in the earth’s at-
mosphere than are the longer wavelengths. Scattering in this limit is often
known as Rayleigh scattering. Equation (8.2.11b) shows that near the atomic
resonance frequency the dependence of the scattering cross section on the
optical frequency has a Lorentzian lineshape. Equation (8.2.11c) shows that
for very large frequencies the scattering cross section approaches a constant
value. This value is of the order of the square of the “classical” electron ra-
dius, r, = €2 /4megmc? = 2.82 x 10~15 m. Scattering in this limit is known
as Thompson scattering.

As a second example of the application of Eq. (8.2.5), we consider scatter-
ing from a collection of small dielectric spheres. We take € to be the dielectric
constant of the material within each sphere and € to be that of the surrounding
medium. We assume that each sphere is small in the sense that its radius a
is much smaller than the wavelength of the incident radiation. We can then
calculate the polarizability of each sphere using the laws of electrostatics. It is
straightforward to show (see, for example, Stratton, 1941, p. 206; or Jackson,
1982, p. 158) that the polarizability is given by the expression

(8.2.12)

Note that « depends on frequency only through any possible frequency depen-
dence of € or of €;. Through the use of Eq. (8.2.5), we find that the scattering
cross section is given by

4 2

o= 1672502 aﬁez(ﬂ) . (8.2.13)
3 4 €1 + 2¢

Note that, as in the low-frequency limit of the Lorentz atom, the cross section

scales as the fourth power of the frequency. Note also that the cross section

scales as the square of the volume of each particle.

Let us now consider the rather subtle problem of calculating the total in-
tensity of the light scattered from a collection of molecules. We recall from
the discussion of Fig. 8.1.2 that only the fluctuations in the optical properties
of the medium can lead to light scattering. As shown in Fig. 8.2.3, we divide
the total scattering volume V into a large number of identical small regions of
volume V’. We assume that V' is sufficiently small that all of the molecules
within V'’ radiate essentially in phase. The intensity of the light emitted by the
atoms in V' in some particular direction can thus be represented as

Iy = V2 I, (8.2.14)

where v represents the number of molecules in V'’ and Ino denotes the inten-
sity of the light scattering by a single molecule.
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FIGURE 8.2.3 Light scattering from a collection of molecules.

We next calculate the total intensity of the scattered radiation from the en-
tire volume V. We recall from the discussion of Section 8.1 that, for each
volume element V', there will be another element whose radiated field tends
to interfere destructively with that from V'. Insofar as each volume element
contains exactly the same number of molecules, the cancellation will be com-
plete. However, any deviation of v from its mean value v can lead to a net
intensity of the scattered radiation. The contribution to the net scattered inten-
sity from volume element V' is thus given by Av2l,,, where AvZ denotes
the mean-square fluctuation given by Av2 = v2 — 2. The intensity of the
radiation scattered from the total volume V is then given by

—V

Iy = ImolAVZV,

where the last factor V/V’ gives the total number of regions of volume V’
contained within the interaction volume V. This result shows how the total
scattered intensity Iy depends on the fluctuations in the number density of
molecules. We also see that the scattered intensity /y vanishes if the fluctua-

(8.2.15)

tion Av2 vanishes.

For the case of a medium sufficiently dilute that the locations of the indi-
vidual molecules are uncorrelated (that is, for an ideal gas), we can readily
calculate the mean fluctuation Av? in the number of particles. If N denotes
the mean number density of particles, then the mean number of particles in
the volume element V' is given by

V=NV, (8.2.16)
and the mean-square fluctuation is given by
A2 =12 — =7, (8.2.17)

where the last equality follows from the properties of the Poisson probability
distribution, which are obeyed by uncorrelated particles. We hence find from
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Egs. (8.2.15) through (8.2.17) that
1%
Iy = f)?]mol =NV Inol = N Inol. (8.2.18)

Hence, for an ideal gas the total intensity is simply the intensity of the light
scattered by a single molecule multiplied by the total number of molecules,
N = NV. Consequently the scattering coefficient R and differential cross
section do /d<2 introduced in Section 8.1 are related by Eq. (8.1.9)—that is,
by

R=N9 8.2.19

=N-5- (8.2.19)

By introducing Eq. (8.2.4) into this expression, we find that the scattering
coefficient is given by

N o

T l6n? ot

If the scattering medium is sufficiently dilute that its refractive index can be
represented as

()| sin . (8.2.20)

n=1+1iNa(), (8.2.21)
Eq. (8.2.20) can be rewritten as

4 2

- ‘;’—4% in2 . (8.2.22)

This result can be used to determine the number density N of molecules in

a gaseous sample in terms of two optical constants: the refractive index n and

scattering coefficient R at a fixed angle ¢. In fact, the first accurate measure-

ment of Loschmidt’s number (the number density of molecules at standard

temperature and pressure, No = 2.7 x 10'® cm™3) was performed through
application of Eq. (8.2.22).

8.3. Thermodynamic Theory of Scalar Light Scattering

We next develop a macroscopic description of the light scattering process.
We consider the case in which light scattering occurs as the result of fluctu-
ations in the (scalar) dielectric constant and in which these fluctuations are
themselves the result of fluctuations in thermodynamic variables, such as the
material density and temperature. We assume, as in Fig. 8.2.3 in the preceding
section, that the scattering volume V can be divided into a number of smaller
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volumes V' having the property that all atoms in V' radiate essentially in
phase in the 6 direction. We let Ae denote the fluctuation of the dielectric
constant averaged over the volume V’. Since € = 1 + x, the fluctuation in
the susceptibility is then given by Ay = Ae. Because of this change in the
susceptibility, the volume V' develops the additional polarization

P = AxE) = AcE, (8.3.1)
and hence the additional dipole moment
p=coV'P=eoAeV'E,. (8.3.2)

The intensity Iy = (nceo)@f) of the radiation emitted by this oscillating di-
pole moment is obtained by introducing Eq. (8.3.2) into Eq. (8.2.3), to obtain

o*V"2(A€?) sin? ¢
167212 c* '
where, as before, ¢ is the angle between p and the direction to the point of ob-
servation, and where we have introduced the intensity Iy = (nceo)(]:lg) of the
incident light. Equation (8.3.3) gives the intensity of the light scattered from
one cell. The total intensity from all the cells is V/ V' times as large, since the
fluctuations in the dielectric constant for different cells are uncorrelated.
We next calculate the mean-square fluctuation in the dielectric constant,
(A€?), for any one cell. We take the density p and temperature T as indepen-
dent thermodynamic variables. We then express the change in the dielectric

constant as
Ae=(26) ap+ (26 ar (8.3.4)
€E=\| — — . .
o).~ T \ar ),

To good accuracy (the error is estimated to be of the order of 2%; see Fa-
belinskii, 1968), we can usually ignore the second term, since the dielectric
constant typically depends much more strongly on density than on tempera-

ture.™ We thus find
de\?
(ae)= (55 (ool

Iy=1 (8.3.3)

which can be expressed as

A 2
(ae?) = 2820
Py

(8.3.5)

* For this reason, it is not crucial that we retain the subscript T on d¢/dp.
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where pg denotes the mean density of the material and where we have intro-
duced the electrostrictive constant y,, which is defined by*

de
Ve = <Pa—> . (8.3.6)
P/ p=po

The quantity (Ap?)/ pg appearing in Eq. (8.3.5) can be calculated using the
laws of statistical mechanics. The result (see, for example, Fabelinskii, 1968,
Appendix I, Eq. (I.13); or Landau and Lifshitz, 1969) is

Ap?)  kTC
B0 _Mer (8.3.7)
Py 14
where
1/9V
Cr=——["= (8.3.8)
V\op/)r

is the isothermal compressibility. Note that the result given by Eq. (8.3.7)
(whose proof lies outside the subject area of this book) makes sense: Fluc-
tuations are driven by thermal excitation; the larger the compressibility, the
larger will be the resulting excursion; and the smaller the volume under con-
sideration, the easier it is to change its mean density.

By introducing Eqgs. (8.3.5) and (8.3.7) into Eq. (8.3.3) and multiplying the
result by the total number of cells, V/V’, we find that the total intensity of the
scattered radiation is given by
otV 5

— -2
I —I()mye CTkT s d) (8393)

We can use this result to find that the scattering coefficient R defined by
Eq. (8.1.4) is given by
4

w 2 -2
R = m)/e CTkT Nl ¢ (839b)

8.3.1. Ideal Gas

As an example, let us apply the result given by Eq. (8.3.9a) to light scattering
from an ideal gas, for which the equation of state is of the form

pV =NkT, (8.3.10)

where A denotes the total number of molecules in the gas. We then find that
8V /dp)r = —NkT/p? and thus that the isothermal compressibility is given

* The reason why v is called the electrostrictive constant will be described in Section 9.1.
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by

NkT 1 1%
Vpr T p o NKT
We next assume that € — 1 is linearly proportional to p, so that we can repre-

sent € as € = 1 + Ap for some constant A. We hence find that de/dp = A, or
that de /dp = (¢ — 1)/ p, and that the electrostrictive constant is given by

r= (8.3.11)

Ye=¢€— 1. (8.3.12)

If we now introduce Egs. (8.3.11) and (8.3.12) into Eq. (8.3.9a), we find
that the scattered intensity can be expressed as
PR A Gt Ve (8.3.13)
sin” ¢, 3.
"l6x2L2* N
where we have introduced the mean density of particles N = A// V. Through

use of Eq. (8.1.4), we can write this result in terms of the scattering coefficient
as

I, =

(€ — D)2w*sin® ¢
1672c*N
Note that, since € — 1 is equal to 2(n — 1) for a dilute gas (i.e., fore — 1 < 1),
this result is in agreement with the prediction of the microscopic model of

light scattering for an ideal gas, given by Eq. (8.2.22).

R =

(8.3.14)

8.3.2.  Spectrum of the Scattered Light

The analysis just presented has led to an explicit prediction (8.3.9a) for the
total intensity of the light scattered as the result of the fluctuations in the
density (and hence the dielectric constant) of a material system in thermal
equilibrium. In order to determine the spectrum of the scattered light, we have
to examine the dynamical behavior of the density fluctuations that give rise to
light scattering. As before (see the discussion associated with Eq. (8.3.4)), we
represent the fluctuation in the dielectric constant as

9
AE = <—E>A,5. (8.3.15)
ap

We now choose the entropy s and pressure p to be the independent thermo-
dynamic variables. We can then represent the variation in density, Ap, as

N ap . (9p .
0= F™ Ap+|— | As. (8.3.16)
P/ as »
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Here the first term describes adiabatic density fluctuations (that is, acoustic
waves) and leads to Brillouin scattering. The second term describes isobaric
density fluctuations (that is, entropy or temperature fluctuations) and leads to
Rayleigh-center scattering. The two contributions to Ap are quite different
in character and lead to very different spectral distributions of the scattered
light, because (as we shall see) the equations of motion for Ap and As are
very different.

8.3.3. Brillouin Scattering

The equation of motion for a pressure wave is well known from the field of
acoustics and is given by (see, e.g., Fabelinskii, 1968, Section 34.9)

AP AP
Mp —v2 il 2g2ap—o. (8.3.17)
Here v denotes the velocity of sound, which is given in terms of thermody-
namic variables by
a
V2= (—p> . (8.3.18)
0/

The equation for the velocity of sound is conveniently expressed in terms of
the compressibility C or in terms of its reciprocal, the bulk modulus K, which
are defined by

C= 1 13V _ 19p

T K Vap pap
The compressibility can be measured either at constant temperature or at con-
stant entropy. The two values of the compressibility, denoted respectively as

Cr and Cj, are related by

(8.3.19)

C c
“r_tr (8.3.20)
Cs cy
where c), is the specific heat (i.e., the heat capacity per unit mass, whose units
are J/kg K) at constant pressure, cy is the specific heat at constant volume,
and where their ratio y is known as the adiabatic index. The velocity of sound
as defined by Eq. (8.3.18) can thus be written as
K 1
V== . (8.3.21)
p Csp
An important special case of the use of this formula is that of an ideal gas,
for which the equation of state is given by Eq. (8.3.10) and the isothermal
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TABLE 8.3.1 Typical sound

velocities
Material v (m/sec)
Gases
Dry air 3.31x 102
He 9.65 x 102
H, 12.84 x 102
Water vapor 4.94 x 102
Liquids
CS, 1.15x 103
CCly 0.93 x 10°
Ethanol 1.21x 103
Water 1.50 x 103
Solids
Fused silica 5.97 x 103
Lucite 2.68 x 10°

compressibility is given by Eq. (8.3.11). The adiabatic compressibility is thus
givenby C; = Cr/y = 1/yp. We hence find from Eq. (8.3.21) that the veloc-
ity of sound is given by

172 LT\ /2 KT\ /2
v= (Q) - (”N ) - (V_) , (8.3.22)
0 pV j

where u denotes the molecular mass. We thus see that the velocity of sound
is of the order of the mean thermal velocity of the molecules of the gas. The
velocity of sound for some common optical materials is listed in Table 8.3.1.

The parameter ' appearing in the wave equation (8.3.17) is a damping
parameter that can be shown to be expressible as

r'= l[ins o+ = (y — 1)}, (8.3.23)
pL3 Cp

where 7; is the shear viscosity coefficient, 7, is the bulk viscosity coefficient,
and « is the thermal conductivity. For most materials of interest in optics,
the last contribution to I'” is much smaller than the first two. Conventions
involving the naming of the viscosity coefficients are discussed briefly in the
Appendix to Section 9.6.

As an illustration of the nature of the acoustic wave equation (8.3.17), we
consider the propagation of the wave

Ap = Ape! T 4 cc. (8.3.24)

through an acoustic medium. By substituting this form into the acoustic wave
equation (Eq. 8.3.17), we find that ¢ and 2 must be related by a dispersion
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relation of the form
Q* =¢*(v? —iqr’). (8.3.25)

We can rewrite this relation as

5 Q? Q% /v? Q? iQr’
qg°- = - = - ~—\14+——), (8.3.26)
v2—iQI"  1—iQI/v2 1?2 v2
which shows that
Q il
q>~—+ —, (8.3.27)
v 2v
where we have introduced the phonon decay rate
r=TI'¢% (8.3.28)

We find by introducing the form for ¢ given by Eq. (8.3.27) into Eq. (8.3.24)
that the intensity of the acoustic wave varies spatially as

1Ap@)|F = |Ap(0) P, (8.3.29)

where we have introduced the sound absorption coefficient

g’’’ T
o5 = =—. (8.3.30)
v v
It is also useful to define the phonon lifetime as
1 1

Next, we calculate the rate at which light is scattered out of a beam of light
by these acoustic waves. We assume that the incident optical field is described
by

Eo(z,1) = Eoge' ™" fc.c. (8.3.32)
and that the scattered field obeys the driven wave equation

o~ n?d’E 1 3P
VE- G5 = TR (8.3.33)

We take the polarization P of the medium to be given by Eq. (8.3.1) with
the variation A€ in dielectric constant given by Eq. (8.3.15)—that is, we take
P = €y(de / 3p)ABEy. We take the variation in density to be given by the
first contribution to Eq. (8.3.16) — that is, by Ap = (dp/dp)Ap, where Ap
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denotes the incremental pressure. We thus find that
~ de ap - ~
P(r,r)=e| — || 7<) Ap(r,n)Ep(z,1)
dp J\dp /
= eoyeCsAp(r, 0 Eo(z. 1), (8.3.34)
where we have introduced the adiabatic compressibility Cs of Eq. (8.3.19)
and the electrostrictive constant of Eq. (8.3.6). We take a typical component
of the thermally excited pressure disturbance within the interaction region to
be given by
Ap(r, 1) = Ape' @90 4 ¢ c. (8.3.35)

By combining Egs. (8.3.33) through (8.3.35), we find that the scattered field
must obey the wave equation

2 21
e 17 E .G 2 i (k—q)-r—i(0—Q)1
\Y% E_C_ZW__ 2 [(CU—Q) EoApTe
+ (0 + Q) EgApe! KTOTH @D Lo ¢ ],

(8.3.36)

The first term in this expression leads to Stokes scattering; the second to anti-
Stokes scattering. We study these two contributions in turn.

8.3.4. Stokes Scattering (First Term in Eq. (8.3.36))
The polarization is seen to have a component with wavevector
kK=k—q (8.3.37)
and frequency
o'=w-Q, (8.3.38)

where the frequency w and wavevector k of the incident optical field are re-
lated according to

w = |Kk|c/n, (8.3.39)

and where the frequency €2 and wavevector q of the acoustic wave are related
according to

Q= |qlv. (8.3.40)

This component of the polarization can couple efficiently to the scattered op-
tical wave only if its frequency @’ and wavevector K’ are related by the dis-
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FIGURE 8.3.1 Illustration of Stokes Brillouin scattering.

persion relation for optical waves, namely
o' =|K'|c/n. (8.3.41)

In order for Eqgs. (8.3.37) through (8.3.41) to be satisfied simultaneously,
the sound-wave frequency and wavevector must each have a particular value
for any scattering direction. For the case of scattering at the angle 6, we have
the situation illustrated in Fig. 8.3.1. Part (a) of this figure shows the relative
orientations of the wavevectors of the incident and scattered fields. Part (b)
illustrates Eq. (8.3.37) and shows how the wavevector of the acoustic distur-
bance is related to those of the incident and scattered optical radiation.

Since |K| is very nearly equal to |K’| (because 2 is much smaller than w),
diagram (b) shows that

lq| = 2|K]|sin(6/2). (8.3.42)

The dispersion relation (8.3.40) then shows that the acoustic frequency is
given by

Q = 2[k|vsin(6/2) = 2nw§ sin(0/2). (8.3.43)

We note that the Stokes shift 2 is equal to zero for forward scattering and
is maximum for backscattering (i.e., for 6 = 180 degrees). The maximum
frequency shift is thus given by

Qe = 2120, (8.3.44)
C
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For w/2mw =3 x 10" Hz (i.e., at A =1 um), v = 1 x 10° m/sec (a typical
value), and n =1.5, we obtain Qpuax/27 =3 x 10° Hz.

Stokes scattering can be visualized as the scattering of light from a retreat-
ing acoustic wave, as illustrated in part (c) of Fig. 8.3.1.

8.3.5. Anti-Stokes Scattering (Second Term in Eq. (8.3.36))

The analysis here is analogous to that for Stokes scattering. The polarization
is seen to have a component with wavevector

kK'=k+q (8.3.45)
and frequency
o'=w+Q, (8.3.46)

where, as before, w = |k|c/n and 2 = |q|v. This component of the polariza-
tion can couple efficiently to an electromagnetic wave only if @’ and |K’'| are
related by ' = |K|c/n. We again assume that 6 denotes the scattering angle,
as illustrated in Fig. 8.3.2. The condition (8.3.45) is illustrated as part (b) of
the figure. Since (as before) |K| is very nearly equal to |K’|, the length of the
acoustic wavevector is given by

lql = 2|Kk|sin(0/2). (8.3.47)
Hence, by Eq. (8.3.40), the acoustic frequency is given by
Q =200 sin(6/2). (8.3.48)
c
() (b)
kl
\i VNS
—_—> U
k k
(©) =k+q

sound wave

FIGURE 8.3.2 Illustration of anti-Stokes Brillouin scattering.
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FIGURE 8.3.3 Spectrum showing Brillouin and Rayleigh scattering.

Anti-Stokes scattering can be visualized as scattering from an oncoming
sound wave, as shown in part (c) of Fig. 8.3.2.

We have thus far ignored attenuation of the acoustic wave in our analysis.
If we include this effect, we find that the light scattered into direction 6 is not
monochromatic but has a spread in angular frequency whose width (FWHM)
is given by

Sw=1/t,=T"¢ (8.3.49)
which becomes, through use of Eq. (8.3.42),
2
Sw = 4T k|*sin®(6/2) = 4n2F’w—2 sin®(6/2). (8.3.50)
C

For the case of backscattering (6 = 180 degrees), Sw/2m is typically of the
order of 100 MHz for organic liquids. Since the acoustic frequency is given by
Eq. (8.3.43), we see that the ratio of the linewidth to the Brillouin frequency
shift is given by
S 2nTw .
— = sin(6/2). (8.3.51)
Q ve
The spectrum of the scattered light has the form shown in Fig. 8.3.3.

8.3.6. Rayleigh Center Scattering

We now consider the contribution to Ap (and hence to A€) resulting from
isobaric density fluctuations, which are described by the second term in
Eq. (8.3.16) and are proportional to the entropy fluctuation As. Entropy fluc-
tuations are described by the same equation as that describing temperature
variations:

dAS
,Ocpa—ts — kV2AF =0, (8.3.52)

where, as before, c;, denotes the specific heat at constant pressure, and where
k denotes the thermal conductivity. Note that these fluctuations obey a diffu-



8.4. Acoustooptics 413

sion equation and not a wave equation. A solution to the diffusion equation
(8.3.52) is

A5 = Asge e AT, (8.3.53)

where the damping rate of the entropy disturbance is given by
K
8= —qz.
PCp
We see that, unlike pressure waves, entropy waves do not propagate. As a
result, the nonlinear polarization proportional to As can give rise only to an
unshifted component of the scattered light. The width (FWHM) of this com-
ponent is given by dw, = §—that is, by

(8.3.54)

4 5 L,
dw, = —1K|" sin“(6/2). (8.3.55)
PCp
As a representative case, for liquid water x = 6 mW/cmK, p =1 g/cm?,
c¢p =4.2J/gK, and the predicted width of the central component for backscat-
tering (6 = 180 degrees) of radiation at 500 nm is sw. /27 = 1.4 x 107 Hz.
It can be shown (Fabelinskii, 1968, Eq. (5.39)) that the relative intensities
of the Brillouin and Rayleigh center components are given by

1. Cp—Cy
21 B B Cy
Here I, denotes the integrated intensity of the central component, and /p that

of either of the Brillouin components. This result is known as the Landau—
Placzek relation.

—y -1 (8.3.56)

8.4. Acoustooptics

The analysis just presented of the scattering of light from a sound wave can
be applied to the situation in which the sound wave is applied to the inter-
action region externally by means of a transducer. Such acoustooptic devices
are useful as intensity or frequency modulators for laser beams or as beam
deflectors.

Acoustooptic devices are commonly classified as falling into one of two
regimes, each of which will be discussed in greater detail below. These
regimes are as follows:

Bragg scattering. This type of scattering occurs for the case of interaction
lengths that are sufficiently long that phase-matching considerations be-
come important. Bragg scattering leads to a single diffracted beam. The
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name is given by analogy to the scattering of X-rays from the atomic planes
in a crystal. Bragg scattering can lead to an appreciable scattering efficiency
(>50%).

Raman-Nath scattering. This type of scattering occurs in cells with a short
interaction length. Phase-matching considerations are not important, and
several scattered orders are usually present.

We shall first consider the case of Bragg scattering of light waves; a more
precise statement of the conditions under which each type of scattering occurs
is given below in connection with the discussion of Raman—Nath scattering.

8.4.1. Bragg Scattering of Light by Sound Waves

The operation of a typical Bragg scattering cell is shown schematically in
Fig. 8.4.1. A traveling acoustic wave of frequency Q2 and wavelength A =
2mv/ 2 (where v denotes the velocity of sound) is established in the scat-
tering medium. The density variation associated with this acoustic wave pro-
duces a variation in the dielectric constant of the medium, and the incident
optical wave scatters from this variation. Although the amplitude of the wave
scattered from each acoustic wavefront is typically rather small, the total scat-
tered field can become quite intense if the various contributions add in phase
to produce constructive interference. The condition for constructive interfer-
ence to occur is obtained with the help of the construction shown in Fig. 8§.4.2
and is given by the relation

A=2Asinb, (8.4.1)

where A is the wavelength of light in the medium. This condition is known
as the Bragg condition. It ensures that the path length difference between
rays that reflect from successive acoustic maxima is equal to an optical
wavelength. In a typical acoustooptic device, relevant parameters might be
v =1.5 x 10° cm/sec and /27 = 200 MHz, which imply that the acoustic
wavelength is equal to A =2mv/Q = 7.5 um. If the optical wavelength is
0.5 um, we see from Eq. (8.4.1) that sinf = 1/30 and thus the deflection
angle is given by 20 = 4 degrees.

The Bragg condition given by Eq. (8.4.1) can alternatively be understood
as a phase-matching condition. If k; denotes the wavevector of the incident
optical wave, k that of the diffracted optical wave, and q that of the acoustic
wave, the Bragg condition can be seen with the help of Fig. 8.4.3(a) to be a
statement that

k) =k +q. (8.4.2)
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FIGURE 8.4.1 Bragg-type acoustooptic modulator.
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FIGURE 8.4.2 The Bragg condition for acoustooptic scattering.

By comparison with the analysis of Section 8.3 for spontaneous Brillouin
scattering (and as shown explicitly below), we see that the frequency of the
scattered beam is shifted upward to

wy) = w + 2. (8.4.3)

Since €2 is much less than w1, we see that w, is approximately equal to w1, and
hence that |k;| =~ |k1|. The configuration shown in Fig. 8.4.1 shows the case
in which the acoustic wave is advancing toward the incident optical wave. For
the case of a sound wave propagating in the opposite direction, Eqgs. (8.4.2)
and (8.4.3) must be replaced by

ky =k; —q, (8.4.42)
wy = w1 — 2. (8.4.4b)
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FIGURE 8.4.3 The Bragg condition described as a phase-matching relation.

Figures 8.4.1 and 8.4.2 are unchanged except for the reversal of the direc-
tion of the sound velocity vector, although Fig. 8.4.3(a) must be replaced by
Fig. 8.4.3(b).

Bragg scattering of light by sound waves can be treated theoretically by
considering the time-varying change A€ in the dielectric constant induced by
the acoustic density variation Ap. It is usually adequate to assume that A€
scales linearly with Ap, so that

. de Ap
AE=—Ap=Ye—. (8.4.5)

ap £0
Here pg denotes the mean density of the material, and y, denotes the elec-
trostrictive constant defined by Eq. (8.3.6). Equation (8.4.5) applies rigor-
ously to the case of liquids, and it predicts the correct qualitative behavior
for other materials. For the case of anisotropic materials, the change in the
optical properties is described more precisely by means of a tensor relation,

which conventionally is given by

[A(G_l)]ij =Zl?ijk15k1, (8.4.6)
kl
where the quantity p; i is known as the strain-optic tensor and where
1/ dd; ad;
Ski==z —+— 8.4.7
“ 2(8x1+dxk) ( )

is the strain tensor, in which dy is the k component of the displacement of
a particle from its equilibrium position. Whenever the change in the inverse
of the dielectric tensor (¢ ~1); j given by the right-hand side of Eq. (8.4.6) is
small, the change in the dielectric tensor €;; is given by

(Ae)i ==Y eij[Ale™)] en (8.4.8)
ik
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FIGURE 8.4.4 Geometry of a Bragg-type acoustooptic modulator.

Our theoretical treatment of Bragg scattering assumes the geometry shown
in Fig. 8.4.4. The interaction of the incident field

Ey=Ad®mon e (8.4.9)
with the acoustic wave of wavevector q produces the diffracted wave
Ey = Aye!®2m=2D) 4 cc. (8.4.10)

with wy = w1 + Q. The interaction is assumed to be nearly Bragg-matched
(i.e., phase-matched) in the sense that

ko ~k; +q. (8.4.11)

The variation of the dielectric constant induced by the acoustic wave is repre-
sented as

AE = Aee! @) 4 c e (8.4.12)

where the complex amplitude Ae is given by Ae = y,Ap/po under those
conditions where the change in dielectric constant is accurately predicted by
Eq. (8.4.5). More generally, for anisotropic interactions, A€ is the amplitude
of the appropriate tensor component of A€;; given by Eq. (8.4.6). The total
optical field E = E| 4 E, is required to satisfy the wave equation

. n?2+ AEI’E

V2E =0 (8.4.13)

2 or? ’

where n denotes the refractive index of the material in the absence of the
acoustic wave. Since according to Eq. (8.4.12) A€ oscillates at frequency €2,
it couples the optical waves of frequencies w; and wy = w1 + 2.
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We first consider the portion of Eq. (8.4.13) that oscillates at frequency w;.
This part is given by

PA LA AL A — (K +K2)A
1
9x2 oz 3 Ix— 9x lz= 9z 1
}’lz(,()2
ML Y zAzAé* ik~ _ () (8.4.14)

This equation can be simplified in the following manner: (1) We introduce the
slowly varying amplitude approximation, which entails ignoring the second-
order derivatives; (2) we note that A, depends only on x and not on z, since the
interaction is invariant to a translation in the z direction, and so we set dA1/0z
equal to 0; and (3) we note that kfx + k =n a)z/c Equation (8.4.14) thus
becomes

. dAy 2 # gl (ky—K—q)r
Dikjy—— = ——2 Ay Ae*eite"ki—a (8.4.15)
dx 2
Next, we note that the propagation vector mismatch ko —k; —q= —Ak

can have a nonzero component only in the x direction, because the geometry
we are considering has infinite extent in the z direction, and the z component
of the k wavevector mismatch must therefore vanish. We thus see that

(ko —k; —q) - r=—Akx, (8.4.16)
and hence that Eq. (8.4.15) can be written as

dAq 1a)2Ae
dx  2kicc?

jeiAkx (8.4.17)

By a completely analogous derivation, we find that the portion of the wave
equation (8.4.13) that describes a wave at frequency w» is given by
dAy _iofAe
dx  2kp.c?

(8.4.18)

Finally, we note that since w; >~ w> = w and k1x >~ k2 = k,, the coupled
equations (8.4.17) and (8.4.18) can be written as

dA .
Sl ik ApemiBkx (8.4.19a)
dx
dA
222 ikt A e Ok (8.4.19b)

dx
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where we have introduced the coupling constant

w* Ae*

_wae 8.4.20
T ke ( )

The solution to these coupled-amplitude equations is particularly simple for
the case in which FE is incident at the Bragg angle. In this case, the interaction
is perfectly phase-matched, so that Ak = 0, and thus Eq. (8.4.19b) reduces to
the set

— = iKkA), — =ik Aj. (8.4.21)
dx dx

These equations are easily solved using methods similar to those introduced
in Chapter 2. The solution appropriate to the boundary conditions illustrated
in Fig. 8.4.4 is

A1 (x) = A1(0)cos(|k|x), (8.4.22a)
Ar(x) = %A1 (0) sin(|x |x). (8.4.22b)

Note that these solutions obey the relation

A1) + |42 = 410)]%,

(8.4.23)

which shows that the energy of the optical field is conserved in the Bragg scat-
tering process (since we have assumed that 2 << w). We define the diffraction
efficiency of the Bragg scattering process to be the ratio of the output inten-
sity of the w> wave to the input intensity of the w; wave, and we find that the
diffraction efficiency is given by

|A2(L)?

= AL 02

= sin? (|| L). (8.4.24)
For practical purposes, it is useful to express the coupling constant x de-

fined by Eq. (8.4.20) in terms of the intensity (i.e., power per unit area) of the

acoustic wave. The intensity of a sound wave is given by the relation

Ap? Ap|?
1= kv 20 ok 221 (8.4.25)
'OO £0

where, as before, K = 1/C is the bulk modulus, v is the sound velocity, and
Ap is the complex amplitude of the density disturbance associated with the
acoustic wave. It follows from Eq. (8.4.5) that A€ is equal to y,Ap/p, and
thus the acoustic intensity can be written as I = 2K v|A€|?/ yez. The coupling
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constant |k| (see Eq. (8.4.20)) can thus be expressed as

wy 7 \12
kl=—"—(=——) . (8.4.26)
2nccosf \ 2Kv

where we have replaced ky by n(w/c) cos6.

As an example, we evaluate Eq. (8.4.26) for the case of Bragg scattering in
water, which is characterized by the following physical constants: n = 1.33,
Ye =0.82,v=1.5 % 103 m/sec, and K =2.19 x 101! mz/Newton. We as-
sume that cos 6 >~ 1, as is usually the case; that the vacuum optical wavelength
is 0.5 pm, so that w = 3.8 x 10" rad/sec; and that the acoustic intensity is
1.0 W/cm? (as might be obtained using 1 W of acoustic power and an acoustic
beam diameter of approximately 1 cm). Under these conditions, Eq. (8.4.26)
gives the value |«| = 1.5 cm™!. According to Eq. (8.4.24), 100% conversion
of the incident beam into the diffracted beam is predicted for |«|L =7 /2, or
under the present conditions for a path length through the acoustic beam of
L=1.0cm.

For the case in which the incident beam does not intercept the acoustic
wavefronts at the Bragg angle, the theoretical analysis is more complicated
because the wavevector mismatch Ak does not vanish. The phase-matching
diagrams for the cases of Bragg-angle and non-Bragg-angle incidence are
contrasted in Fig. 8.4.5. As discussed in connection with Eq. (8.4.16), the
wavevector mismatch can have a component only in the x direction, since the
medium is assumed to have infinite extent in the z direction.

We first determine the relationship between the wavevector mismatch Ak
and the angle of incidence 6;. We note that the x and z components of the
vectors of diagram (b) obey the relations

kcosO) — kcosbr, = Ak, (8.4.27a)
ksinf; + ksinfy = q, (8.4.27b)
(b) Ak

FIGURE 8.4.5 Wavevector diagrams for (a) incidence at the Bragg angle, so Ak =0,
and (b) non-Bragg-angle incidence, so Ak # 0.
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where we have let k; >~ kp = k. We note that if the angle of incidence 0 is
equal to the Bragg angle

o5 =sin! L =sin"1 2 (8.4.28)
i 2k 2N -
then Egs. (8.4.27b) imply that the diffraction angle 6; is also equal to O and
that Ak = 0. For the case in which the light is not incident at the Bragg angle,
we set

01 =06p + A6, (8.4.29a)

where we assume that Af < 1. We note that Eq. (8.4.27b) will be satisfied so
long as

6, =0p — A6. (8.4.29b)

These values of 61 and 6, are now introduced into Eq. (8.4.27a). The cosine
functions are expanded to lowest order in A6 as

cos(fp == AB) =cosOp F (sinfp) A0,

and we obtain (2k sinfp) A6 = Ak, which through use of Eq. (8.4.28) shows
that the wavevector mismatch Ak that occurs as the result of an angular mis-
alignment A6 is given by

Ak =—Abq. (8.4.30)
We next solve Egs. (8.4.19b) for arbitrary values of Ak. The solution for

the case in which no field at frequency w» is applied externally is

. Ak
Al(x) = e 1 /DAkx 4 () (cossx + i2— sinsx), (8.4.31a)
S

*
As(x) = i /285 41 0) ginsx, (8.4.31b)
S

where
2=kl + (S ak)*. (8.4.32)
The diffraction efficiency for arbitrary Ak is now given by

_ AW ||

= - ) 2 (LAY (8433
AP~ P+ a2 {[Ikl* + (38K)7] 7L} (8:433)

n(Ak)

We see that for Ak # 0 the maximum efficiency is always less than 100%. Let
us examine the rate at which the efficiency decreases as the phase mismatch
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Ak is increased. We expand n(Ak) as a power series in Ak as

d2n

d(Ak)?

+ 1(Ak)2

d
n(AKk) = n(0) + Ak—T -
Ak=0 2

Ta0 oo (84.34)

Ak=0

By calculating these derivatives, we find that, correct to second order in Ak,
the efficiency is given by

Al = |1 = @R (| _ IkIK cosllL) 8.4.35
n( )—n()[ —4|K|2< e )] (8.4.35)
where

n(0) = sin? (|« |L). (8.4.35b)

One common use of the Bragg acoustooptic effect is to produce an
amplitude-modulated laser beam, as illustrated in Fig. 8.4.6. In such a device,
the frequency of the electrical signal that is fed to the acoustic transducer is
held fixed, but the amplitude of this wave is modulated. As a result, the depth
of modulation of the acoustic grating is varied, leading to a modulation of the
intensity of the scattered wave.

Another application of Bragg acoustooptic scattering is to produce a beam
deflector (Fig. 8.4.7). In such a device, the frequency €2 of the electrical signal
that is fed to the acoustic transducer is allowed to vary. As a result, the acoustic
wavelength A varies, and thus the diffraction angle 8, given by Eq. (8.4.29b)
can be controlled. It should be noted that the diffraction efficiency given by
Eq. (8.4.33) decreases for diffraction at angles different from the Bragg angle,
and this effect places limitations on the range of deflection angles that are
achievable by means of this technique.

inciden& / diffracted beam
beam X (intensity modulated)
transducer

L amplitude modulated
electrical signal

FIGURE 8.4.6 Acoustooptic amplitude modulator.
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incident diffracted

beam beam
GID >N /{92

transducer
electrical signal of
variable frequency

FIGURE 8.4.7 Acoustooptic beam deflector. The angle 6, depends on the frequency
of Q of the electrical signal.

8.4.2. Raman—Nath Effect

The description of Bragg scattering given in the preceding subsection implic-
itly assumed that the width L of the interaction region was sufficiently large
that an incident ray of light would interact with a large number of acoustic
wavefronts. As illustrated in Fig. 8.4.8, this condition requires that

Ltan6; > A, (8.4.36)

where A is the acoustic wavelength. However, the angle of incidence 8; must
satisfy the Bragg condition

A
sinf; = TN (8.4.37)

if efficient scattering is to occur. In most cases of interest, 01 is much smaller
than unity, and hence tan 6] ~ 6. Equation (8.4.37) can then be used to elim-
inate 61 from Eq. (8.4.36), which becomes

AL

e > 1. (8.4.38)
If this condition is satisfied, Bragg scattering can occur. Scattering in the op-
posite limit is known as Raman—Nath scattering.

Raman—Nath scattering can be understood in terms of the diagram shown
in Fig. 8.4.9. A beam of light falls onto the scattering cell, typically at near-
normal incidence. Because of the presence of the acoustic wave, whose wave-
length is denoted A, the refractive index of the medium varies spatially with
period A. The incident light diffracts off this index grating; the characteristic
angular spread of the diffracted light is
A

00 = 8.4.39
x ( )
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\
v b T~

FIGURE 8.4.8 Illustration of the condition under which Bragg scattering occurs.

We now assume that the cell is sufficiently thin that multiple scattering
cannot occur. This condition can be stated as

SOL < A. (8.4.40)

If 56 is eliminated from this inequality through use of Eq. (8.4.39), we find
that

= 1. (8.4.41)

We note that this condition is the opposite of the inequality (8.4.38) for the
occurrence of Bragg scattering.

We now present a mathematical analysis of Raman—Nath scattering. We
assume that the acoustic wave within the scattering cell can be represented as
the density variation

Ap = Apel@i= 4 cc. (8.4.42)
A refractive index variation
Afi = Ane' @i 4 ¢, (8.4.43)

is associated with this acoustic wave. We relate the complex amplitude An of
the refractive index disturbance to the amplitude Ap of the acoustic wave
as follows: We let 77 = ng + Afi, where 71 = €1/2 with € = ¢, + AE. We
thus find that ng = eé/z and that An = A€/2np. We now represent A€ as
A€ = (0€/3p)Ap = y.Ap/po and find that An = y,Ap/2ngpg, and thus that

_ YeAp

An = .
2n000

(8.4.44)

The ensuing analysis is simplified by representing A7 using real quantities;
we assume that the phase conventions are chosen such that

An(z,t) =2Ansin(gz — Q). (8.4.45)
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FIGURE 8.4.9 Raman-Nath diffraction.

The electric field of the incident optical wave is represented as
E@r, 1) =Ae® ) 4 cc. (8.4.46)

After passing through the acoustic wave, the optical field will have experi-
enced a phase shift

o= A2 L =2an2 Lsin(gz — Q1) = 8sin(qz — Qu), (8.4.47)
C C

where the quantity
8 =2AnwL/c (8.4.48)

is known as the modulation index. The transmitted field can hence be repre-
sented as E(r,t) = Aexpli(kx — wt + ¢)] + c.c., or as

E(r,1) = Aglthrmortdsin(qz=00l 4 ¢ ¢ (8.4.49)

We see that the transmitted field is phase-modulated in time. To determine
the consequences of this form of modulation, we note that Eq. (8.4.49) can be
transformed through use of the Bessel function identity

o0
0N = N Jy(8)e' (8.4.50)

[=—o00

so that the transmitted field can be expressed as

o0
E(r,t)=A Z Ji(8)! 1 kx+lg—(@+11] 4 ¢ (8.4.51)

[=—00
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k

FIGURE 8.4.10

We see that the transmitted field is a linear superposition of plane wave
components with frequencies w + [2 and wavevectors k 4 /q. As shown in
Fig. 8.4.10 (for the case [ = 2), the /th-order diffracted wave is emitted at
angle

l l A
o =tan' (L) ~4 2 (8.4.52)
k kK A
The intensity of the light in this diffraction order is
I =141 76), (8.4.53)

where, as before, § =2An(w/c)L. Equations (8.4.48) and (8.4.53) constitute
the Raman—Nath equations.

It is instructive to repeat this analysis for the case of a standing sound wave.
For convenience, we take the resulting modulation of the refractive index to
be of the form

n(z,t) =2AncosQtsingz. (8.4.54)
The phase shift induced in the optical wave is then given by
¢ = 2An$L cos 2t singz
= §cosQ2tsingz, (8.4.55)
and the transmitted optical field is given by
E(r,1) = AelkxmotFdcosQisingz) 4 ¢ ¢ (8.4.56)

We now use the Bessel function identity (8.4.50) to transform the factor
singz that appears in the exponent of this expression. We find that

(o.¢]
E(r,)=A ) Ji(ScosQt)expli(kx +1gz) —iwt] +cc.  (84.57)
[=—00
We see that once again the transmitted field is composed of plane wave com-
ponents; the /th diffracted order makes an angle

lg Ix
O~ —=— 8.4.58
== ( )
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with the forward direction. The intensity of the /th order is now given by

I = | AP Ji(8 cos Q). (8.4.59)

We see that in this case each component is amplitude-modulated.

Problems

1.

2.

3.

Light scattering in air. Estimate numerically, using the Lorentz model of
the atom, the value of the scattering cross section for molecular nitrogen
(N3) for visible light at a wavelength of 500 nm. Use this result to estimate
the value of the scattering coefficient R for air at STP. Compare this value
with that obtained using Eq. (8.2.22) and the known refractive index of air.
(The measured value for 90-degree scattering of unpolarized light, Rg,, is
approximately 2 x 1078 cm™!.) Also, estimate numerically the attenuation
distance of light in air—that is, the propagation distance through which the
intensity falls to 1/e of its initial value due to scattering losses.

[Ans.: @ = (167 /3)RY; =3 x 107" cm™! = (33 km) ]

Light scattering in water. Through use of Eq. (8.3.9b) and handbook values
of y, and Cr, estimate numerically the value of the scattering coefficient
R for liquid water at room temperature for 90-degree scattering of visible
light at a wavelength of 500 nm. Use this result to estimate the attenuation
distance of light in water.

[Ans: Using the values Cr = 4.5 x 107! cm?/dyne, n = 1.33, y, =
(n?> — H(n®> +2)/3=0.98, and T = 300 K, we find that R = 2.8 x
10~%sin? ¢ cm™!, and thus that for 90-degree scattering of unpolarized
light Ry, = 1.4 x 1079 cm™!. Thus, the attenuation constant is given by
a=(167/3)Réy=2.34 x 107> cm™! = (426 m)~! ]

Polarizability of a dielectric sphere. Verify Eq. (8.2.12).

4. Acoustic attenuation in water. Estimate numerically the value of the

5.
6.

acoustic absorption coefficient «; for propagation through water at fre-
quencies of 103, 106, and 10° Hz.

[Ans.: The low-frequency shear viscosity coefficient of water is 1y =
0.01 dyne sec/cmz, and the Stokes relation tells us that ng = —(2/3)n;.
We find that I’ = 0.66 x 1072 cm?/sec. Since oy = ¢*I"//v and g = Q /v,
where v = 1.5 x 10° cm/sec, we find that oy = 7.7 x 107" cm~1 at 1 kHz
and oy, =7.7 x 1072 cm~! at 1 GHz.]

Inverse dielectric tensor. Verify Eq. (8.4.8).
Solution of the Bragg acoustooptics equations. Verify Eqgs. (8.4.31a)
through (8.4.35b).



428 8 < Spontaneous Light Scattering and Acoustooptics

7. Acoustooptic beam deflector. Consider an acoustooptic beam deflector. The
incidence angle ¢ remains fixed, while the acoustic frequency €2 is var-
ied to control the deflection angle 6,. Derive a formula that predicts the
maximum useful deflection angle, defined arbitrarily to be that deflection
angle for which the diffraction efficiency drops to 50% of its maximum
value. Evaluate this formula numerically for the case treated following
Eq. (8.4.26), where |k|L =m/2, L=1.1 cm, and A =30 pum.

[Ans.: Starting with Eq. (8.4.25), and the readily derived relation Ak =
— %qSG, we find that the efficiency drops by 50% when the incidence angle
is increased by an amount

_2V2IIT, _ IklLcoslk|L]"?
g sin |k |L '
For the case |k |L = 7 /2, where the efficiency for Ak = 0 is 100%, this re-

sult simplifies to 86 = 2+/2|k|/q. For the numerical example, 280 = 0.22
degree.]
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Chapter 9

Stimulated Brillouin and Stimulated
Rayleigh Scattering

9.1. Stimulated Scattering Processes

We saw in Section 8.1 that light scattering can occur only as the result of
fluctuations in the optical properties of a material system. A light-scattering
process is said to be spontaneous if the fluctuations (typically in the dielectric
constant) that cause the light-scattering are excited by thermal or by quantum-
mechanical zero-point effects. In contrast, a light-scattering process is said
to be stimulated if the fluctuations are induced by the presence of the light
field. Stimulated light scattering is typically very much more efficient than
spontaneous light scattering. For example, approximately one part in 107 of
the power contained in a beam of visible light would be scattered out of the
beam by spontaneous scattering in passing through 1 cm of liquid water.*
In this chapter, we shall see that when the intensity of the incident light is
sufficiently large, essentially 100% of a beam of light can be scattered in a
1-cm path as the result of stimulated scattering processes.

In the present chapter we study stimulated light scattering resulting from
induced density variations of a material system. The most important example
of such a process is stimulated Brillouin scattering (SBS), which is illustrated
schematically in Fig. 9.1.1. This figure shows an incident laser beam of fre-
quency wr, scattering from the refractive index variation associated with a
sound wave of frequency 2. Since the acoustic wavefronts are moving away
from the incident laser wave, the scattered light is shifted downward in fre-
quency to the Stokes frequency ws = wp, — €2. The reason why this interac-
tion can lead to stimulated light scattering is that the interference of the laser

* Recall that the scattering coefficient R is of the order of 1076 ecm~! for water.

429
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FIGURE 9.1.1 Stimulated Brillouin scattering.

and Stokes fields contains a frequency component at the difference frequency
oL, — ws, which of course is equal to the frequency €2 of the sound wave. The
response of the material system to this interference term can act as a source
that tends to increase the amplitude of the sound wave. Thus the beating of the
laser wave with the sound wave tends to reinforce the Stokes wave, whereas
the beating of the laser wave and Stokes waves tends to reinforce the sound
wave. Under proper circumstances, the positive feedback described by these
two interactions leads to exponential growth of the amplitude of the Stokes
wave. SBS was first observed experimentally by Chiao et al. (1964).

There are two different physical mechanisms by which the interference of
the laser and Stokes waves can drive the acoustic wave. One mechanism is
electrostriction—that is, the tendency of materials to become more dense in
regions of high optical intensity; this process is described in detail in the next
section. The other mechanism is optical absorption. The heat evolved by ab-
sorption in regions of high optical intensity tends to cause the material to ex-
pand in those regions. The density variation induced by this effect can excite
an acoustic disturbance. Absorptive SBS is less commonly used than elec-
trostrictive SBS, since it can occur only in lossy optical media. For this reason
we shall treat the electrostrictive case first and return to the case of absorptive
coupling in Section 9.6.

There are two conceptually different configurations in which SBS can be
studied. One is the SBS generator shown in part (a) of Fig. 9.1.2. In this
configuration only the laser beam is applied externally, and both the Stokes
and acoustic fields grow from noise within the interaction region. The noise
process that initiates SBS is typically the scattering of laser light from ther-
mally generated phonons. For the generator configuration, the Stokes radia-
tion is created at frequencies near that for which the gain of the SBS process
is largest. We shall see in Section 9.3 how to calculate this frequency.

Part (b) of Fig. 9.1.2 shows an SBS amplifier. In this configuration both the
laser and Stokes fields are applied externally. Strong coupling occurs in this
case only if the frequency of the injected Stokes wave is approximately equal
to the frequency that would be created by an SBS generator.

In Figs. 9.1.1 and 9.1.2, we have assumed that the laser and Stokes waves
are counterpropagating. In fact, the SBS process leads to amplification of a
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FIGURE 9.1.2 (a) SBS generator; (b) SBS amplifier.

Stokes wave propagating in any direction except for the propagation direction
of the laser wave.* However, SBS is usually observed only in the backward
direction, because the spatial overlap of the laser and Stokes beams is largest
under these conditions.

9.2. Electrostriction

Electrostriction is the tendency of materials to become compressed in the pres-
ence of an electric field. Electrostriction is of interest both as a mechanism
leading to a third-order nonlinear optical response and as a coupling mecha-
nism that leads to stimulated Brillouin scattering.

The origin of the effect can be explained in terms of the behavior of a di-
electric slab placed in the fringing field of a plane-parallel capacitor. As illus-
trated in part (a) of Fig. 9.2.1, the slab will experience a force tending to pull
it into the region of maximum field strength. The nature of this force can be
understood either globally or locally.

We can understand the origin of the electrostrictive force from a global
point of view as being a consequence of the maximization of stored energy.
The potential energy per unit volume of a material located in an electric field
of field strength E is changed with respect to its value in the absence of the
field by the amount

u=teeE?, (9.2.1)

where € is the relative dielectric constant of the material and € is the per-
mittivity of free space. Consequently the total energy of the system, [‘udV, is

* We shall see in Section 9.3 that copropagating laser and Stokes waves could interact only by
means of acoustic waves of infinite wavelength, which cannot occur in a medium of finite spatial
extent.
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FIGURE 9.2.1 Origin of electrostriction: (a) a dielectric slab near a parallel plate
capacitor; (b) a molecule near a parallel plate capacitor.

maximized by allowing the slab to move into the region between the capacitor
plates where the field strength is largest.

From a microscopic point of view, we can consider the force acting on an
individual molecule placed in the fringing field of the capacitor, as shown in
part (b) of Fig. 9.2.1. In the presence of the field E, the molecule develops the
dipole moment p = g E, where « is the molecular polarizability. The energy
stored in the polarization of the molecule is given by

U= —/OEp -dE' = —fOEEOQE/ -dE = —1epaE -E = —jega E.
9.2.2)
The force acting on the molecule is then given by
F=-VU = LeoaV(E?). (9.2.3)

We see that each molecule is pulled into the region of increasing field strength.

Next we consider the situation illustrated in Fig. 9.2.2, in which the ca-
pacitor is immersed in the dielectric liquid. Molecules are pulled from the
surrounding medium into the region between the capacitor plates, thus in-
creasing the density in this region by an amount that we shall call Ap. We
calculate the value of Ap by means of the following argument: As a result of
the increase in density of the material, its dielectric constant changes from its
original value € to the value € 4+ A€, where

A€ = (8—€>Ap. 9.2.4)
ap
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A

FIGURE 9.2.2 Capacitor immersed in a dielectric liquid.

Consequently, the field energy density changes by the amount
de
Au=tegE*Ae = %60E2<%)Ap. (9.2.5)

However, according to the first law of thermodynamics, this change in energy
Au must be equal to the work performed in compressing the material; the
work done per unit volume is given by

AV Ap
Aw = py— = —py—-. (9.2.6)
14 P

Here the strictive pressure pg is the contribution to the pressure of the ma-
terial that is due to the presence of the electric field. Since Au = Aw, by
equating Eqgs. (9.2.5) and (9.2.6), we find that the electrostrictive pressure is
given by

de

Pt = —%eop<%)EZE —eov. E2, (9.2.7)

where y, = p(d€/dp) is known as the electrostrictive constant (see also
Eq. (8.3.6)). Since pg is negative, the total pressure is reduced in regions
of high field strength. The fluid tends to be drawn into these regions, and the
density increases. We calculate the change in density as Ap = —(dp/dp)Ap,
where we equate Ap with the electrostrictive pressure of Eq. (9.2.7). We write
this result as

1 dp
Ap=—p| == |pst=—pCps, (9.2.8)
p op

where C = p~!(9p/dp) is the compressibility. Combining this result with
Eq. (9.2.7), we find that

Ap = seopCy.E. (9.2.9)
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This equation describes the change in material density Ap induced by an
applied electric field of strength E.

The derivation of this expression for Ap has implicitly assumed that the
electric field E is a static field. In such a case, the derivatives that appear in
the expressions for C and y, are to be performed with the temperature 7' held
constant. However, our primary interest is for the case in which E represents
an optical frequency field; in such a case Eq. (9.2.9) should be replaced by

Ap = %eopreﬂ:Z . E>, (9.2.10)

where the angular brackets denote a time average over an optical period. If
E(¢) contains more than one frequency component so that (E E) contains
both static components and hypersonic components (as in the case of SBS),
C and y, should be evaluated at constant entropy to determine the response
for the hypersonic components and at constant temperature to determine the
response for the static components.

Let us consider the modification of the optical properties of a material sys-
tem that occurs as a result of electrostriction. We represent the change in the
susceptibility in the presence of an optical field as Ay = Ae, where Ae€ is
calculated as (de/dp)Ap, with Ap given by Eq. (9.2.10). We thus find that

Ay = $eoCy*(E - E). (9.2.11)
For the present, let us consider the case of a monochromatic applied field
E() =Ee ™ tcc; (9.2.12)

the case in which E(r) contains two frequency components that differ by ap-
proximately the Brillouin frequency is treated in the following section on SBS.
Then, since (E - E) = 2E - E*, we see that

Ay =eCry’E -E*. (9.2.13)

The complex amplitude of the nonlinear polarization that results from this
change in the susceptibility can be represented as P = A y E—that is, as

P=¢)Cry’|EI’E. (9.2.14)

If we write this result in terms of a conventional third-order susceptibility,
defined through

P=3¢x(w=w+w—w)EE, (9.2.15)
we find that

xP@=0+0-0)=leCry (9.2.16)
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For simplicity, we have suppressed the tensor nature of the nonlinear sus-
ceptibility in the foregoing discussion. However, we can see from the form of
Eq. (9.2.14) that, for an isotropic material, the nonlinear coefficients of Maker
and Terhune (see Eq. (4.2.10)) have the form A = Cr yez and B =0.

Let us estimate the numerical value of x 3. We saw in Eq. (8.3.12) that for a
dilute gas the electrostrictive constant y, = p(d€/dp) is given by y, = n?—1.
More generally, we can estimate y, through use of the Lorentz—Lorenz law
(Eq. (3.8.8a)), which leads to the prediction

ve = (n* —1)(n*+2)/3. (9.2.17)

This result shows that vy, is of the order of unity for condensed matter. The
compressibility Cr = p~'(dp/dp) is approximately equal to 10™° m>Nt~!
for CS, and is of the same order of magnitude for all condensed matter. We
thus find that x @ (w = w + @ — w) is of the order of 3 x 102! m? V~2 for
condensed matter. For ideal gases, the compressibility Cr is equal to 1/p,
where at 1 atmosphere p = 103 Nt/m?2. The electrostrictive constant y, =
n? — 1 for air at 1 atmosphere is approximately equal to 6 x 10~*. We thus
find that X(3)(a) =w+ o — w) is of the order of 1 x 1072 m2V~2 for gases
at 1 atmosphere of pressure.

A very useful, alternative expression for x® (w = w + @ — w) can be de-
duced from expression (9.2.16) by expressing the electrostrictive constant
through use of Eq. (9.2.17) and by expressing the compressibility in terms
of the material density and velocity of sound through use of Eq. (8.3.21),
such that C; = 1/v%p. Similarly, the isothermal compressibility is given by
Cr = yCs where y is the usual thermodynamic adiabatic index. One thus
finds that

X(3)(a)=w+w—w)=

2 2 2
%V[m D +D}. (9.2.18)

3v2p 3

For pulses sufficiently short that heat flow during the pulse is negligible, the
factor of y in the numerator of this expression is to be replaced by unity. As
usual, the nonlinear refractive index coefficient n, for electrostriction can be
deduced from this expression and the result n, = (3 /4n(2)eoc) %3 obtained
earlier (Eq. (4.1.19)).

In comparison with other types of optical nonlinearities, the value of x
resulting from electrostriction is not usually large. However, it can make
an appreciable contribution to total measured nonlinearity for certain opti-
cal materials. For the case of optical fibers, Buckland and Boyd (1996, 1997)
found that electrostriction can make an approximately 20% contribution to the
third-order susceptibility. Moreover, we shall see in the next section that elec-
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trostriction provides the nonlinear coupling that leads to stimulated Brillouin
scattering, which is often an extremely strong process.

9.3. Stimulated Brillouin Scattering (Induced by Electrostriction)

Our discussion of spontaneous Brillouin scattering in Chapter 8 presupposed
that the applied optical fields are sufficiently weak that they do not alter the
acoustic properties of the material system. Spontaneous Brillouin scattering
then results from the scattering of the incident radiation off the sound waves
that are thermally excited.*

For an incident laser field of sufficient intensity, even the spontaneously
scattered light can become quite intense. The incident and scattered light fields
can then beat together, giving rise to density and pressure variations by means
of electrostriction. The incident laser field can then scatter off the refractive
index variation that accompanies these density variations. The scattered light
will be at the Stokes frequency and will add constructively with the Stokes
radiation that produced the acoustic disturbance. In this manner, the acoustic
and Stokes waves mutually reinforce each other’s growth, and each can grow
to a large amplitude. This circumstance is depicted in Fig. 9.3.1. Here an inci-
dent wave of amplitude E, angular frequency w;, and wavevector Kk scatters
off a retreating sound wave of amplitude p, frequency €2, and wavevector q
to form a scattered wave of amplitude E», frequency w,, and wavevector kj."

—

El’ 601, kl
e
ps Q. q
E2’ 602, k2
Pl —-
| |
z=0 z=L

FIGURE 9.3.1 Schematic representation of the stimulated Brillouin scattering
process.

* Stimulated Brillouin scattering can also be induced by absorptive effects. This less commonly
studied case is examined in Section 9.6.

T We denote the field frequencies as w1 and w, rather than wr, and wg so that we can apply the
results of the present treatment to the case of anti-Stokes scattering by identifying w; with w,g and
wy with wp . The treatment of the present section assumes only that wy < wq.
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Let us next deduce the frequency w» of the Stokes field that is created by the
SBS process for the case of an SBS generator (see also part (a) of Fig. 9.1.2).
Since the laser field at frequency w; is scattered from a retreating sound wave,
the scattered radiation will be shifted downward in frequency to

wy = w1 — 2B. 9.3.1)

Here Q5 is called the Brillouin frequency, and we shall now see how to de-
termine its value. The Brillouin frequency is related to the acoustic wavevector
gg by the phonon dispersion relation

Qp =[qBlv, 9.32)

where v is the velocity of sound. By assumption, this sound wave is driven by
the beating of the laser and Stokes fields, and its wavevector is therefore given
by

g =k; —ko. (9.3.3)

Since the wavevectors and frequencies of the optical waves are related in
the usual manner, that is, by |k;| = nw;/c, we can use Eq. (9.3.3) and the
fact that the laser and Stokes waves are counterpropagating to express the
Brillouin frequency of Eq. (9.3.2) as

v
Qp=—
B c/n
Equations (9.3.1) and (9.3.4) are now solved simultaneously to obtain an ex-
pression for the Brillouin frequency in terms of the frequency w; of the ap-
plied field only—that is, we eliminate w; from these equations to obtain

2v
o/n®!

=1+L'

c/n

(w1 + w2). (9.34)

QB (9.3.5)

However, since v is very much smaller than ¢/n for all known materials, it is
an excellent approximation to take the Brillouin frequency to be simply

Q v
B_c/n

At this same level of approximation, the acoustic wavevector is given by

qs = 2Kk;. (9.3.7)

1. (9.3.6)

For the case of the SBS amplifier configuration (see part (b) of Fig. 9.1.2),
the Stokes wave is imposed externally and its frequency w; is known a priori.
The frequency of the driven acoustic wave is then given by

QL=w1 —wy, (9.3.8)



438 9 < Stimulated Brillouin and Stimulated Rayleigh Scattering

which in general will be different from the Brillouin frequency of Eq. (9.3.6).
As we shall see below, the acoustic wave will be excited efficiently under
these circumstances only when w; is chosen such that the frequency differ-
ence |2 — Q] is less than or of the order of the Brillouin linewidth I'g, which
is defined in Eq. (9.3.14b).

Let us next see how to treat the nonlinear coupling among the three inter-
acting waves. We represent the optical field within the Brillouin medium as
E(z,t) = E1(z,1) + Ea(z, 1), where

Ei(z,1) = A|(z, 1) B e ¢, (9.3.92)
and
Ea(z, 1) = Aa(z, t)e! TRz 4 ¢ o (9.3.9b)

Similarly, we describe the acoustic field in terms of the material density dis-
tribution

A1) =po+[p(z. )5 e, (9.3.10)

where Q = w] — w3, g = 2k1, and pg denotes the mean density of the medium.
We assume that the material density obeys the acoustic wave equation (see
also Eq. (8.3.17))

ﬁ I Vza_,a
a2 ot
where v is the velocity of sound and I''is a damping parameter given by

Eq. (8.3.23). The source term on the right-hand side of this equation consists
of the divergence of the force per unit volume f, which is given explicitly by

— V25 =V-f, (9.3.11)

f=Vpw pa=—z€0v(E?). (9.3.12)
For the fields given by Eq. (9.3.9), this source term is given by
V- f=eoyeq?[A1 A5/ cc]. (9.3.13)

If we now introduce Egs. (9.3.10) and (9.3.13) into the acoustic wave equation
(9.3.11) and assume that the acoustic amplitude varies slowly (if at all) in
space and time, we obtain the result

) B}
—2i98—€ +(Qf —Q* —iQlg)p — 2iqv23—p = 0yeqA1AS,  (9.3.14a)
Z
where we have introduced the Brillouin linewidth

I'g =q°T"; (9.3.14b)

its reciprocal 7, =T'y ! gives the phonon lifetime.
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Equation (9.3.14a) can often be simplified substantially by omitting the last
term on its left-hand side. This term describes the propagation of phonons.
However, hypersonic phonons are strongly damped and thus propagate only
over very short distances before being absorbed.* Since the phonon propa-
gation distance is typically small compared to the distance over which the
source term on the right-hand side of Eq. (9.3.14a) varies significantly, it is
conventional to drop the term containing dp/dz in describing SBS. This ap-
proximation can break down, however, as discussed by Chiao (1965) and by
Kroll and Kelley (1971). If we drop the spatial derivative term in Eq. (9.3.14a)
and assume steady-state conditions so that dp/dt also vanishes, we find that
the acoustic amplitude is given by

Ay A}
QL-Q2—iQlp

p(z,1) = €0Yeq? (9.3.15)

The spatial evolution of the optical fields is described by the wave equation

I’E; 1 9%E; 1 3P
— = , i=1,2. 9.3.16
022 (c/n)? 02 ec? o2 ! ©-3.16)
The total nonlinear polarization, which gives rise to the source term in this
equation, is given by

P = eoAxﬁ =€ogA€eE = eopalyeﬁﬁ. (9.3.17)

We next determine those parts of P that can act as phase-matched source
terms for the laser and Stokes fields. These contributions are given by

Pr=pie®on pee,  Py=pre®eN pee, (9318

where
PI=eovepy ' PA2,  pr=eovepy P*AL (9.3.19)

We introduce Egs. (9.3.9) into the wave equation (9.3.16) along with
Egs. (9.3.18) and (9.3.19), make the slowly-varying amplitude approxima-
tion, and obtain the equations

0A1 1 0A; iwYe

—_—t — — = Az, 9.3.20
9z +c/n at 2ncpop 2 ( 2)

0A»> 1 0A ioye
_t— —— = Al. 9.3.20b
0z + c/n ot chpop ! ( )

* We can estimate this distance as follows: According to Eq. (8.3.30), the sound absorption coeffi-
cient is given by oy = I'g /v, whereby in Eqgs. (8.3.23) and (8.3.28) I'p is of the order of nsq2/p0. For
the typical values v = 1 x 103 m/sec, ng = 1072 Nm/secz, q =4 x 10°m~!, and po =10 kgm_3,
we find that I'g = 1.6 x 108 sec=! and ozs_l =6.3 pm.
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In these equations p is given by the solution to Eq. (9.3.14a). Furthermore,
we have dropped the distinction between w| and w; by setting w = w1 =~ w>.

Let us now consider steady-state conditions. In this case the time derivatives
appearing in Egs. (9.3.20) can be dropped, and p is given by Eq. (9.3.15). The
coupled-amplitude equations then become

dA| _iewg’y?  |AlPA

L AP AL (9.3.21a)
dz 2nepy Qf — Q2 —iQlp
dA;y  —icwg’y}  |A1PA;

_ R (9.3.21b)
dz 2nepy Qp —Q24iQl

We see from the form of these equations that SBS is a pure gain process, that
is, that the SBS process is automatically phase-matched. For this reason, it is
possible to introduce coupled equations for the intensities of the two interact-
ing optical waves. Defining the intensities as I; = 2negcA; A7, we find from
Egs. (9.3.21) that

dl
e enb (9.3.22a)
dz

and
dl,
—~=—glih. (9.3.22b)
dz

In these equations g is the SBS gain factor, which to good approximation is
given by
(I's/2)?

8 =80 o T (TR 9.3.23)

where the line-center gain factor is given by

)
80 = 7’@3“} : (9.3.24)
nvc’ pol's
The solution to Egs. (9.3.22) under general conditions will be described be-
low. Note, however, that in the constant-pump limit /; = constant, the solution
to Eq. (9.3.22b) is

L(z) = Iy(L)es (=2, (9.3.25)

In this limit a Stokes wave injected into the medium at z = L experiences
exponential growth as it propagates through the medium. It should be noted
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TABLE 9.3.1 Properties of stimulated Brillouin scattering for a variety of
materials ¢

Qp/2n Tp/2m 20 g (max) /&
Substance (MHz) (MHz) (m/GW) (cm2 /MW)
CSy 5850 52.3 1.5 0.14
Acetone 4600 224 0.2 0.022
Toluene 5910 579 0.13
CCly 4390 520 0.06 0.013
Methanol 4250 250 0.13 0.013
Ethanol 4550 353 0.12 0.010
Benzene 6470 289 0.18 0.024
H;0 5690 317 0.048 0.0008
Cyclohexane 5550 774 0.068
CHy4 (1400 atm) 150 10 1
Optical glasses 15,000-26,000 10-106 0.04-0.25
SiO, 25,800 78 0.045

4 Values are quoted for a wavelength of 0.694 pum. The quantity I'g /27 is the full width at half
maximum in ordinary frequency units of the SBS gain spectrum. The last column gives a parameter
used to describe the process of absorptive SBS, which is discussed in Section 9.6. To convert to other

laser frequencies w, recall that Qp is proportional to w, I is proportional to w?, go is independent

of w, and gff (max) is proportional to w3,

that the line-center gain factor gog of Eq. (9.3.24) is independent of the laser
frequency w, because the Brillouin linewidth I'g is proportional to w? (recall
that, according to Eq. (8.3.28), I'g is proportional to ¢2 and that ¢ is propor-
tional to w). An estimate of the size of gg for the case of CS; at a wavelength
of 1 um can be made as follows: w = 27 X 3 X 104 rad/sec, n = 1.67,
v=1.1 x 103 m/sec, pyp = 1.26 g/cm® = 1.26 x 103 kg/m>, y, = 2.4, and
T, = Fgl =4 x 1072 sec, giving go = 1.5 m/GW, which in conventional
laboratory units becomes gg = 0.15 cm/MW. The Brillouin gain factors and
spontaneous linewidths Av =I'g/2x are listed in Table 9.3.1 for a variety of
materials.

The theoretical treatment just presented can also be used to describe the
propagation of a wave at the anti-Stokes frequency, w,s = wr, + Qp. Equa-
tions (9.3.22) were derived for the geometry of Fig. 9.3.1 under the assump-
tion that w; > w,. We can treat anti-Stokes scattering by identifying w; with
w,s and wo with wg. We then find that the constant-pump approximation cor-
responds to the case />(z) = constant and that the solution to Eq. (9.3.22a) is
I1(z) = I1(0)e~8%2%_ Since the anti-Stokes wave at frequency w; propagates
in the positive z direction, we see that it experiences attenuation due to the
SBS process.
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9.3.1.  Pump Depletion Effects in SBS

We have seen (Eq. (9.3.25)) that, in the approximation in which the pump
intensity is taken to be spatially invariant, the Stokes wave experiences expo-
nential growth as it propagates through the Brillouin medium. Once the Stokes
wave has grown to an intensity comparable to that of the pump wave, signif-
icant depletion of the pump wave must occur, and under these conditions we
must solve the coupled-intensity equations (9.3.22) simultaneously in order
to describe the SBS process. To find this simultaneous solution, we first note
that d1/dz = dI,/dz and thus

L(z) =h(z)+C, (9.3.26)

where the value of the integration constant C depends on the boundary con-
ditions. Using this result, Eq. (9.3.22b) can be expressed as

dl

——— = —gdz. 9.3.27
L(l +C) § ( )
This equation can be integrated formally as
h(z) dl, z
/ _ah _/ gd?, (9.3.28)
no) h(+C) 0
which implies that
1 (2)[12(0) + C] }
n——— 1t =—gCz. (9.3.29)
{ L(0)[12(z) + C]

Since we have specified the value of /] at z =0, it is convenient to express
the constant C defined by Eq. (9.3.26) as C = 11 (0) — I2(0). Equation (9.3.29)
is now solved algebraically for I>(z), yielding

L (0)[11(0) — 12(0)]
11(0) exp{gz[11(0) — I(0)]} — I>(0)°

According to Eq. (9.3.26), I1(z) can be found in terms of this expression as
1 (z) = I(z) + 11(0) — 12(0). (9.3.30b)

Equations (9.3.30) give the spatial distribution of the field intensities in
terms of the boundary values 71 (0) and /,(0). However, the boundary values
that are known physically are /1(0) and I>(L); see Fig. 9.3.2. In order to find
the unknown quantity /5(0) in terms of the known quantities /1 (0) and I>(L),
we set z equal to L in Eq. (9.3.30a) and write the resulting expression as
follows:

L(L)

h(z) = (9.3.30a)

_ LO)[L0)/1;1(0][1 = 12(0)/1;(0)]
exp{g1(0)L[1 — 1(0)/11(0)]} — 1(0)/11(0)°

(9.3.31)
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FIGURE 9.3.2 Geometry of an SBS amplifier. The boundary values 7;(0) and /(L)
are known.
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FIGURE 9.3.3 Intensity transfer characteristics of an SBS amplifier.

This expression is a transcendental equation giving the unknown quantity
15(0)/11(0) in terms of the known quantities /1(0) and I5(L).

The results given by Egs. (9.3.30) and (9.3.31) can be used to analyze the
SBS amplifier shown in Fig. 9.3.2. The transfer characteristics of such an am-
plifier are illustrated in Fig. 9.3.3. Here the vertical axis gives the fraction of
the laser intensity that is transferred to the Stokes wave, and the horizontal
axis is the quantity G = gI1(0)L, which gives the exponential gain experi-
enced by a weak Stokes input. The various curves are labeled according to the
ratio of input intensities, I>(L)/11(0). For sufficiently large values of the ex-
ponential gain, essentially complete transfer of the pump energy to the Stokes
beam is possible.

9.3.2.  SBS Generator

For the case of an SBS generator, no Stokes field is injected externally into the
interaction region, and thus the value of the Stokes intensity near the Stokes
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input face z = L is not known a priori. In this case, the SBS process is ini-
tiated by Stokes photons that are created by spontaneous Brillouin scattering
involving the laser beam near its exit plane z = L. We therefore expect that the
effective Stokes input intensity /(L) will be proportional to the local value
of the laser intensity /1 (L); we designate the constant of proportionality as f
so that

L(L)= fI(L). (9.3.32)

We estimate the value of f as follows: We first consider the conditions that
apply below the threshold for the occurrence of SBS, such that the SBS reflec-
tivity R = 1(0)/11(0) is much smaller than unity. Under these conditions the
laser intensity is essentially constant throughout the medium, and the Stokes
output intensity is related to the Stokes input intensity by I(0) = I>(L)e?,
where G = gI;(0)L. However, since Io(L) = f1;(0) (because /1(z) is con-
stant), the SBS reflectivity can be expressed as

r= O _ feC. (9.3.33)

1,(0)

Laboratory experience has shown that the SBS process displays an apparent
threshold. One often defines the SBS threshold as the condition that the reflec-
tivity R reach some prescribed value Ry,; the value Ry = 0.01 is a convenient
choice. This reflectivity occurs for the specific value Gy, of the gain parame-
ter G = gI1(0)L. For a wide variety of materials and laser wavelengths, it is
found that Gy, typically lies in the fairly narrow range of 25 to 30. The ac-
tual value of Gy, for a particular situation can be deduced theoretically from
a consideration of the thermal fluctuations that initiate the SBS process; see,
for instance, Boyd et al. (1990) for details. Since Gy, is approximately 25-30,
we see from Eq. (9.3.33) that f is of the order of exp(—G), or approxi-
mately 107!2 to 10!, An order-of-magnitude estimate based on the proper-
ties of spontaneous scattering performed by Zel’dovich et al. (1985) reaches
the same conclusion.

We next calculate the SBS reflectivity R for the general case G > Gy, (i.e.,
above threshold) through use of Eq. (9.3.31), which we write as

L(L)  R(1-R)
L(0) exp[GA—R)]—R’
To good approximation, — R can be dropped from the denominator of the

right-hand side of this equation. In order to determine the ratio I>(L)/I;(0)
that appears on the left-hand side of Eq. (9.3.34), we express Eq. (9.3.30b) as

(9.3.34)

I(L) — (L) = 11(0) — 12(0).
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FIGURE 9.3.4 Dependence of the SBS reflectivity on the weak-signal gain
G=ghL(O)L.

Through use of Eq. (9.3.32) and the smallness of f, we can replace the left-
hand side of this equation by f~'I>(L). We now multiply both sides of the
resulting equation by f/11(0) to obtain the result />(L)/11(0) = f(1 — R).
This expression is substituted for the left-hand side of Eq. (9.3.34), which is
then solved for G, yielding the result

G = M (9.3.35)
G 1—-R
where we have substituted Gy, for —1In f.

The nature of this solution is illustrated in Fig. 9.3.4, where the SBS re-
flectivity R = I5(0)/11(0) is shown plotted as a function of G = gI{(0)L for
the value Gy, = 25. We see that essentially no Stokes light is created for G
less than Gy, and that the reflectivity rises rapidly for laser intensities slightly
above this threshold value. In addition, for G > Gy, the reflectivity asymptoti-
cally approaches 100%. Well above the threshold for SBS (i.e., for G 2 3Gy),
Eq. (9.3.35) can be approximated as G/ Gy =~ 1/(1 — R), which shows that
the SBS reflectivity in this limit can be expressed as

R=1

— for G > Gu). 9.3.36
G/Gn (for G > Gu) ( )

Since the intensity /1(L) of the transmitted laser beam is given by I1(L) =
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FIGURE 9.3.5 Distribution of the laser and Stokes intensities within the interaction
region of an SBS generator.

11 (0)(1 — R), in the limit of validity of Eq. (9.3.36) the intensity of the trans-
mitted beam is given by

G

L(L)=—; (9.3.37)

gL
here Gy, /gL can be interpreted as the input laser intensity at the threshold for
SBS. Hence the transmitted intensity is “clamped” at the threshold value for
the occurrence of SBS.

Once the value of the Stokes intensity at the plane z = 0 is known from
Eq. (9.3.35), the distributions of the intensities within the interaction region
can be obtained from Egs. (9.3.20). Figure 9.3.5 shows the distribution of
intensities within an SBS generator.*

Let us estimate the minimum laser power Py, required to excite SBS un-
der optimum conditions. We assume that a laser beam having a gaussian
transverse profile is focused tightly into a cell containing a Brillouin-active
medium. The characteristic intensity of such a beam at the beam waist is given
byl =P/n w(z), where wy is the beam waist radius. The interaction length L
is limited to the characteristic diffraction length b = 27 w% /A of the beam.
The product G = gl L is thus given by G =2g P /A, and by equating this ex-
pression with the threshold value Gy, we find that the minimum laser power

* Figure 9.3.5 is plotted for the case Gy, = 10. The physically realistic case of Gy, = 25 produces
a much less interesting graph because the perceptible variation in intensities occurs in a small region
near z =0.



9.3. Stimulated Brillouin Scattering (Induced by Electrostriction) 447

required to excite SBS is of the order of

(9.3.38)

For A =1.06 um, Gy, =25, and g = 0.15 cm/MW (the value for CS,) we
find that Py, is equal to 9 kW. For other organic liquids the minimum power
is approximately 10 times larger.

9.3.3. Transient and Dynamical Features of SBS

The phonon lifetime for stimulated Brillouin scattering in liquids is of the
order of several nanoseconds. Since Q-switched laser pulses have a duration
of the order of several nanoseconds, and mode-locked laser pulses can be
much shorter, it is normal for experiments on SBS to be performed in the
transient regime. The nature of transient SBS has been treated by Kroll (1965),
Pohl et al. (1968), and Pohl and Kaiser (1970).

The SBS equations can be solved including the transient nature of the
phonon field. This was done first by Carman et al. (1970) and the results have
been summarized by Zel’dovich et al. (1985). One finds that

L1 T | IV OP2TRT 22GID)TRT) TsT <gIL)2,
ST Iy expelL) IsT > gIL/2.
(9.3.39)

Here Iy is the effective noise input that initiates the SBS process, g/ L is the
usual single pass gain, I'g is the phonon damping rate, and 7 is the laser pulse
duration.

We can use this result to predict how the SBS threshold intensity Iy, is in-
creased through use of a short laser pulse. We require that in either limit given
above the single pass amplification must equal the threshold value, which we
take to be exp (25). We then find that

2
oIyl = (12.5+2T'gT)~/2I'sT TI'sT < 12.5, 9.3.40)
25 I'sT > 12.5.

This functional dependence is illustrated in Fig. 9.3.6. Note that even for laser
pulses as long as twice the phonon lifetime, the threshold for SBS is raised by

a factor of approximately two.
The SBS process is characterized by several different time scales, includ-
ing the transit time of light through the interaction region, the laser pulse
duration, and the phonon lifetime. Consequently, the SBS process can display
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FIGURE 9.3.6 Dependence of the SBS threshold intensity Iy, on the laser pulse du-
ration T'.

quite rich dynamical effects. One of these effects is pulse compression, the
tendency of the SBS Stokes pulse to be shorter (at times very much shorter)
than the incident laser pulse. This process is described in Problem 5 at the
end of this chapter. When SBS is excited by a multi-longitudinal-mode laser,
new types of dynamical behavior can occur. Here the various laser modes beat
together leading to modulation in time of the laser intensity within the inter-
action region. This situation has been analyzed by Narum et al. (1986). In
addition, the stochastic properties of SBS have been studied in considerable
detail. SBS is initiated by noise in the form of thermally excited phonons.
Since the SBS process involves nonlinear amplification (nonlinear because of
pump depletion effects) in a medium with an effectively nonlocal response
(nonlocal because the Stokes and laser fields are counterpropagating), the sto-
chastic properties of the SBS output can be quite different from those of the
phonon noise field that initiates SBS. These properties have been studied, for
instance, by Gaeta and Boyd (1991). In addition, when SBS is excited by two
counterpropagating pump fields, it can display even more complex behavior,
including instability and chaos, as studied by Narum et al. (1988), Gaeta et al.
(1989), and Kulagin et al. (1991).

9.4. Phase Conjugation by Stimulated Brillouin Scattering

It was noted even in the earliest experiments on stimulated Brillouin scatter-
ing (SBS) that the Stokes radiation was emitted in a highly collimated beam
in the backward direction. In fact, the Stokes radiation was found to be so well



9.4. Phase Conjugation by Stimulated Brillouin Scattering 449

camera |

L1

aberrator
A

methane cell
ruby laser]—> U<:O>> |
y

Y

[ ]

camera 2

FIGURE 9.4.1 Setup of first experiment on phase conjugation by stimulated Brillouin
scattering.

collimated that it was efficiently fed back into the exciting laser, often leading
to the generation of new spectral components in the output of the laser (Gold-
blatt and Hercher, 1968). These effects were initially explained as a purely
geometrical effect resulting from the long but thin shape of the interaction
region.

The first indication that the backscattered light was in fact the phase conju-
gate of the input was provided by an experiment of Zel’dovich et al. (1972).
The setup used in this experiment is shown in Fig. 9.4.1. The output of a
single-mode ruby laser was focused into a cell containing methane gas at
a pressure of 125 atmospheres. This cell was constructed in the shape of a
cylindrical, multimode waveguide and served to confine the radiation in the
transverse dimension. A strong SBS signal was generated from within this
cell. A glass plate that had been etched in hydrofluoric acid was placed in the
incident beam to serve as an aberrator. Two cameras were used to monitor the
transverse intensity distributions of the incident laser beam and of the Stokes
return.

The results of this experiment are summarized in the photographs taken by
V.V. Ragulsky that are reproduced in Fig. 9.4.2. Part (a) of this figure shows
the laser beam shape as recorded by camera 1, and part (b) shows the Stokes
beam shape as recorded by camera 2. The similarity of the spot sizes and
shapes indicates that the return beam is the phase conjugate of the incident
beam. These highly elongated beam shapes are a consequence of the unusual
mode pattern of the laser used in these experiments. Part (c) of the figure
shows the spot size recorded by camera 2 when the SBS cell had been re-
placed by a conventional mirror. The spot size in this case is very much larger
than that of the incident beam; this result shows the severity of the distortions
impressed on the beam by the aberrator. Part (d) of the figure shows the spot
size of the return beam when the aberrator was removed from the beam path.
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(a)

FIGURE 9.4.2 Results of the first experiment demonstrating SBS phase conjugation.

This spot size is larger than that shown in part (b). This result shows that SBS
forms a more accurate conjugate of the incident light when the beam is highly
distorted than when the beam is undistorted.*

The results of the experiment of Zel’dovich et al. are somewhat surpris-
ing, because it is not clear from inspection of the coupled-amplitude equa-
tions that describe the SBS process why SBS should lead to phase conju-
gation. We recall that the reason why degenerate four-wave mixing leads to
phase conjugation is that the source term driving the output wave A4 in the
coupled-amplitude equations describing four-wave mixing (see, for example,
Eq. (7.2.31b)) is proportional to the complex conjugate of the input wave am-
plitude, that is, to Af{. However, for the case of SBS, Eq. (9.3.21b) shows that
the output wave amplitude A is driven by a term proportional to |A1|?As,
which contains no information regarding the phase of the input wave Aj.

The reason why SBS leads to the generation of a phase-conjugate wave is in
fact rather subtle (Zel’dovich et al., 1972; Sidorovich, 1976). As illustrated in
Fig. 9.4.3, we consider a badly aberrated optical wave that is focused into the
SBS interaction region. Since the wave is highly aberrated, a highly nonuni-
form intensity distribution (i.e., a volume speckle pattern) is created in the
focal region of the wave. Since the gain experienced by the Stokes wave de-
pends on the local value of the laser intensity (see, for example, Eq. (9.3.22b)),
a nonuniform gain distribution for the Stokes wave is therefore present in the

* The conclusion that SBS forms a better phase conjugate of an aberrated beam than of an unaber-
rated beam is not true in all cases, and appears to be a consequence of the details of the geometry of
the experiment of Zel’dovich et al.



9.4. Phase Conjugation by Stimulated Brillouin Scattering 451

-
/
o e X
ee @ ® o oo
o ——
Stokes
noise field

FIGURE 9.4.3 Origin of phase conjugation by SBS. The highly aberrated incident
wavefront produces a highly nonuniform intensity distribution (and thus a nonuniform
gain distribution) in the focal region of the lens.

focal volume. We recall that SBS is initiated by noise—that is, by sponta-
neously generated Stokes photons. The noise field that leads to SBS initially
contains all possible spatial Fourier components. However, the portion of the
noise field that experiences the maximum amplification is the portion whose
intensity distribution best matches the nonuniform gain distribution. This por-
tion of the noise field must have wavefronts that match those of the incident
laser beam, and thus corresponds to the phase conjugate of the incident laser
field.
In order to make this argument more precise, we consider the intensity
equation satisfied by the Stokes field (see also Eq. (9.3.22b)),
ﬂ =—glIs. 9.4.1)
dz
Since we are now considering the case where I, and /g possess nonuniform
transverse distributions, it is useful to consider the total power in each wave
(at fixed z), defined by

PL=/ILdA, szfISdA, 9.4.2)

where the integrals are to be carried out over an area large enough to include
essentially all of the power contained in each beam. Equation (9.4.1) can then
be rewritten in the form

d Pg Py Ps
—_— == C, 94.3
dz & A ( )
where A = [ d A and where
;1
c= MLls) (9.4.4)

(1) (1s)
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represents the normalized spatial cross-correlation function of the laser and
Stokes field intensity distributions. Here the angular brackets are defined so
that (x) = fdi/A, where x denotes Iy, I, or the product I Is.

We see that the power gain experienced by the Stokes wave depends not
only on the total power of the laser wave, but also on the degree of correlation
between the laser and Stokes wave intensity distributions. If I and Ig are
completely uncorrelated, so that (I;Is) = (I1)(Is), the correlation function
C takes on the value unity. C is equal to unity also for the case in which
both /7, and [g are spatially uniform. However, if I; and Ig are correlated,
for example, because the laser and Stokes fields are phase conjugates of one
another, the correlation function can be greater than unity.

A limiting case is that in which the laser field is so badly aberrated that the
transverse variations in the complex field amplitude obey gaussian statistics.
In such a case, the probability density function for the laser intensity is given
by (see, for example, Goodman, 1985)

1
P(I)=—e /N0, (9.4.5)

ly
The moments of this distribution are given in general by (/") =n(I)", and in
particular the second moment is given by

(1% =2(1)%. (9.4.6)

For that portion of the Stokes field that is the phase conjugate of the laser field,
the intensity /s will be proportional to /7, and we see from Eqs. (9.4.4) and
(9.4.6) that C will be equal to 2. Hence, the exponential gain G = gP;,CL/A
experienced by the phase-conjugate portion of the noise field will be two times
larger than that experienced by any other mode of the noise field. Since the
threshold for SBS corresponds to G of the order of 30, the phase-conjugate
portion of the SBS signal at threshold will be approximately exp (15) times
larger than that of any other component.

On the basis of the argument just presented, we expect that high-quality
phase conjugation will occur only if a large number of speckles of the laser
intensity distribution are present within the interaction volume. We now de-
termine the conditions under which the number of speckles will be large. We
assume that in the focal region the incident laser field has transverse wave-
front irregularities on a distance scale as small as a. Each such region will
diffract the incident beam into a cone with a characteristic angular spread of
6 = A/a. Hence, the speckle pattern will look appreciably different after the
beam has propagated through the longitudinal distance Az such that @Az = a.
These considerations show that Az = a?/A. We hence expect that SBS will
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lead to a high-quality phase-conjugate signal only if the transverse extent of
the interaction region is much larger than a and if the longitudinal extent
of the interaction region is much longer than Az. In addition, the quality of
the phase-conjugate signal can be degraded if there is poor spatial overlap
of the various spatial Fourier components of the laser beam. For example, a
highly aberrated beam will spread with a large angular divergence 6 = X /a.
If those components of the beam with large divergence angle 6 fail to over-
lap the strong central portion of the beam, they will be reflected with low
efficiency, leading to a degradation of the quality of the phase-conjugation
process. To avoid the possibility of such effects, SBS phase conjugation is
often performed using the waveguide geometry shown in Fig. 9.4.1.

One of the applications of SBS phase conjugation is in the design of high-
power laser systems. Phase conjugation can be used to correct for aberrations
caused, for instance, by thermal stresses induced in the laser gain medium.
One example of a high-power laser system that makes use of SBS phase con-
jugation to maintain control of the polarization properties of the laser output
has been described by Bowers et al. (1997).

9.5. Stimulated Brillouin Scattering in Gases

We next consider stimulated Brillouin scattering (SBS) in gases. We saw
above (Eq. (9.3.24)) that the steady-state line-center gain factor for SBS is
given by
2,2
Ve W
= 9.5.1
80 T ( )
with the electrostrictive constant y, given by Eq. (8.3.12) and with the Bril-
louin linewidth given to good approximation by (see also Egs. (8.3.23) and
(9.3.14b))

T = (215 4 1a) 4%/ po. (9.5.2)

For the case of an ideal gas, we can readily predict the values of the material
parameters appearing in these equations (Loeb, 1961). First, we can assume
the validity of the Stokes relation (see also the discussion in Appendix Sec-
tion 9.6.1), which states that the shear and dilation viscosity coefficients are
related by ng = —%ns, and we thus find that

I's = $159% po. (9.5.3)
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The shear viscosity coefficient n; can be shown from kinetic theory to be
given by

ns =3 NmiL, (9.5.4)
where N is the atomic number density, m is the molecular mass, v is the
mean molecular velocity given by v = (8kT/mm)'/?, and L is the mean free

path given by L = (V2md*N)~! with d denoting the molecular diameter. We
hence find that the shear viscosity coefficient is given by

2  kTm
Ny = —on ~———. (9.5.5)
37.[3/2 d2

Note that the shear viscosity coefficient is independent of the molecular
number density N. The measured (and theoretical) value of the shear vis-
cosity coefficient for nitrogen gas at standard temperature and pressure is
ns = 1.8 x 10~* dyne sec/cm?.

By introducing expression (9.5.5) for the viscosity into Eq. (9.5.2) and re-
placing g by 2nw/c, we find that the Brillouin linewidth is given by

32 n?w? JKkT/m
Tom2 2 @N

If we assume that the incident optical radiation has a wavelength A of
1.06 um, we find that the Brillouin linewidth for nitrogen at standard tem-
perature and pressure is equal to 'y = 2.77 x 10° rad/sec and thus that the
Brillouin linewidth in ordinary frequency units is given by sv(FWHM) =
I'p/27 =440 MHz.

The velocity of sound v, which appears in Eq. (9.5.1), is given for an ideal
gasby v = (ykT/m)'/?, where y, the ratio of specific heats, is equal to 5/3 for
a monatomic gas and 7/5 for a diatomic gas. In addition, the electrostrictive
constant y, can be estimated as y, = p(de/dp) with (de/dp) taken as the
essentially constant quantity (¢ — 1)/p.

The dependence of gy on material parameters can be determined by com-
bining these results with Eq. (9.5.1) to obtain

I's

(9.5.6)

972N m?d*(3e/9p)?
0= 32y 12n3ckT ’

(9.5.7)

However, in order to obtain a numerical estimate of gg, it is often more con-
venient to evaluate the expression (9.5.1) for go directly with the numeri-
cal value of I'g obtained from Eq. (9.5.6). For N, gas at standard temper-
ature and pressure and for a wavelength of 1.06 um, we take the values
o =1.8 x 10" rad/sec, n = 1.0003, v =330 m/sec, y, =n*—1=6x 1074,
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TABLE 9.5.1 Gain factors, phonon lifetimes, and frequency shifts for some com-
pressed Brillouin-active gases at a wavelength of 249 nm ¢

P 80 T Qp/27 &R
Gas (atm) (m/GW) (nsec) (GHz) (m/GW)
SFg 155 25%x 107! 1 0.9 3x 1073
10 0.9 x 107! 0.6 2x 1073
Xe 39 4.4 x 107! 2 1.4 0
10 1.8 x 1072 0.4
Ar 10 1.5% 1073 0.1 3 0
N, 10 1.7x 1073 0.2 3 3x 1074
CHy4 10 8 x 1073 0.1 3 1x 1072

4 For comparison, the gain factor gg for forward stimulated Raman scattering is also listed. (After
Damzen and Hutchinson, 1983.)

and we thereby obtain
m

ﬁ .

Note from Eq. (9.5.7) that g¢ scales quadratically with molecular density.
Hence, at a pressure of 100 atmospheres the gain factor of N; is equal to
go = 0.38 m/GW, which is comparable to that of typical organic liquids.

One advantage of the use of gases as the active medium for Brillouin scat-
tering is that the gain for SBS scales with molecular number density as N2,
whereas the gain for stimulated Raman scattering, which is often a competing
process, scales as N (see, for example, Egs. (9.3.19a), (9.3.19b), and (9.3.20)).
At pressures greater than 10 atmospheres, the gain for SBS typically exceeds
that of stimulated Raman scattering. Moreover, through the use of rare gases
(which have no vibrational modes), it is possible to suppress the occurrence
of stimulated Raman scattering altogether.

Some parameters relevant to SBS at the 249 nm wavelength of the KrF laser
have been compiled by Damzen and Hutchinson (1983) and are presented in
Table 9.5.1.

80=0.038 (9.5.8)

9.6. General Theory of Stimulated Brillouin and Stimulated
Rayleigh Scattering

In this section we develop a theoretical model that can treat both stimulated
Brillouin and stimulated Rayleigh scattering. These two effects can conve-
niently be treated together because they both entail the scattering of light from
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inhomogeneities in thermodynamic quantities. For convenience, we choose
the temperature 7 and density p to be the independent thermodynamic vari-
ables. The theory that we present incorporates both electrostrictive and ab-
sorptive coupling of the radiation to the material system. Our analysis there-
fore describes the following four scattering processes:

1. Electrostrictive stimulated Brillouin scattering. The scattering of light
from sound waves that are driven by the interference of the laser and Stokes
fields through the process of electrostriction.

2. Thermal stimulated Brillouin scattering. The scattering of light from sound
waves that are driven by the absorption and subsequent thermalization of
the optical energy, leading to temperature and hence to density variations
within the medium.

3. Electrostrictive stimulated Rayleigh scattering. The scattering of light
from isobaric density fluctuations that are driven by the process of elec-
trostriction.

4. Thermal stimulated Rayleigh scattering. The scattering of light from iso-
baric density fluctuations that are driven by the process of optical absorp-
tion.

Our analysis is based on the three equations of hydrodynamics (Hunt, 1955;
Kaiser and Maier, 1972). The first of these equations is the equation of conti-
nuity

D | - ox | ao =
¥+ut-Vp,+,0,V~u,=0, (961)

where p; is the mass density of the fluid and 1, is the velocity of some small
volume element of the fluid.* The second equation is the equation of momen-
tum transfer. It is a generalization of the Navier—Stokes equation and is given
by

ou

Pta—; 4 5@y - V)i, =F— V4 Cns 4+ 1)V (Y - i) — 0V % (V X ).

(9.6.2)

Here f‘represents the force per unit volume of any externally imposed forces;
for the case of electrostriction, f is given by (see also Eq. (9.3.12))

f=—1ey.V[E-E), (9.6.3)

* The subscript ¢ stands for fotal; we shall later linearize these equations to find the equations
satisfied by the linearized quantities, which we shall designate by nonsubscripted symbols.
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where E denotes the instantaneous value of the time-varying applied total
electric field and y, represents the electrostrictive coupling constant

e
Ve=p—. (9.6.4)
ap
The second term on the right-hand side of Eq. (9.6.2) denotes the force due
to the gradient of the pressure p;. In the third term, ny denotes the shear vis-
cosity coefficient and 1, denotes the dilational viscosity coefficient. When the
Stokes relation is satisfied, as it is for example for an ideal gas, these coeffi-
cients are related by

na = —3n;. (9.6.5)

The coefficients are defined in detail in the Appendix at the end of this section.
The last of three principal equations of hydrodynamics is the equation of
heat transport, given by

_ T . ~ - y—1 . ~ o~ ~
p;CUa—[t—}—ptCU(u-VT,)—I—,OtCU( 5 )(V-u[)z—V-Q—l—q)n—i—qﬁext.
p

(9.6.6)
Here T, denotes the local value of the temperature, c, the specific heat at
constant volume, y = c¢,/c, the adiabatic index, B, = —p~10p/3T) p the

thermal expansion coefficient, and Q the heat flux vector. For heat flow due to
thermal conduction, Q satisfies the equation

V-Q=—«V?T, (9.6.7)

where x denotes the thermal conductivity. (5,7 denotes the viscous energy de-
posited within the medium per unit volume per unit time and is given by

¢y =Y _Quydijdji + nadiidj)), (9.6.8a)
ij
where
1 /du; Ouj
dij = 9.6.8b
i =3 <3xj + ox; > ( )

is the rate-of-dilation tensor. Finally, ¢ex; gives the energy per unit time per
unit volume delivered to the medium from external sources. Absorption of the
optical wave provides the contribution

ext = aneoc(E?), (9.6.9)

to this quantity, where « is the optical absorption coefficient.
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The acoustic equations are now derived by linearizing the hydrodynamic
equations about the nominal conditions of the medium. In particular, we take

pr=po+p with [p] <K po, (9.6.10a)
T,=To+T with |T|<To, (9.6.10b)
i, =0 with |&<v, (9.6.10¢)

where v denotes the velocity of sound. Note that we have assumed that the
medium is everywhere motionless in the absence of the acoustic disturbance.
We can reliably use the linearized form of the resulting equations so long as
the indicated inequalities are satisfied.

We substitute the expansions (9.6.10) into the hydrodynamic equations
(9.6.1), (9.6.2), and (9.6.6), drop any term that contains more than one small
quantity, and subtract the unperturbed, undriven solution containing only pg
and Ty. The continuity equation (9.6.1) then becomes

ap -
¥+pov'u:o. (9.6.11)

In order to linearize the momentum transport equation (9.6.2), we first ex-
press the total pressure p; as

pr=po+p with [p| <K po. (9.6.12)

Since we have taken 7" and p as the independent thermodynamic variables,

We can express [3 as
3 N\ -
p= (—p) 5+ (—p) 7 9.6.13)
op )" T \or ),

2
- vT oL ~
p= 7(p+ﬂpiOOT)’ (9.6.14)

or as

where we have expressed (dp/dp)r as y~1@p/dp)s = v?/y with v* =
(dp/dp)s representing the square of the velocity of sound, and where we have
expressed (3p/dT), as ¥y~ (dp/dp)s(3p/dT), = v*B,po/y With B, repre-
senting the thermal expansion coefficient at constant pressure. Through use of
Eq. (9.6.14), the linearized form of Eq. (9.6.2) becomes

gm w2 0 ~ . -
gy + V5 UIoROGF — @y 4 n) V(Y 8 40,V x (V7 x @) =T

(9.6.15)
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Finally, the linearized form of the energy transport equation, Eq. (9.6.6),
becomes
pocy L 209 =D G 6 e F = . (9.6.16)
ot By
Note that the viscous contribution to the heat input, ‘13'7’ does not contribute in
the linear approximation.

Equations (9.6.11), (9.6.15), and (9.6.16) constitute the three linearized
equations of hydrodynamics for the quantities u, p, and T. The continuity
equation in its linearized form (Eq. (9.6.11)) can be used to eliminate the vari-
able u from the remaining two equations. To do so, we take the divergence of
the equation of momentum transfer (9.6.15) and use Eq. (9.6.11) to eliminate
the terms containing V - u. We obtain

%6 v v2B,00

- 215 +1naq 0
——+7V2p+ +M_

po Ot

V2T (V25) = Seoye VHE?),

at?
(9.6.17)

where we have explicitly introduced the form of f from Eq. (9.6.3). Also,
the energy transport equation (9.6.16) can then be expressed through use of
Egs. (9.6.9) and (9.6.11) as

aT -1 ap . N
POCy—— — wl =06 g _ neoca(E?). (9.6.18)

Equations (9.6.17) and (9.6.18) constitute two coupled equations for the ther-
modynamic variables p and T, and they show how these quantities are cou-
pled to one another and are driven by the applied optical field.

In the absence of the driving terms appearing on their right-hand sides,
Eqgs. (9.6.17) and (9.6.18) allow solutions of the form of damped, freely prop-
agating acoustic waves

F(z,1) = Fe R0/t L ¢ o (9.6.19)

where F denotes either p or T, and where the sound absorption coefficient o
is given for low frequencies (2 « pov?/(2ns 4+ 14)) by

Q? K
o5 = 3| Cns +na) + (v —D—|. (9.6.20)
2pov Cp

For details, see the article by Sette (1961).
We next study the nature of the solution to Egs. (9.6.17) and (9.6.18) in the
presence of their driving terms. We assume that the total optical field can be
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represented as
E(z,1) = A1e!®137010 4 pyel(Thaimond) 4 e ¢, (9.6.21)

We first determine the response of the medium at the beat frequency between
these two applied field frequencies. This disturbance will have frequency

QL=w; —w (9.6.22)
and wavenumber
q=ki+k (9.6.23)
and can be taken to be of the form
p(z,1) = pe @R 4 cc, (9.6.24)
T(z,0) =T pcc. (9.6.25)

For the present, we are interested only in the steady-state response of the
medium, and thus we assume that the amplitudes A1, A, p, and T are time-
independent. We introduce the fields E, p,and T given by Egs. (9.6.21)
through (9.6.25) into the coupled acoustic equations (9.6.17) and (9.6.18).
The parts of these equations that oscillate at frequency €2 are given respec-
tively by

2.2 2 2
v
—<s22 4iQrp — ﬂ),o 4 VBT Raar 9.6.26)
14 14
and
1 i(y — 1R 2
—<iQ——yFR)T+Z(V 2 2neoct s (9.6.27)
2 ,317,00 Cv 00
Here we have introduced the Brillouin linewidth
T's = (215 + na)q>/ po. (9.6.28)

whose reciprocal 7, =I'y Uis the phonon lifetime, and the Rayleigh linewidth

_ 2icq?

g ,
LOCp

(9.6.29)

whose reciprocal Tg = Flgl is characteristic decay time of the isobaric density
disturbances that give rise to Rayleigh scattering.

In deriving Egs. (9.6.26) and (9.6.27) we have ignored those terms that
contain the spatial derivatives of p and T . This approximation is equivalent to
assuming that the material excitations are strongly damped and hence do not
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propagate over any appreciable distances. This approximation is valid so long
as

18%p
,08Z

19T 19T
T 3z T 372
These inequalities are usually satisfied. Recall that a similar approximation
was introduced in Section 9.3 in the derivation of Eq. (9.3.15).

We next solve Eq. (9.6.27) algebraically for 7 and introduce the resulting
expression into Eq. (9.6.26). We obtain the equation

2.2 2 ZQ -1
[—<92+iQFB—vq )+ 54 )},0
14 (Q—I— tyFR))/

18,0

>
q P 3z

and ¢ >>'

iyaqv 2 *
=|e€o —— |q A4S, (9.6.30)
|: v Q45 lyFR] 2
where we have introduced the absorptive coupling constant
8ranv’e
o = TV 0By 9.631)
cp QB

with Qp = gv. Equation (9.6.30) shows how the amplitude p of the acoustic
disturbance depends on the amplitudes A; and A; of the two optical fields.
Both Brillouin and Rayleigh contributions to p are contained in Eq. (9.6.30).

It is an empirical fact (see, for example, Fig. 8.1.1) that the spectrum for
Brillouin scattering does not appreciably overlap that for Rayleigh scattering.
Equation (9.6.30) can thus be simplified by considering the resonant contri-
butions to the two processes separately. First, we consider the case of stim-
ulated Brillouin scattering (SBS). In this case Q? is approximately equal to
QzB = v2¢2, and thus the denominator Q + tyF R 1s nonresonant. We can
thus drop the contribution ElyF g in comparison with Q2 in these denomina-
tors. Equation (9.6.30) then shows that the Brillouin contribution to p is given
by

—(€ove — iva)q?

4 (Q2 +iQI'g — v2g?)

The other resonance in Eq. (9.6.30) occurs at 2 = 0 and leads to stimu-
lated Rayleigh scattering (SRLS). For |Q2| < I'g, the Brillouin denominator

Q? 4+ iQI'g — v2g?/y is nonresonant and can be approximated by —v>¢?/y.
Equation (9.6.30) thus becomes

) |:€0Ve(Q+ 5iyTR) — ivaS2B
R:
Q + EIFR

PB = AIA; (9.6.32)

]47[ 2A1A*. (9.6.33)
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We next calculate the nonlinear polarization as

- - de -~ € ~
ﬁNLzeoAXE =60A€E=60<—> [)E == OyeﬁE, (9634)
oo/)r £0

where § and E are given by Eqgs. (9.6.24) and (9.6.21), respectively. We rep-
resent the nonlinear polarization in terms of its complex amplitudes as

PN = pefhieet) g pef(hat=mt) 4 ¢ ¢, (9.6.35)
with
€0Y. €0Y.
pr=—"pAr,  pr=-—p*AL (9.6.36)
00 00

This form of the nonlinear polarization is now introduced into the wave equa-
tion, which we write in the form (see also Eq. (2.1.22))

€(wp )0)2

2
VA An@) ] 4+ ”An(r)elk"'r:—:(;)zz pae™T.(9.6.37)

We next make the slowly-varying amplitude approximation and find that the
field amplitudes obey the equations

d | iw
% + U A] = mp], (96383)
d —iw

(E - %a)Az = renc " (9.6.38b)

where we have introduced the real part of the refractive index n = Re /€ and
the optical absorption coefficient @ = (2w/c) Im 4/€. Equations (9.6.38) can
be used to describe either SBS or SRLS, depending on whether form (9.6.32)
or (9.6.33) is used to determine the factor p that appears in the expression
(9.3.36) for the nonlinear polarization. Since in either case p is proportional
to the product Aj A%, Egs. (9.6.38) can be written as

dA

L A4 — Laa, (9.6.39a)

dz

dA

d—2 = " A2 A2 + LaAs, (9.6.39b)
Z

where for SBS « is given by

. qzw iVe(€0Ye — iVa)
2ponc (L2 +iQT'g —v2g2)’

KB = (9.6.40a)
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and for SRLS is given by
- Q-+ LiyIr) — iy
Kp = ”’e“’z[)’e( 2'Y IR) Ya B]. (9.6.40b)
2poncv Q+5iTg
We now introduce the intensities
I; = 2neoc|A;|? (9.6.41)

of the two interacting optical waves and use Egs. (9.6.39) to calculate the
spatial rate of change of the intensities as

dl
—=—ghh—oal, (9.6.42a)
dz
dl,
— =—ghh+al, (9.6.42b)
dz
where we have introduced the gain factor
1
g=— Rex. (9.6.43)
neogc

For the case of SBS, we find that the gain factor can be expressed as

gB = gp + &8> (9.6.44)
where
2.,2
1
gh=—Tt 5 (9.6.44b)
ponvc:l's 14+ (2AQ/TB)
and
—w? 4AQ)T
gl = o Yela /15 (9.6.44c)

2pponvclg 1+ (2AQ/T'p)?
denote the electrostrictive and absorptive contributions to the SBS gain factor,
respectively. Here we have introduced the detuning from the Brillouin res-
onance given by AQ = Qp — @, where Qp = gqv = (k; + k2)v and where
Q = w; — wy. The electrostrictive contribution is maximum for AQ = 0,
where it attains the value

2.,2
w7y,

gp(max) = (9.6.45)

ponvc T’
Since (according to Eq. (9.6.28)) I'g is proportional to ¢> and thus to w?,
the gain for electrostrictive SBS is independent of the laser frequency. The
absorptive contribution is maximum for AQ2 = —I'g/2—that is, when the
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Stokes wave (at frequency wy) is detuned by one-half the spontaneous Bril-
louin linewidth I'g to the low-frequency side of resonance. The maximum
value of the gain for this process is

w? YeYa

—_— 9.6.46
2ponvciTg ( )

gp(max) =

Note that since I'p is proportional to g2 and (according to Eq. (9.6.31)) y,
is proportional to ¢!, the absorptive SBS gain factor is proportional to ¢3
and hence depends on the laser frequency as w 3. Since the gain factor for
thermal SBS is linearly proportional to the optical absorption coefficient o
(by Egs. (9.6.31) and (9.6.46)), the gain for thermal SBS can be made to
exceed that for electrostrictive SBS by adding an absorber such as a dye to the
Brillouin-active medium. As shown in Table 9.3.1, this effect occurs roughly
for absorption coefficients greater than 1 cm™!.*

The spectral dependence of the two contributions to the SBS gain is shown
schematically in Fig. 9.6.1.

For the case of stimulated Rayleigh scattering, we can express the gain
factor appearing in Egs. (9.6.42) through use of Eqgs. (9.6.40b) and (9.6.43) as

SR =8xr + &> (9.6.47)
where
5 _
e —wy;(y—1 4Q/Tg
= 9.6.48
SR dpon?cv? |1+ (2Q/Tg)? ] ( )
and
Q i 4Q/T
gl = ——YeVa®’B /T (9.6.49)
200n2c2v2TR [ 1+ 22/ TR)? |

denote the electrostrictive and absorptive contributions to the gain factor,
respectively. The contribution g% gives rise to electrostrictive stimulated
Rayleigh scattering. The gain factor for this process is maximum for Q =
—I"r/2 and has the value

wyl(y —1)

1T 9.6.50)

g% (max) =
Note that this quantity scales linearly with laser frequency. The absorptive

* The quantity gl‘; (max) is designated g in Table 9.3.1.
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FIGURE 9.6.1 Gain spectra for stimulated Brillouin scattering and stimulated
Rayleigh scattering, showing their electrostrictive and absorptive contributions. For
comparison, the spectrum of spontaneous Brillouin and Rayleigh scattering is also
shown.

absorptive
gain factor, g*

contribution g¢% gives rise to thermal SRLS. The gain for this process is max-
imum for 2 = I'g/2 and has the value

®YeYaS2B 9.651)

4 (max) = ——————.
g (max) 2p0n2c2v2Tg

Since ' scales with the laser frequency as w?, y, scales as 1/w, and Qg
scales as w, we see that the gain factor for thermal SRLS scales with the laser
frequency as 1/w.

As can be seen from Table 9.6.1, I'g is often of the order of 10 MHz, which
is much narrower than the linewidths of pulsed lasers. In such cases, laser
linewidth effects can often be treated in an approximate fashion by convolving
the gain predicted by Egs. (9.6.48) and (9.6.49) with the laser lineshape. If the
laser linewidth 'y, is much broader than I'r, the maximum gain for absorptive
SRLS is then given by Eq. (9.6.51) with I'r replaced by I'L. Under these
conditions g% (max) is independent of the laser frequency.

We note by inspection of Table 9.6.1 that g% (max) is very much larger than
g% (max) except for extremely small values of the absorption coefficient. The
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TABLE 9.6.1 Properties of stimulated Rayleigh scattering for a variety
of materials at a wavelength of 694 nm ¢

Substance Gain Factor Linewidth
ge(max) gq(max)/a SVR
(cm/MW) (cm2/MW) (MHz)

CCly 26x 1074 0.82 17

Methanol 8.4 x 1074 0.32 20

CS, 6.0x 1074 0.62 36

Benzene 22x 1074 0.57 24

Acetone 20x 1074 0.47 21

H,0 0.02x 1074 0.019 275

Ethanol 0.38 18

@ After Kaiser and Maier (1972).

two gains become comparable for « ~ 10~3 ¢cm~!, which occurs only for
unusually pure materials.

We also see by comparison of Egs. (9.6.51) and (9.6.46) that the ratio of the
two thermal gain factors is given by

gima) _ s (9.6.52)

gg(max)  I'r
Comparison of Tables 9.3.1 and 9.6.1 shows that for a given material the ratio
I'g/ I'r is typically of the order of 100. Hence, when thermal stimulated scat-
tering occurs, the gain for thermal SRLS is much larger than that for thermal
SBS, and most of the energy is emitted by this process.

The frequency dependence of the gain for stimulated Rayleigh scattering
is shown in Fig. 9.6.1. Note that electrostrictive SRLS gives rise to gain for
Stokes shifted light but that thermal SRLS gives rise to gain for anti-Stokes
scattering (Herman and Gray, 1967). This result can be understood from the
point of view that ny is positive for electrostriction but is negative for the
process of heating and subsequent thermal expansion. We saw in the discus-
sion of two-beam coupling presented in Section 7.4 that the lower-frequency
wave experiences gain for n, positive and loss for n, negative.

9.6.1. Appendix: Definition of the Viscosity Coefficients

The viscosity coefficients are defined as follows: The component 7;; of the
stress tensor gives the i component of the force per unit area on an area ele-
ment whose normal is in the j direction. We represent the stress tensor as

lij = —pdij + 0ij,
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where p is the pressure and o;; is the contribution to the stress tensor due
to viscosity. If we assume that o;; is linearly proportional to the rate of defor-

mation
1[0ow; ou;
dij=~|—+—|.
2 axj' 8)6]'

we can represent Ojj as

0ij = 2ngd;j +nadij dek,
k

where 7, is the shear viscosity coefficient and 7, is the dilational viscosity
coefficient. The quantity ) ", dix can be interpreted as follows:

ou -
Xk:dkk:zk:a—l:]lzzv'u'

In general, ny; and 5, are independent parameters. However, for certain
physical systems they are related to one another through a relationship first
formulated by Stokes. This relationship results from the assumption that the
viscous stress tensor o;; is traceless. In this case the trace of #;; is unaffected
by viscous effects; in other words, the mean pressure —% > tii is unaffected
by the effects of viscosity. Condition that o;; is traceless implies that the com-

bination
D o =205y dii+3na Y di =205 +3na) Y di
i i k k

vanishes or that

Nd = _%ns~

This result is known as the Stokes relation.

The viscosity coefficients 7y and 7, often appear in the combination
2ns + na, as they do in Eq. (9.6.2). When the Stokes relation is satisfied,
this combination takes the value

2ns +nq = %ns (Stokes relation valid).

Under general conditions, such that the Stokes relation is not satisfied, one
often defines the bulk viscosity coefficient 1, by

b= 305 + 114,
in terms of which the quantity 25, + 14 can be represented as

2ns +na = %ns +np  (in general).
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Note that np vanishes identically when the Stokes relation is valid, for exam-
ple, for the case of an ideal gas.

As an example of the use of these relations, we note that the Brillouin
linewidth I'g introduced in Egs. (8.3.23), (9.5.2), and (9.6.28) can be rep-
resented (ignoring the contribution due to thermal conduction) either as

T's = (205 4 12)4%/ 0o

or as

s = (375 +n8)q%/ po.

Problems

1. Lorentz—Lorenz prediction of the electrostrictive constant. Verify Eq.
(9.2.17).

2. Angular dependence of SBS. Generalize the discussion of Section 9.3 to
allow the angle 6 between the laser and Stokes propagation directions to
be arbitrary. In particular, determine how the Brillouin frequency Qg, the
steady-state line-center gain factor go, and the phonon lifetime 7, depend
on the angle 6.

[Ans.:

QB(0) = QB (0 = 180°) sin(36)
80(0) = go(6 = 180°)/sin(30)
,(0) = 7,(0 = 180°)/sin*(36).]

3. Transverse SBS. Consider the possibility of exciting SBS in the transverse
direction by a laser beam passing through a fused-silica window at near-
normal incidence. Assume conditions appropriate to a high-energy laser. In
particular, assume that the window is 70 cm in diameter and is uniformly
filled with a laser pulse of 10-nsec duration at a wavelength of 350 nm.
What is the minimum value of the laser pulse energy for which SBS can be
excited? (In fact, transverse SBS has been observed under such conditions
similar to those assumed in this problem; see, for example, Murray et al.,
1989.)

[Ans.: ~2 kJ.]

4. Optical damage considerations and the study of SBS. The threshold inten-
sity for optical damage to fused silica is approximately 3 GW /cm? and is
of the same order of magnitude for most optical materials. (See, for ex-
ample, Lowdermilk and Milam, 1981.) Use this fact and the value of the
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SBS gain factor at line center quoted in Table 9.3.1 to determine the min-
imum length of a cell utilizing fused-silica windows that can be used to
excite SBS in acetone with a collimated laser beam. Assume that the laser
intensity is restricted to 50% of the threshold intensity as a safety factor to
avoid damage to the windows. If the laser pulse length is 20 nsec, what is
the minimum value of the laser pulse energy per unit area that can be used
to excite SBS? (SBS is often excited by tightly focused laser beams rather
than by collimated beams to prevent optical damage to the windows of the
cell.)

5. Pulse compression by SBS. Explain qualitatively why the Stokes radiation
excited by SBS in the backward direction can be considerable shorter in
duration than the exciting radiation. How must the physical length of the
interaction region be related to the duration of the laser pulse in order to
observe this effect? Write down the coupled-amplitude equations that are
needed to describe this effect and, if you wish, solve these equations nu-
merically by computer. What determines the minimum value of the dura-
tion of the output pulse?

[Hint: Pulse compression by SBS is described in the scientific literature
by Hon (1980) and by Gulidov et al. (1988).]

6. Brillouin-enhanced four-wave mixing. In addition to SBS, light beams can
interact in a Brillouin medium by means of the process known as Brillouin-
enhanced four-wave mixing (BEFWM), which is illustrated in the follow-
ing figure.

0o —1 5 <«  w-20
Brillouin medium

In this process, the incoming signal wave Ajz interferes with the
backward-going pump wave A; to generate an acoustic wave propagating
in the forward direction. The forward-going pump wave scatters from the
acoustic wave to generate the phase-conjugate wave A4. Since Ay is at the
Stokes sideband of Ay, it also undergoes amplification by the usual SBS
process. Phase-conjugate reflectivities much larger than 100% have been
observed in the BEFWM process. Using the general formalism outlined in
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Section 9.3, derive the form of the four coupled-amplitude equations that
describe BEFWM under steady-state conditions. Solve these equations an-
alytically in the constant-pump approximation.

[Hint: BEFWM has been discussed in the scientific literature. See, for
example, Skeldon et al. (1987).]
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Chapter 10

Stimulated Raman Scattering and
Stimulated Rayleigh-Wing Scattering

10.1. The Spontaneous Raman Effect

The spontaneous Raman effect was discovered by C.V. Raman in 1928. To
observe this effect, a beam of light illuminates a material sample (which can
be a solid, liquid, or gas), and the scattered light is observed spectroscopically,
as illustrated in Fig. 10.1.1. In general, the scattered light contains frequencies
different from those of the excitation source. Those new components shifted to
lower frequencies are called Stokes components, and those shifted to higher
frequencies are called anti-Stokes components. The Stokes components are
typically orders of magnitude more intense than the anti-Stokes components.

These properties of Raman scattering can be understood through use of the
energy level diagrams shown in Fig. 10.1.2. Raman Stokes scattering consists

Raman scattering

medium
incident light
(frequency )

R

scattered light
(frequencies @ s and wa)

FIGURE 10.1.1 Spontaneous Raman scattering.
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FIGURE 10.1.2 Energy level diagrams describing (a) Raman Stokes scattering and
(b) Raman anti-Stokes scattering.

of a transition from the ground state g to the final state n by means of a virtual
intermediate level associated with excited state n’. Raman anti-Stokes scatter-
ing entails a transition from level n to level g with n” serving as the interme-
diate level. The anti-Stokes lines are typically much weaker than the Stokes
lines because, in thermal equilibrium, the population of level n is smaller than
the population in level g by the Boltzmann factor exp(—/Awyg/kT).

The Raman effect has important spectroscopic applications because transi-
tions that are one-photon forbidden can often be studied using Raman scat-
tering. For example, the Raman transitions illustrated in Fig. 10.1.2 can occur
only if the matrix elements (g|F|n’) and (n'|F|n) are both nonzero, and this
fact implies (for a material system that possesses inversion symmetry, so that
the energy eigenstates possess definite parity) that the states g and n must
possess the same parity. But under these conditions the g — n transition is
forbidden for single-photon electric dipole transitions because the matrix ele-
ment (g|t|n) must necessarily vanish.

10.2. Spontaneous versus Stimulated Raman Scattering

The spontaneous Raman scattering process described in the previous section
is typically a rather weak process. Even for condensed matter, the scattering
cross section per unit volume for Raman Stokes scattering is only approx-
imately 107% cm™~!. Hence, in propagating through 1 cm of the scattering
medium, only approximately 1 part in 10° of the incident radiation will be
scattered into the Stokes frequency.

However, under excitation by an intense laser beam, highly efficient
scattering can occur as a result of the stimulated version of the Raman
scattering process. Stimulated Raman scattering is typically a very strong
scattering process: 10% or more of the energy of the incident laser beam is
often converted into the Stokes frequency. Another difference between spon-
taneous and stimulated Raman scattering is that the spontaneous process leads
to emission in the form of a dipole radiation pattern, whereas the stimulated
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process leads to emission in a narrow cone in the forward and backward di-
rections. Stimulated Raman scattering was discovered by Woodbury and Ng
(1962) and was described more fully by Eckhardt ef al. (1962). The properties
of stimulated Raman scattering have been reviewed by Bloembergen (1967),
Kaiser and Maier (1972), Penzkofer et al. (1979), and Raymer and Walmsley
(1990).

The relation between spontaneous and stimulated Raman scattering can
be understood in terms of an argument (Hellwarth, 1963) that considers the
process from the point of view of the photon occupation numbers of the vari-
ous field modes. One postulates that the probability per unit time that a photon
will be emitted into Stokes mode S is given by

Ps=Dm(mg+1). (10.2.1)

Here my, is the mean number of photons per mode in the laser radiation, mg
is the mean number of photons in Stokes mode S, and D is a proportional-
ity constant whose value depends on the physical properties of the material
medium. This functional form is assumed because the factor m; leads to the
expected linear dependence of the transition rate on the laser intensity, and the
factor mg + 1 leads to stimulated scattering through the contribution m g and
to spontaneous scattering through the contribution of unity. This dependence
on the factor mg + 1 is reminiscent of the stimulated and spontaneous contri-
butions to the total emission rate for a single-photon transition of an atomic
system as treated by the Einstein A and B coefficients. Equation (10.2.1) can
be justified by more rigorous treatments; note, for example, that the results of
the present analysis are consistent with those of the fully quantum-mechanical
treatment of Raymer and Mostowski (1981).

By the definition of Pg as a probability per unit time for emitting a pho-
ton into mode S, the time rate of change of the mean photon occupation
number for the Stokes mode is given by dmg/dt = Ps or through the use
of Eq. (10.2.1) by

dmg

If we now assume that the Stokes mode corresponds to a wave traveling in
the positive z direction at the velocity c¢/n, as illustrated in Fig. 10.2.1, we
see that the time rate of change given by Eq. (10.2.2) corresponds to a spatial
growth rate given by

dmg 1 dmg 1

s i R 5 1). 10.2.3
dz c/n dt c/n mms +1) ( )
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Raman scattering
medium
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FIGURE 10.2.1 Geometry describing stimulated Raman scattering.

For definiteness, Fig. 10.2.1 shows the laser and Stokes beams propagating in
the same direction; in fact, Eq. (10.2.3) applies even if the angle between the
propagation directions of the laser and Stokes waves is arbitrary, as long as z
is measured along the propagation direction of the Stokes wave.

It is instructive to consider Eq. (10.2.3) in the two opposite limits of mg < 1
and mg > 1. In the first limit, where the occupation number of the Stokes
mode is much less than unity, Eq. (10.2.3) becomes simply

dmg 1
—— =—-Dmy; (formg<1). (10.2.4)
dz c/n
The solution to this equation for the geometry of Fig. 10.2.1 under the as-
sumption that the laser field is unaffected by the interaction (and thus that m,
is independent of 7) is

1
mg(z) =mgs(0) + c/—anLZ (formg <« 1), (10.2.5)

where mg(0) denotes the photon occupation number associated with the
Stokes field at the input to the Raman medium. This limit corresponds to
spontaneous Raman scattering; the Stokes intensity increases in proportion to
the length of the Raman medium and thus to the total number of molecules
contained in the interaction region.
The opposite limiting case is that in which there are many photons in the
Stokes mode. In this case Eq. (10.2.3) becomes
dmg 1
——=—-Dmpmg (formg> 1), (10.2.6)
dz c/n
whose solution (again under the assumption of an undepleted input field) is
ms(z) =mg(0)e*  (for ms > 1), (10.2.7)

where we have introduced the Raman gain coefficient

D
G =L

I (10.2.8)
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Again mg(0) denotes the photon occupation number associated with the
Stokes field at the input to the Raman medium. If no field is injected into
the Raman medium, mgs(0) represents the quantum noise associated with
the vacuum state, which is equivalent to one photon per mode. Emission
of the sort described by Eq. (10.2.7) is called stimulated Raman scattering.
The Stokes intensity is seen to grow exponentially with propagation distance
through the medium, and large values of the Stokes intensity are routinely
observed at the output of the interaction region.

We see from Eq. (10.2.8) that the Raman gain coefficient can be related sim-
ply to the phenomenological constant D introduced in Eq. (10.2.1). However,
we see from Eq. (10.2.5) that the strength of spontaneous Raman scattering
is also proportional to D. Since the strength of spontaneous Raman scattering
is often described in terms of a scattering cross section, it is thus possible to
determine a relationship between the gain coefficient G for stimulated Ra-
man scattering and the cross section for spontaneous Raman scattering. This
relationship is derived as follows.

Since one laser photon is lost for each Stokes photon that is created, the
occupation number of the laser field changes as the result of spontaneous
scattering into one particular Stokes mode in accordance with the relation
dmyp/dz = —dmg/dz, with dmg/dz given by Eq. (10.2.4). However, since
the system can radiate into a large number of Stokes modes, the total rate of
loss of laser photons is given by

dmyp, _ —Mbde _ —Dmp Mb

dz dz c/n

, (10.2.9)

where M is the total number of modes into which the system can radiate and
where b is a geometrical factor that accounts for the fact that the angular distri-
bution of scattered radiation may be nonuniform and hence that the scattering
rate into different Stokes modes may be different. Explicitly, b is the ratio of
the angularly averaged Stokes emission rate to the rate in the direction of the
particular Stokes mode S for which D (and thus the Raman gain coefficient) is
to be determined. If | £ (6, qﬁ)l2 denotes the angular distribution of the Stokes
radiation, b is then given by

_[1£0.9)?d/4n
|f (6s. 6s)I?

where (05, ¢s) gives the direction of the particular Stokes mode for which D
is to be determined.

b , (10.2.10)



478 10 < Stimulated Raman Scattering and Rayleigh-Wing Scattering

The total number of Stokes modes into which the system can radiate is
given by the expression (see, for example, Boyd, 1983, Eq. (3.4.4))

VwéAw

= W (10.2.11)

where V denotes the volume of the region in which the modes are defined and
where Aw denotes the linewidth of the scattered Stokes radiation. The rate of
loss of laser photons is conventionally described by the cross section ¢ for
Raman scattering, which is defined by the relation

dmy,

—— =—Nomy, (10.2.12)
dz

where N is the number density of molecules. By comparison of Egs. (10.2.9)

and (10.2.12), we see that we can express the parameter D in terms of the

cross section o by

D— No(c/n) '
Mb

This expression for D, with M given by Eq. (10.2.11), is now substituted into

expression (10.2.8) for the Raman gain coefficient to give the result

(10.2.13)

_ Non?c3my . Nr2cmy (80) ’ (10.2.14)
0

N Vw%Awbn3 - Va)gbn3 dw

where in obtaining the second form we have used the definition of the spectral
density of the scattering cross section to express ¢ in terms of its line-center
value (do/dw)g as

do
o= (—) Aw. (10.2.15)
0

w

Equation (10.2.14) gives the Raman gain coefficient in terms of the num-
ber of laser photons per mode, m . In order to express the gain coefficient in
terms of the laser intensity, which can be measured directly, we assume the
geometry shown in Fig. 10.2.2. The laser intensity Iy is equal to the num-
ber of photons contained in this region multiplied by the energy per photon
and divided by the cross-sectional area of the region and by the transit time
through the region—that is,

. mphowg _mLha)Lc
~ A(mL/c) Vn

I, , (10.2.16)
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>k

I(— L —)| area A

FIGURE 10.2.2 Geometry of the region within which the laser and Stokes modes are
defined.

where V = AL. Through use of this result, the Raman gain coefficient of
Eq. (10.2.14) can be expressed as

6= Nme (30) I (10.2.17)
_wébnzth o/, b o

It is sometimes convenient to express the Raman gain coefficient not in terms
of the spectral cross section (do/dw)g but in terms of the differential spectral
cross section (820/ dw 02)p, where d2 is an element of solid angle. These

quantities are related by
3 3?
(_") :4711,( o ) , (10.2.18)
dw /g dwd2 /

where b is the factor defined in Eq. (10.2.10) that accounts for the possible
nonuniform angular distribution of the scattered Stokes radiation. Through
use of this relation, Eq. (10.2.17) becomes

o= ArNe ( ¥a ) I (10.2.19)
B w%ha)Lné 0wd2 / L o

Some of the parameters describing stimulated Raman scattering are listed
in Table 10.2.1 for a number of materials.

10.3. Stimulated Raman Scattering Described by the Nonlinear
Polarization

Here we develop a classical (that is, non-quantum-mechanical) model that de-
scribes stimulated Raman scattering (see also Garmire et al., 1963). For con-
ceptual clarity, our treatment is restricted to the scalar approximation. Treat-
ments that include the tensor properties of Raman interaction are cited in the
references listed at the end of this chapter.

We assume that the optical field interacts with a vibrational mode of a mole-
cule, as illustrated in Fig. 10.3.1. We assume that the vibrational mode can
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TABLE 10.2.1 Properties of stimulated Raman scattering for several
materials ¢

Substance Frequency Linewidth Av Cross Section Gain
Shift v (em™1) N(do/dQ)g Factor
(em~) (10~% m!sec™!) G/},
Liquid O, 1552 0.117 0.48+0.14 Ichy B
Liquid Np 2326.5 0.067 0.29 +0.09 160 £ 50
Benzene 992 2.15 3.06 28
CS, 655.6 0.50 7.55 240
Nitrobenzene 1345 6.6 6.4 21
Bromobenzene 1000 1.9 1.5 15
Chlorobenzene 1002 1.6 1.5 19
Toluene 1003 1.94 1.1 12
NiNbO3 256 23 381 89
637 20 231 94
BapyNaNbsO5 650 67
LiTaO3 201 22 238 44
SiOy 467 08
Methane gas 2916 (10 atm) ¢ 6.6
H; gas 4155 (>10 atm) 15
Hj gas (rotat.) 450 (>0.5 atm) 5
Deuterium gas 2991 (>10 atm) 11
N gas 2326 (10 atm) € 0.71
0, gas 1555 (10 atm) ¢ 0.16

@ After Kaiser and Maier (1972) and Simon and Tittel (1994). All transitions are vibrational except
for the 450 cm ™! hydrogen transition which is rotational.

b Measured at 694 nm unless stated otherwise.

¢ Measured at 500 nm.

be described as a simple harmonic oscillator of resonance frequency w, and
damping constant y, and we denote by g(¢) the deviation of the internuclear
distance from its equilibrium value gg. The equation of motion describing the
molecule vibration is thus

m

where F (t) denotes any force that acts on the vibrational mode and where m
represents the reduced nuclear mass.

The key assumption of the theory is that the optical polarizability of the
molecule (which is typically predominantly electronic in origin) is not con-
stant, but depends on the internuclear separation g (¢) according to the equa-
tion

a(t)=oag+ (3_05) q(). (10.3.2)
g /o
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E() q,+ 4 (1)

FIGURE 10.3.1 Molecular description of stimulated Raman scattering.

Here «y is the polarizability of a molecule in which the internuclear distance
is held fixed at its equilibrium value. According to Eq. (10.3.2), when the
molecule is set into oscillation its polarizability will be modulated periodically
in time, and thus the refractive index of a collection of coherently oscillating
molecules will be modulated in time in accordance with the relations

i) =ew =[1+Na@)]">. (10.3.3)
The temporal modulation of the refractive index will modify a beam of light
as it passes through the medium. In particular, frequency sidebands separated
from the laser frequency by +w, will be impressed upon the transmitted laser
beam.

Next, we examine how molecular vibrations can be driven coherently by an
applied optical field. In the presence of the optical field E (z, 1), each molecule
will become polarized, and the induced dipole moment of a molecule located
at coordinate z will be given by

p(z, 1) = eoaE(z, 1). (10.3.4)
The energy required to establish this oscillating dipole moment is given by
W =1{p(z. 1) - E@z. ) = feoar( E*(z. 1)), (10.3.5)

where the angular brackets denote a time average over an optical period. The
applied optical field hence exerts a force given by
- dW e fda) =,
F=2r=3 (dq>0( (z,1)) (10.3.6)
on the vibrational degree of freedom. In particular, if the applied field contains
two frequency components, Eq. (10.3.6) shows that the vibrational coordinate
will experience a time-varying force at the beat frequency between the two
field components.
The origin of stimulated Raman scattering can be understood schemati-
cally in terms of the interactions shown in Fig. 10.3.2. Part (a) of the figure
shows how molecular vibrations modulate the refractive index of the medium
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FIGURE 10.3.2 Stimulated Raman scattering.

at frequency w, and thereby impress frequency sidebands onto the laser field.
Part (b) shows how the Stokes field at frequency ws = w; — w, can beat with
the laser field to produce a modulation of the total intensity of the form

I[(t) = Iy + I cos(wr, — ws)t. (10.3.7)

This modulated intensity coherently excites the molecular oscillation at fre-
quency wy, — ws = wy. The two processes shown in parts (a) and (b) of the
figure reinforce one another in the sense that the interaction shown in part (b)
leads to a stronger molecular vibration, which by the interaction shown in
part (a) leads to a stronger Stokes field, which in turn leads to a stronger
molecular vibration.

To make these ideas quantitative, let us assume that the total optical field
can be represented as

E(z,1) = Ape'kemoth 4 pgeithsz=esh 4 ¢ ¢ (10.3.8)
According to Eq. (10.3.6) the time-varying part of the applied force is then
given by

= dor * i(Kz—Qt)
Fz.n=eo = [ALA%e +c.c.], (10.3.9)
4/0

where we have introduced the notation
K=k —ks and Q=w; — ws. (10.3.10)

We next find the solution to Eq. (10.3.1) with a force term of the form of
Eq. (10.3.9). We adopt a trial solution of the form

G=q(@e® 4 cc. (10.3.11)
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We insert Egs. (10.3.9) and (10.3.11) into Eq. (10.3.1), which becomes

—0?q(Q) = 2iwyq(RQ) + 0?q(Q) = m<8a> ALAE

dq
and we thus find that the amplitude of the molecular vibration is given by
€ 0a/9q)oAL AT
g() = LOI0ALA; (103.12)
w; — Q4 =2iQy

Since the polarization of the medium is given according to Egs. (10.3.2) and
(10.3.4) by

P(z,1) =Np(z, 1) =eNa(@z NE@ED
o\ . ~
=6()N|:Ol()+ <—> q(z,t)]E(z,t), (10.3.13)
0q /¢
the nonlinear part of the polarization is given by
) [q(@)e"*9 1 cc]
0

x [Apehremort) 4 ggeikss=osh 4 cc]. (10.3.14)

- 0
ANz, 1) = eoN<—“
dq

The nonlinear polarization is thus seen to contain several different frequency
components. The part of this expression that oscillates at frequency wg is
known as the Stokes polarization and is given by

NL(z. 1) = P(ws)e "' +c.c. (10.3.15)

with a complex amplitude given by

P(wg)—Neo(gq) q* () Ape*se. (10.3.16)

By introducing the expression (10.3.12) for ¢ (£2) into this equation, we find
that the complex amplitude of the Stokes polarization is given by

(eON/m>(aa/aq)O|AL|2As ks

P 10.3.17

(ws) = —oTrainy ( )

We now define the Raman susceptlblhty through the expression
P(ws) = 6€0xr(ws)|AL|>Age'*s?, (10.3.18)

where for notational convenience we have introduced xr(wgs) as a shortened
form of x 3 (ws = ws + w; — wr). By comparison of Eqs. (10.3.17) and
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FIGURE 10.3.3 Resonance structure of the Raman susceptibility.

(10.3.18), we find that the Raman susceptibility is given by

€0(N/6m)(da/3q)}
0 — (0 — ws)> +2i(wL —ws)y

Xr(ws) = (10.3.19a)

The real and imaginary parts of xg(ws) = xp(ws) + i xx(ws) are illustrated
in Fig. 10.3.3. Near the Raman resonance, the Raman susceptibility can be
approximated as

(e0N/12mwy) (3 /39)F

- (10.3.19b)
lws — (wp —wy)] +iy

XR(ws) =

Note that, at the exact Raman resonance (that is, for ws = w; — w,), the
Raman susceptibility is negative imaginary. (We shall see below that conse-
quently the Stokes wave experiences amplification.)

In order to describe explicitly the spatial evolution of the Stokes wave, we
use Egs. (10.3.8), (10.3.15), (10.3.18), and (9.3.19) for the nonlinear polar-
ization appearing in the driven wave equation (2.1.17). We then find that the
evolution of the field amplitude Ag is given in the slowly varying amplitude
approximation by

dA
205 _ _ugAs, (10.3.20)
dz
where
as = —3i 25y r(ws)|AL? (10.3.21)
nsc

is the Stokes wave “absorption” coefficient. Since the imaginary part of
Xr(ws) is negative, the real part of the absorption coefficient is negative, im-
plying that the Stokes wave actually experiences exponential growth. Note
that o depends only on the modulus of the complex amplitude of the laser
field. Raman Stokes amplification is thus a process for which the phase-



10.3. Stimulated Raman Scattering 485

matching condition is automatically satisfied. Alternatively, Raman Stokes
amplification is said to be a pure gain process.

We can also predict the spatial evolution of a wave at the anti-Stokes fre-
quency through use of the results of the calculation just completed. In the
derivation of Eq. (10.3.19a), no assumptions were made regarding the sign of
wp, — ws. We can thus deduce the form of the anti-Stokes susceptibility by
formally replacing ws by w, in Eq. (10.3.19a) to obtain the result

€0(N/6m)(da/dq)}]

AR (@) = w? — (0 — wa)* +2i(wp — wa)y (103.22)
Since wg and w, are related through
wr —ws =—(w — wg), (10.3.23)
we see that
Xr(@a) = xr(@s)™. (10.3.24)

The relation between the Stokes and anti-Stokes Raman susceptibilities is il-

lustrated in Fig. 10.3.4. Near the Raman resonance, Eq. (10.3.22) can be ap-

proximated by

—(eoN/12mwy)(3e/3q)3
[wq — (0L + )] +iy

XR(wq) = , (10.3.25)

and at the exact resonance the Raman susceptibility is positive imaginary. The
amplitude of the anti-Stokes wave hence obeys the propagation equation

dA,
= —a,A,, (10.3.26)
dz

Raman susceptibility
o
T
|
1

4
x5 (@) xp(@) |
1 | 1 1 |
wL—wv COL (DL+(1)V

w,_, or e
S a

FIGURE 10.3.4 Relation between Stokes and anti-Stokes Raman susceptibilities.
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where

,
“CxR<wa)|AL|2. (10.3.27)

o, =—3i
ng

For a positive imaginary xg(w,), o, is positive real, implying that the anti-
Stokes wave experiences attenuation.

However, it was found experimentally (Terhune, 1963) that the anti-Stokes
wave is generated with appreciable efficiency, at least in certain directions.
The origin of anti-Stokes generation is an additional contribution to the non-
linear polarization beyond that described by the Raman susceptibility of
Eq. (10.3.25). Inspection of Eq. (10.3.14) shows that there is a contribution
to the anti-Stokes polarization

PNL(z, 1) = P(wg)e @ +c.c. (10.3.28)
that depends on the Stokes amplitude and which is given by

0 NeZ2/m)(0a/dqg)2 A% A% .
P(wa)ZNGO(—a) C](Q)ALz( 0/2 ) 2/ C].)O L7S ,i(Zkp—ks)z
39 /¢ w; — Q- —2iQy
(10.3.29)

(Recall that 2 = w;, — ws = w; — wyr.) This contribution to the nonlinear
polarization can be described in terms of a four-wave mixing susceptibility
xF(@a) = x®(wy = o, + wr — ws), which is defined by the relation

P(wq) = 3€0xr (wa) A7 AGe! LR, (10.3.30)
and which is hence equal to

(Neo/3m)(dee/dq)}
w2 — (0 — wa)? +2i(wp —wa)y

XF(wq) = (10.3.31)

We can see by comparison with Eq. (10.3.22) that

XF(@g) =2xr(wa). (10.3.32)

The total polarization at the anti-Stokes frequency is the sum of the contribu-
tions described by Eqgs. (10.3.22) and (10.3.31) and is thus given by

P(wq) = 6€0xr(@a)|ALI* Age™ ™ 4+ 3o xF (wa) AT A%l GFL=R)7(10.3.33)

Similarly, there is a four-wave mixing contribution to the Stokes polarization
described by

(Neo/3m)(da/dq)}
0 — (01 — wa)* + 2i(wr — ws)y

xr(ws) = (10.3.34)
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so that the total polarization at the Stokes frequency is given by

P(ws) = 660 xr(ws)| AL Ase™S* + e xp (w5) AT Alhe! Pir—Ha)z,
(10.3.35)
The Stokes four-wave mixing susceptibility is related to the Raman Stokes
susceptibility by

xr(ws) =2xr(ws) (10.3.36)
and to the anti-Stokes susceptibility through
xF(ws) = xF(wa)*. (10.3.37)

The spatial evolution of the Stokes and anti-Stokes fields is now obtained
by introducing Eqs. (10.3.33) and (10.3.35) into the driven wave Eq. (2.1.17).
We assume that the medium is optically isotropic and that the slowly varying
amplitude and constant-pump approximations are valid. We find that the field
amplitudes obey the set of coupled equations

dA ‘
d—s = —agAs +KksAkel Ak, (10.3.382)
Z
dA .
y L= —w A+ kg A PR (10.3.38b)
Z

where we have introduced nonlinear absorption and coupling coefficients

—3diw;

aj = xr(@HIALI,  j=S5,a, (10.3.392)
l’le
iw; ) )
Kj= anéXF(w‘,)AL, j=S.a, (10.3.39b)

and have defined the wavevector mismatch
Ak =Ak-7=02k; — ks —Kk,) - Z. (10.3.40)

The form of Eqgs. (10.3.38) shows that each of the Stokes and anti-Stokes
amplitudes is driven by a Raman gain or loss term (the first term on the right-
hand side) and by a phase-matched four-wave mixing term (the second). The
four-wave mixing term is an effective driving term only when the wavevector
mismatch Ak is small. For a material with normal dispersion, the refractive
index experienced by the laser wave is always less than the mean of those
experienced by the Stokes and anti-Stokes waves, as illustrated in part (a) of
Fig. 10.3.5. For this reason, perfect phase matching (Ak = 0) can always be
achieved if the Stokes wave propagates at some nonzero angle with respect to
the laser wave, as illustrated in part (b) of the figure. For angles appreciably
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FIGURE 10.3.5 Phase-matching relations for Stokes and anti-Stokes coupling in
stimulated Raman scattering.

different from this phase-matching angle, Ak is large, and only the first term
on the right-hand side of each of Egs. (10.3.38) is important. For these direc-
tions, the two equations decouple, and the Stokes sideband experiences gain
and the anti-Stokes sideband experiences lose. However, for directions such
that Ak is small, both driving terms on the right-hand sides of Egs. (10.3.38)
are important, and the two equations must be solved simultaneously. In the
next section, we shall see how to solve these equations and shall see that both
Stokes and anti-Stokes radiation can be generated in directions for which Ak
is small.

10.4. Stokes-Anti-Stokes Coupling in Stimulated Raman
Scattering

In this section, we study the nature of the solution to the equations describing
the propagation of the Stokes and anti-Stokes waves. We have just seen that
these equations are of the form

dA .

Tl = 1AL+ Afe MR (10.4.1a)

dz

dA3 ,

d_2 = AL+ i AeT AR (10.4.1b)
Z

In fact, equations of this form are commonly encountered in nonlinear optics
and also describe, for example, any forward four-wave mixing process in the
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constant-pump approximation. The ensuing discussion of the solution to these
equations is simplified by first rewriting Eqgs. (10.4.1) as

. dA .
etAkz/2<_d 1 +a1A1) = i Ase! 12, (10.4.2a)
Z
iAkz/2 dA; * A%k * —iAkz/2
e ot Tr +a5A5 | =Ky Are” S (10.4.2b)
<
from which it follows that the equations can be expressed as
d i Ak : :
(d— +a1 + lT)Ale_’AkZ/z = K1 A5e AR/2 (10.4.3a)
Z
d | Ak ; :
(d—z T 5 )A;e’“z/2 =3 Are”' 22 (10.4.3b)

The form of these equations suggests that we introduce the new variables
F1 and F> defined by

Fi=A1e "®2 and  Fjf = Aje' 22, (10.4.4)
so that Egs. (10.4.3) become
d Ak
(d_z + o +i7)Fl =K1F2*, (10.4.5a)
d Ak
<d_z + o) —zT)F; =K Fl. (10.4.5b)

We now eliminate F5 algebraically from this set of equations to obtain the
single equation

a’+ . Ak d+ +,Ak F ‘ (10.4.6)
— 4oy, —i— || —tar+i— =K1k, F1. 4.
dz 27y Jlag T )t TR
We solve this equation by adopting a trial solution of the form

Fi(2) = Fi(0)e*", (10.4.7)

where g represents an unknown spatial growth rate. We substitute this form
into Eq. (10.4.6) and find that this equation is satisfied by the trial solution if
g satisfies the algebraic equation

iAk iAk
(g +o5 — T) <g + o+ T) =K1K . (10.4.8)

In general, this equation possesses two solutions, which are given by

gr=—t@i+ad) £ (a1 —ai +ink)’ + 4] (1049
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Except for special values of o, oy, k1, k2, and Ak, the two values of g given
by Eq. (10.4.9) are distinct. Whenever the two values of g are distinct, the
general solution for F is given by

Fi = F{ (0)e5+° + F[ (0)e7, (10.4.10)

and thus through the use of Eq. (10.4.4) we see that the general solution for
A is of the form

A1(z) = (AT e8% + A e8-%)el AK/2, (10.4.11)

Here AT and A| are constants of integration whose values must be deter-
mined from the relevant boundary conditions. The general form of the solu-

tion for A3(z) is readily found by substituting Eq. (10.4.11) into Eq. (10.4.3a),
which becomes

Ak Ak ‘
(g+ + o +i7)AT€g+Z + <g_ + o +17>A1—egz =K1A361Akz/2.

This equation is now solved for A3(z) to obtain

| Ak/2
A3(2)=[<g++al+l /)Afeg+Z
K1

. (8— +oay + l-Ak/z)Al_egZi|e—iAkz/2_ (10.4.12)
K1
If we define constants A;r and A, by means of the equation
AS(2) = (A *e8+ + A *Fe8=F)e 1 8K/2 (10.4.13)
we see that the amplitudes Ali and A;E are related by

Azi* g+t +iAk/2
AT K1 ’

(10.4.14)

This equation shows how the amplitudes A; and AT are related in the part
of the solution that grows as exp(g+z), and similarly how the amplitudes A,
and A are related in the part of the solution that grows as exp(g-z). We
can think of Eq. (10.4.14) as specifying the eigenmodes of propagation of
the Stokes and anti-Stokes waves. As written, Eq. (10.4.14) appears to be
asymmetric with respect to the roles of the w; and w, fields. However, this
asymmetry occurs in appearance only. Since g4 depends on «y, o, k1, k2,
and Ak, the right-hand side of Eq. (10.4.14) can be written in a variety of
equivalent ways, some of which display the symmetry of the interaction more
explicitly. We next rewrite Eq. (10.4.14) in such a manner.
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One can show by explicit calculation using Eq. (10.4.9) that the quantities
g+ and g_ are related by

iAk iAk
<g+ +oa; + T) (g_ +a;+ T) = —K1Kj. (10.4.15)

In addition, one can see by inspection of Eq. (10.4.9) that their difference is
given by

gr—g_= [(oq —o; + iAk)2 +4K1K;]1/2. (10.4.16a)
By substitution of Eq. (10.4.9) into this last equation, it follows that
g+ — 8- =%[2g+ + (a1 +03)]. (10.4.16b)

where on the right-hand side either both pluses or both minuses must be used.
Furthermore, one can see from Eq. (10.4.9) that

g+ + 8- =—(a1 +o3). (10.4.16¢)
By rearranging this equation and adding i Ak /2 to each side, it follows that
iAk iAk
(gi + o+ T) = —(g:': +Ol3( — T), (104173)
L 1Ak iAk
gi+a2+7 =— g:':+011+7 . (10417b)

Through the use of Egs. (10.4.15) and (10.4.17a), Eq. (10.4.14) can be ex-
pressed as
A" gitoa +idk/2 —} K3

AF K1 T gt a1l +iAKk/2 grtal —iAk/2

By taking the geometric mean of the last and third-last forms of this expres-
sion, we find that the ratio A;E* / A;—L can be written as

AyF |:K£k(g:|: + i +iAk/2)]l/2- (10.4.19)
AT Lei(ex+ai —idk/2)| )

this form shows explicitly the symmetry between the roles of the w; and w;
fields.

Next, we find the form of the solution when the boundary conditions are
such that the input fields are known at the plane z = 0—that is, when A(0)
and A3(0) are given. We proceed by finding the values of the constants of
integration AT and A; . Equation (10.4.11) is evaluated at z =0 to give the
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result
A1(0)=AT + AT, (10.4.20a)

and Eq. (10.4.12) is evaluated at z = 0 to give the result

g+ +iAk/2\ . (g +ai+iAk)2
Af +

)Al_' (10.4.20b)
K1 K1

A5(0) = (

We rearrange Eq. (10.4.20a) to find that A| = A (0) — AT, and we substitute
this form into Eq. (10.4.20b) to obtain

—g- _ 4o +iAk)2
Ag(o)=(%)/q+(g IKI / )Al(O).

We solve this equation for A? to obtain

. i Ak/2
A1+=<L)A;(0)— (g t o +iAk/ >A1(0). (10.4.21a)
8+ — 8- 8+ — 8-

If instead we solve Eq. (10.4.20a) for AT and substitute the result AT =
A1(0) — A7 into Eq. (10.4.20b), we find that

430 = <%)Ar - (g+ i +iAk/2)A1(0),

K1

which can be solved for A} to obtain

 Ak)2
AT = _<"_1)A§(0) + <g+ o +iAk/ )Al(O). (10.4.21b)
8+ — 8- 8+ —

The expressions (10.4.21) for the constants Af and A| are now substituted
into Egs. (10.4.11) and (10.4.12) to give the solution for the spatial evolution
of the two interacting fields in terms of their boundary values as

1 iAk
A1(2) = 7{[/(114;(0) - <g_ +a; + —>A1(0):|engZ
8+—8 2

i Ak .
- [/qAé(O) - <g+ + a1+ IT>A1(O):|egZ}elAkz/2

(10.4.22)
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and

A*( _; ﬂ AX(0 * A 8+2
22)— g+ +oar+ 2()+K2 1(0) [e
8+ — 8- 2

i Ak :
— [(g_ + a1+ ’T)A;(O) +K;‘A1(0)}e“}e—’“z/2.

(10.4.23)

Through use of Egs. (10.4.17), the second form can be written in terms of a»
instead of o as

A*()—L:[—< + *—H)A*(O)Jr *A (0)} 8+2
2 e f-To T T AR AT e

i Ak .
+ [<g+ +a; — lT)Aﬁ(O) — K;A1(O):|eg—z}e_‘AkZ/2‘

(10.4.24)

Before applying the results of the derivation just performed to the case of
stimulated Raman scattering, let us make sure that the solution makes sense
by applying it to several specific limiting cases.

10.4.1. Dispersionless, Nonlinear Medium without Gain or Loss

For a medium without gain (or loss), we set o] = oy = 0. Also, for a medium
that is lossless and dispersionless, x 3 (w) = 2w — w2) must equal x O (wy =
2wp — w1), and thus the product 1«5 that appears in the solution is equal to

Ywiwy

2
5% P (@1 =20 — )| Aol*, (10.4.25)

which is a real, positive quantity. We allow Ak to be arbitrary. Under these
conditions, the coupled gain coefficient of Eq. (10.4.9) reduces to

1/2

g+ = £[i165 — (Ak/2)?] (10.4.26)

We see that, so long as Ak is not too large, the root g4 will be a positive real
number corresponding to amplification, whereas the root g_ will be a neg-
ative real number corresponding to attenuation. However, if the wavevector
mismatch becomes so large that Ak? exceeds 4k /c;‘, both roots will become
pure imaginary, indicating that each eigensolution shows oscillatory spatial
behavior. According to Eq. (10.4.14), the ratio of amplitudes corresponding
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to each eigensolution is given by

AY* gi+iAk)2
Af K1 '

(10.4.27)

The right-hand side of this expression simplifies considerably for the case
of perfect phase matching (Ak = 0) and becomes =+ (k3 //q)l/ 2 If we also
choose our phase conventions so that A is purely real, we find that expression
reduces to

A;* 1w\ 1/2 .
= =y ~ 4, (10.4.28)
AT nawi

1

which shows that the two frequency sidebands are phased by 47 /2 radians in
each of the eigensolutions.

10.4.2.  Medium without a Nonlinearity

One would expect on physical grounds that, for a medium in which x @) van-
ishes, the solution would reduce to the usual case of the free propagation of
the w; and w, waves. We now verify that our formal solution possesses this
property. By setting k1 = k» = 0 in Eq. (10.4.9), and assuming for simplicity
that Ak vanishes, we find that

g+=—a; and g_=—0af. (10.4.29)

The eigenamplitudes are found most readily from Eq. (10.4.19). If we assume
that k1 and k7 approach zero in such a manner that 3 /k1 remains finite, we
find from Eq. (10.4.19) that

AT AS*
2 = o0, — =0. (10.4.30)
A Al
Thus, the positive root corresponds to a wave at frequency w», which propa-
gates according to
A%(2) = A5(0)e8+: = A%(0)e ™ (2), (10.4.31a)

whereas the negative root corresponds to a wave at frequency w1, which prop-
agates according to

A1(2) = A1(0)ed* = A (0)e ™%, (10.4.31b)

We thus see that each of the waves simply experiences free propagation.
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10.4.3. Stokes—Anti-Stokes Coupling in Stimulated Raman
Scattering

Let us now apply this analysis to the case of stimulated Raman scattering
(see also Bloembergen and Shen, 1964). For definiteness, we associate wj
with the Stokes frequency wg and w, with the anti-Stokes frequency w,. The
nonlinear absorption coefficients ag and o, and coupling coefficients x5 and
kg are given by Eqgs. (10.3.39) with the nonlinear susceptibilities given by
Eqgs. (10.3.19b), (10.3.25), (10.3.31), and (10.3.34). In light of the relations

xF(ws) = xr(wa)* =2xr(ws) =2xr(wa)* (10.4.32)

among the various elements of the susceptibility, we find that the absorption
and coupling coefficients can be related to each other as follows:

g = —a§<"5w“), (10.4.33a)
naws
Ks = —ageroL, (10.4.33b)
K = a§<ﬂ)e2f¢a (10.4.33c)
Naws

where ¢ is the phase of the pump laser defined through
A =|Ap|e'r, (10.4.34)
and where the Stokes amplitude absorption coefficient is given explicitly by

_ —iogNej(da/g)5l ALl
dmngcwy[ws — (0w — wy) +iy]

os (10.4.35)

If we now introduce the relations (10.4.33) into the expression (10.4.9) for the
coupled gain coefficient, we find the gain eigenvalues are given by

1 nswq
g+=—5as| 1 —
ngaws

| 2 172
+ —{[a3<1 + "Sw“> +iAk] — 42052 } . (10.4.36)
2 nqWws naws

It is usually an extremely good approximation to set the factor nswyr /n,ws
equal to unity. In this case Eq. (10.4.36) simplifies to

1/2

gx = *[iagAk — (Ak/2)*] (10.4.37)
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Regi

——— — — T — — —

FIGURE 10.4.1 Dependence of the coupled gain on the wavevector mismatch.

The dependence of g+ on the phase mismatch is shown graphically in
Fig. 10.4.1.* Equation (10.4.37) leads to the perhaps surprising result that the
coupled gain g+ vanishes in the limit of perfect phase matching. The reason
for this behavior is that, for sufficiently small Ak, the anti-Stokes wave (which
normally experiences loss) is so strongly coupled to the Stokes wave (which
normally experiences gain) that it prevents the Stokes wave from experiencing
growth.

It is also instructive to study the expression (10.4.37) for the coupled gain in
the limit in which | Ak]| is very large. For |Ak| > |as|, Eq. (10.4.37) becomes

Ak (1 dicg

= 47—
fx =+ Ak

Through the use of Eq. (10.4.14), we find that the ratio of sidemode ampli-
tudes associated with each of these gain eigenvalues is given by

> ~ d(as + 3i Ak). (10.4.38)

At* Ak Ak

“+ =-2—I— >~ [j—, (10.4.39a)
AS ag as
A"

— =0. (10.4.39b)
Ag

Since we have assumed that | Ak| is much larger than |ag|, we see that the +
mode is primarily anti-Stokes, whereas the — mode is primarily Stokes.

Let us now examine more carefully the nature of the decreased gain that
occurs near Ak = 0. By setting Ak = 0 in the exact expression (10.4.36) for

* The graph has the same visual appearance whether the approximate form (10.4.37) or the exact
form (10.4.36) is plotted.

T Recall that at resonance o s is real and negative; hence g— = —ag — %iAk has a positive real
part and leads to amplification.
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the coupled gain, we find that the gain eigenvalues become

ngwq
g+ =0, g-=—ags|1— . (10.4.40)
Naws

Note that |g_| is much smaller than | g| but does not vanish identically. Note
also that with the sign convention used here at resonance g_ is a negative
quantity. We find from Eq. (10.4.14) that for a good approximation
+
ATF
*
Ay

=1 (10.4.41)

thus, each eigensolution is seen to be an equal combination of Stokes and
anti-Stokes components, as mentioned in our discussion of Fig. 10.4.1.

Next, let us consider the spatial evolution of the field amplitudes under the
assumptions that Ak = 0 and that their values are known at z = 0. We find
from Eqs. (10.4.22) and (10.4.23) that

As(z) = _—{[A*(O) 2igy. 4 050 AS(O)]
1 —ngwy/naws ngy
— [A5 0¥ + As(O)]eg—Z}, (10.4.42a)
Ay = {[ 2(0) + 220 45 (0)e 21¢L]
I —nswg/nqws NaWs
st” [A5(0) + As(0)e™29L]es~ Z} (10.4.42b)

Note that, since g_ is negative, the second term in each expression expe-
riences exponential decay, and as z — oo the field amplitudes approach the
asymptotic values

—1 i .
As(z— 00) = —— | A*©0)e¥9r + 5% A 5(0) |,
1 —nsw,/nqws | naws
(10.4.43a)
1 r .
Af(z > 00) = ———— | A¥(0) + ns “AS(O)e—M’L].
1 _nSa)a/nawS ngws

(10.4.43b)

Note that each field is amplified by the factor (1 —nsw,/n, ws)~ L. The nature
of this amplification is illustrated in part (a) of Fig. 10.4.2. We see that after
propagating through a distance of several times 1/g_, the field amplitudes
attain constant values and no longer change with propagation distance.
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(a)

As orA

propagation distance, z

(b)

Y

molecular coordinate, ¢

propagation distance, z

FIGURE 10.4.2 Nature of Raman amplification for the case of perfect phase matching
(Ak =0).

To see why field amplitudes remain constant, it is instructive to consider
the nature of the molecule vibration in the simultaneous presence of the laser,
Stokes, and anti-Stokes fields—that is, in the field

E(z,t) = Ape'*12701D 4 Ageitksizosh 4 g oltkai=oad) ¢ e (10.4.44)
where k;, — ks =k, — ki = K and w; — ws = w, — w;, = Q. The solution
to the equation of motion (10.3.1) for the molecular vibration with the force
term given by Eqs. (10.3.6) and (10.4.44) is given by

G(z,1) = q(Q)e' K= 4 c ¢

where

(€0/m)(0a/0q)o(ALAG + AaAT)

10.4.45
w2 — Q2 —2iQy ( )

8(2) =
We can see from Egs. (10.4.43) that, once the field amplitudes have attained
their asymptotic values, the combination Ay A + A, A} vanishes, implying
that the amplitude g (w) of the molecular vibration also vanishes asymptoti-
cally, as illustrated in part (b) of Fig. 10.4.2.
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10.5. Coherent Anti-Stokes Raman Scattering

In the previous sections of this chapter, we have discussed spontaneous Raman
scattering and stimulated Raman scattering. These processes are represented
symbolically in parts (a) and (b) of Fig. 10.5.1. In the notation of Section 10.3,
stimulated Raman scattering is described by a nonlinear susceptibility of the
form Xl(e3) (ws = ws+wr —wp). We also saw in that section (see, for example,
Egs. (10.3.20) and (10.3.21)) that the Stokes wave at frequency wg tends to
experience exponential growth, with a growth rate that scales as the product
of the laser intensity and the imaginary part of ng) .

In the present section, we study two additional scattering processes, also
shown in Fig. 10.5.1, known as coherent anti-Stokes Raman scattering
(CARS) and coherent Stokes Raman scattering (CSRS). Our discussion will
concentrate on the first of these processes, as it is the one most often used
in laboratory investigations. In either of these processes, two laser beams at
frequencies w; and w> < w; are applied to the Raman medium, and a beam
at a new frequency is generated by the interaction. In the process of coherent
anti-Stokes Raman scattering (CARS), illustrated in part (c) of the figure, an
output is created at frequency 2w — w; as a consequence of the susceptibility
X}S) (wg = w1 — w2 + w1). In the process of coherent Stokes Raman scattering
(CSRS), illustrated in part (d) of the figure, an output is created at frequency
2wy — w1 as a consequence of the susceptibility X1(:3) (ws =wy + wy — w1).

Let us now analyze more carefully the process of coherent anti-Stokes Ra-
man scattering (CARS). We recall from Section 10.3 that the susceptibility
describing this process is given according to Eqs. (10.3.25) and (10.3.32) for
the current choice of frequencies by

3) —(eoN /6mw,) (det/3q)]
a — - + = —. 10.5.1
K=o ) = o — el T iy (193D
@_______ O _____ o AT o
A A A .
@ |9 RO R o I ] et L O wZAwSiw0 o,
1 v Y Y

FIGURE 10.5.1 Various Raman scattering processes: (a) spontaneous Raman scat-
tering; (b) stimulated Raman scattering; (c) coherent anti-Stokes Raman scattering
(CARS); and (d) coherent Stokes Raman scattering (CSRS).
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Note that the nonlinear response experiences a resonance whenever the input
frequencies w; and w, are selected so that w; — w» is equal to a vibrational
frequency w, of the material system. It is for this reason that CARS is par-
ticularly useful as a diagnostic tool for determining the presence of chemical
species by means of their Raman vibrational modes. CARS is also useful as a
probe of molecular structure because the resonance frequency w, and relax-
ation rate y often depend sensitively upon the molecular environment.

The generation of the anti-Stokes wave is described by the coupled-
amplitude equation Eq. (10.3.38b), which for the current situation becomes

dA .
L = @Ay + kg Al PR, (10.5.2)
dz
where
_3ia)a 2 3ia)a 2
Ug = XR(@a)|A1]7, Kq = XF(a)a)Ap (10.5.3)
ngC 2n,4c
and
Ak=Ak-Z=(2k; — ks —k,) - Z. (10.5.4)

CARS is usually studied under conditions such that the generation of the
anti-Stokes signal is dominated by the second term on the right-hand side
of Eq. (10.5.2). This situation occurs whenever the gain of stimulated Raman
scattering is small. Under this assumption and that of perfect phase matching
(Ak = 0), the growth of the anti-Stokes wave can be expressed as

3iw, 2 %
Aa(z)zz CXF(wa)AlAzz- (10.5.5)

a

The spectral variation of the anti-Stokes generation as either of the two in-
put frequencies is varied is given by | xr (w.)|?, and thus is expected to have
a Lorentzian line shape. However, it is found experimentally that the mea-
sured line shape is often highly distorted. An example of such a line shape is
shown in Fig. 10.5.2. The explanation for this behavior is that in addition to
the highly resonant molecular response described by Eq. 10.5.1 actual materi-
als also exhibit a nonresonant background susceptibility XI% due to electronic
response and to nonresonant vibrational modes. The total susceptibility is then

given by X]E?[% + Xg)(wa), and consequently the lineshape will be given by

| X1£13}% + X1(:3) (wq)|?, which leads to a line shape of the sort shown in the figure.
The CARS effect was first observed experimentally by Maker and Terhune
(1965). Significant early studies were those of Levenson et al. (1972) and

Levenson and Bloembergen (1974). The subject of Raman spectroscopy is



10.6. Stimulated Rayleigh-Wing Scattering 501
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FIGURE 10.5.2 Typical CARS lineshape, such as that reported by Levenson and
Bloembergen (1974).

covered well in the book by Levenson and Kano (1988). The use of CARS for
imaging and for microscopy has been reviewed by Volkmer (2005).

10.6. Stimulated Rayleigh-Wing Scattering

Stimulated Rayleigh-wing scattering is the light-scattering process that results
from the tendency of anisotropic molecules to become aligned along the elec-
tric field vector of an optical wave. Stimulated Rayleigh-wing scattering was
described theoretically by Bloembergen and Lallemand (1966) and by Chiao
et al. (1966), and was observed experimentally by Mash et al. (1965) and Cho
et al. (1967). Other early studies were conducted by Denariez and Bret (1968)
and by Foltz et al. (1968).

The molecular orientation effect was described in Section 4.4 for the case in
which the applied optical field E(¢) contains a single frequency component,
and it was found that the average molecular polarizability is modified by the
presence of the applied field. The molecular polarizability can be expressed
as

(o) = ap +ant, (10.6.1)
where the usual, weak-field polarizability is given by
o) = %C(” + %C(J_, (10.6.2)

where o and o denote the polarizabilities measured parallel to the perpen-
dicular to the symmetry axis of the molecule, respectively (see Fig. 10.6.1).
In addition, the lowest-order nonlinear contribution to the polarizability is
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FIGURE 10.6.1 TIllustration of the polarizabilities of an anisotropic molecule for the
case x| > a .

given by
ant = a(E?), (10.6.3)
where
I G i)’
45n¢ kT

In order to describe stimulated Rayleigh-wing scattering, we need to de-
termine the response of the molecular system to an optical field that contains
both laser and Stokes components, which we describe by the equation

(10.6.4)

E(r,t) = Apetkrz=ot) 4 pgpi(=ksz=ost) 4 ¢ o (10.6.5)

For the present, we assume that the laser and Stokes waves are linearly po-
larized in the same direction and are counterpropagating. The analysis for the
case in which the waves have arbitrary polarization and/or are copropagating
is somewhat more involved and is discussed briefly below.

Since the intensity, which is proportional to (E2), now contains a com-
ponent at the beat frequency w; — wg, the nonlinear contribution to the mean
polarizability («) is no longer given by Eq. (10.6.3), which was derived for the
case of a monochromatic field. We assume that, in general, ang, is described
by the equation

danr
dt

+anL = ar B2, (10.6.6)
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TABLE 10.6.1 Properties of SRWS for several materials

Substance G T Av=1/2nt
(m/TW) (psec) (GHz)

CS, 30 2 80
Nitrobenzene 30 48 33
Bromobenzene 14 15 10
Chlorobenzene 10 8 20

Toluene 10 2 80

Benzene 6 3 53

In this equation 7 represents the molecular orientation relaxation time and
is the characteristic response time of the SRWS process; see Table 10.6.1 for
typical values of 7. Equation (10.6.6) has the form of a Debye relaxation equa-
tion; recall that we have studied equations of this sort in our general discussion
of two-beam coupling in Section 7.4.

If Eq. (10.6.6) is solved in steady state with E(l) given by Eq. (10.6.5), we
find that the nonlinear contribution to the polarizability of a molecule located
at position z is given by

20yAL A%el i
1-iQrt

anL(z, 1) = 2&2(ALA’£ + ASA’g) + ( ) +c.c., (10.6.7)
where we have introduced the wavevector magnitude ¢ and frequency Q2 as-
sociated with the material excitation, which are given by

q=kp+ks and Q=w;— ws. (10.6.8)

Note that because the denominator of the second term in the expression for
anL(z,t) is a complex quantity, the nonlinear response will in general be
shifted in phase with respect to the intensity distribution associated with
the interference of the laser and Stokes fields. We shall see below that this
phase shift is the origin of the gain of the stimulated Rayleigh-wing scattering
process.

We next derive the equation describing the propagation of the Stokes field.
This derivation is formally identical to that presented in Section 7.4 in our gen-
eral discussion of two-beam coupling. To apply that treatment to the present
case, we need to determine the values of the refractive indices ng and n, that
are relevant to the problem at hand. We find that ng is obtained from the usual
Lorentz—Lorenz law (see also Eq. (3.8.8a)) as

= L Nag (10.6.92)
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and that the nonlinear refractive index is given (see also Egs. (4.1.18) and
(4.4.26)) by

2 4
ng+2 1
n2=( . ) —Na,. (10.6.9b)
2ngeoc

Then, as in Eq. (7.4.15), we find that the spatial evolution of the Stokes
wave is described by

dA 2ingnow 2ingnaws ALAT A
sz - Oc2 S(ALA]+ AsAAs + Oc2 : 1L+ iLQtS‘
Here the first term on the right-hand side leads to a spatial variation of the
phase of the Stokes, whereas the second term leads to both a phase variation
and to amplification of the Stokes wave. The gain associated with stimulated
Rayleigh-wing scattering can be seen more clearly in terms of the equation
relating the intensities of the two waves, which are defined by

(10.6.10)

I; =2ngepc|Aj1>, j=L,S. (10.6.11)
The spatial variation of the intensity of the Stokes wave is therefore described
by
dlg dA§ dAs
= 2np€pc |:AS + A;d—z . (10.6.12)
Through use of Eq. (10.6.10), we can write this result as
di
55— erwlLls, (10.6.13)
dz

where we have introduced the gain factor grw for estimated Raleigh-wing
scattering, which is given by

2QT
gRW = gl(zr&ilx) (H—TTZ)’ (10.6.14a)

where ggl{,‘x) denotes the maximum value of the gain factor, which is given

by

2 4 2
(max)  M2ws ny+ 2> 2wsN(a) —al)
= = . 10.6.14b
SRW c ( 3 45kT n2eoc? ( )
We have made use of Eqgs. (10.6.4) and (10.6.9b) in obtaining the second form

of the expression for glgn\;?x)

The frequency dependence of the gain factor for stimulated Rayleigh-wing
scattering as predicted by Eq. (10.6.14a) is illustrated in Fig. 10.6.2. We see
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FIGURE 10.6.2 Frequency dependence of the gain factor for stimulated
Rayleigh-wing scattering.
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FIGURE 10.6.3 Nature of stimulated Rayleigh-wing scattering.

that amplification of the wg wave occurs for wg < wy and that attenuation
occurs for wg > wy. The maximum gain occurs when Q2 = wy; — wg is equal
tol/t.

The nature of the stimulated Rayleigh-wing scattering process is illustrated
schematically in Fig. 10.6.3. The interference of the forward-going wave of
frequency w; and wavevector magnitude k7 and the backward-going wave
of frequency wg and wavevector magnitude kg produces a fringe pattern
that moves slowly through the medium in the forward direction with phase
velocity v = €2/¢q. The tendency of the molecules to become aligned along
the electric field vector of the total optical wave leads to planes of maximum
molecular alignment alternating with planes of minimum molecular align-
ment. As mentioned above, these planes are shifted in phase with respect to
the maxima and minima of the intensity distributions. The scattering of the
laser field from this periodic array of aligned molecules leads to the genera-
tion of the Stokes wave. The scattered radiation is shifted to lower frequencies
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because the material disturbance causing the scattering is moving in the for-
ward direction. The scattering process shows gain because the generation of
Stokes radiation tends to reinforce the modulated portion of the interference
pattern, which leads to increased molecular alignment and thus to increased
scattering of Stokes radiation.

10.6.1.  Polarization Properties of Stimulated Rayleigh-Wing
Scattering

A theoretical analysis of the polarization properties of stimulated Rayleigh-
wing scattering has been conducted by Chiao and Godine (1969). The details
of their analysis are quite complicated; here we shall simply quote some of
their principal results.

In order to treat the polarization properties of stimulated Rayleigh-wing
scattering, one must consider the tensor properties of the material response.
The analysis of Chiao and Godine presupposes that the nonlinear contribution
to the susceptibility obeys the equation of motion

d | .
T A+ Ak = C((EiEx) — 18 (E - E)), (10.6.15)

where, ignoring for the present local-field corrections, the proportionality con-
stant C is given by
_ Ne(%(a” —ay)?
B 15kT
Note that the trace of the right-hand side of Eq. (10.6.15) vanishes, as re-
quired by the fact that Rayleigh-wing scattering is described by a traceless,
symmetric permittivity tensor.

By requiring that the Stokes wave obey the wave equation with a suscepti-
bility given by the solution to Eq. (10.6.15), and taking account of rotation of
the pump laser polarization (see, for example, the discussion in Section 4.2),
Chiao and Godine calculate the gain factor for stimulated Rayleigh-wing scat-
tering for arbitrary polarization of the laser and Stokes fields. Some of their
results for special polarization cases are summarized in Table 10.6.2.

For any state of polarization of the pump wave, some particular polariza-
tion of the Stokes wave will experience maximum gain. As a consequence
of the large value of the gain required to observe stimulated light scattering
(grwlr L ~25), the light generated by stimulated Rayleigh-wing scattering
will have a polarization that is nearly equal to that for which the gain is maxi-
mum. The relation between the laser polarization and the Stokes polarization
for which the gain is maximum is illustrated in Table 10.6.3. Note that the

(10.6.16)
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TABLE 10.6.2 Dependence of the gain factor for stimulated Rayleigh-wing scat-
tering in the backward direction on the polarization of the laser and Stokes waves
for the cases of linear and circular polarization ¢

Laser polarization ¢ i O O
Stokes polarization i <> O O

Gain factor 1 3/4 3/2 1/6

@ The arrows on the circles denote the direction in which the electric field vector rotates in time at a
fixed position in space. The gain factors are given relative to that given by Eqs. (10.5.14) for the case
of linear and parallel polarization.

TABLE 10.6.3 Relation between laser polarization
and the Stokes polarization experiencing maximum
gain in backward stimulated Rayleigh-wing scatter-
ing

=1 0 O
Stokes i 0 O

generated wave will be nearly, but not exactly, the polarization conjugate (in
the sense of vector phase conjugation, as discussed in Section 7.2) of the in-
cident laser wave. In particular, the polarization ellipse of the generated wave
will be rounder and tilted with respect to that of the laser wave.

Zel’dovich and Yakovleva (1980) have studied theoretically the polariza-
tion properties of stimulated Rayleigh-wing scattering for the case in which
the pump radiation is partially polarized. They predict that essentially per-
fect vector phase conjugation can be obtained by stimulated Rayleigh-wing
scattering for the case in which the pump radiation is completely depolar-
ized in the sense that the state of polarization varies randomly over the trans-
verse dimensions of the laser beam. The wavefront-reconstructing properties
of stimulated Rayleigh-wing scattering have been studied experimentally by
Kudriavtseva et al. (1978), and the vector phase conjugation properties have
been studied experimentally by Miller et al. (1990).
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The analysis of stimulated Rayleigh-wing scattering in the forward and
near-forward direction is much more complicated than that of backward stim-
ulated Rayleigh-wing scattering because the possibility of Stokes—anti-Stokes
coupling (as described in Section 10.4 for stimulated Raman scattering) must
be included in the analysis. This situation has been described by Chiao et al.
(1966) and by Chiao and Godine (1969).

Problems

1. Estimation of the properties of stimulated Raman scattering. By making
reasonable assumptions regarding the value of the parameter (do/dq),
perform an order-of-magnitude estimate of the gain factor for stimulated
Raman scattering for condensed matter, and compare this value with the
measured values given in Table 10.2.1.

2. Polarization properties of stimulated Rayleigh-wing scattering. By car-
rying out the prescription described in the first full paragraph following
Eq. (10.6.16), verify that the entries in Table 10.6.2 are correct.

References

Stimulated Raman Scattering

Bloembergen, N., Shen, Y.R., 1964. Phys. Rev. Lett. 12, 504.

Bloembergen, N., 1967. Amer: J. Phys. 35, 989.

Boyd, R.W., 1983. Radiometry and the Detection of Optical Radiation. Wiley, New York.

Eckhardt, G., Hellwarth, R.-W., McClung, F.J., Schwarz, S.E., Weiner, D., Woodbury, E.J.,
1962. Phys. Rev. Lett. 9.

Garmire, E., Pandarese, F., Townes, C.H., 1963. Phys. Rev. Lett. 11, 160.

Hellwarth, R.W., 1963. Phys. Rev. 130, 1850.

Kaiser, W., Maier, M., 1972. In: Arecchi, ET., Schulz-DuBois, E.O. (Eds.), Laser Hand-
book. North-Holland.

Penzkofer, A., Laubereau, A., Kaiser, W., 1979. Prog. Quantum Electron. 6, 55.

Raymer, M.G., Mostowski, J., 1981. Phys. Rev. A24, 1980.

Raymer, M.G., Walmsley, L. A., 1990. In: Wolf, E. (Ed.), Progress in Optics, Vol. 28. North-
Holland, Amsterdam.

Simon, U., Tittel, EK., 1994. In: Hulet, GU., Dunning, E.B. (Eds.), Methods of Experimen-
tal Physics, Vol. I1I. Academic Press, San Diego.

Terhune, R.W., 1963. Bull. Am. Phys. Soc. 8, 359.

Woodbury, E.J., Ng, WK., 1962. Proc. L.R.E. 50, 2367.



References 509

Further Reading on Tensor Properties of Stimulated Raman Scattering

Happer, W., 1972. Rev. Mod. Phys. 44, 169.

Holmes, R., Flusberg, A., 1988. Phys. Rev. A37, 1588.

Landau, L.D., Lifshitz, E.M., 1960. In: Electrodynamics of Continuous Media. Pergamon
Press, Oxford, p. 383.

Pritchett, T., Smith, J., Mcintyre, G., Moore, T.R., Oldaker, B.G., 1999. J. Mod. Optics 46,
949.

Venkin, G.V.,, Ilinskii, Y.A., Mikheev, G.M., 1985. Kvantovaya Elektron. (Moscow) 12,
608. Sov. J. Quantum Electron. 15 (1985) 395.

Coherent Anti-Stokes Raman Scattering

Levenson, M.D., Flytzanis, C., Bloembergen, N., 1972. Phys. Rev. B6, 3962.

Levenson, M.D., Bloembergen, N., 1974. Phys. Rev. B10, 4447.

Levenson, M.D., Kano, S.S., 1988. Introduction of Nonlinear Laser Spectroscopy. Acad-
emic Press, Boston.

Maker, P.D., Terhune, R.W., 1965. Phys. Rev. 137, A801.

Volkmer, A., 2005. J. Phys. D38, R59.

Stimulated Rayleigh-Wing Scattering

Bloembergen, N., Lallemand, P., 1966. Phys. Rev. Lett. 16, 81.

Chiao, R.Y., Godine, J., 1969. Phys. Rev. 185, 430.

Chiao, R.Y., Kelley, P.L., Garmire, E., 1966. Phys. Rev. Lett. 17, 1158.

Cho, C.W,, Foltz, N.D., Rank, D.H., Wiggins, T.A., 1967. Phys. Rev. Lett. 18, 107.

Denariez, M., Bret, G., 1968. Phys. Rev. 177, 171.

Foltz, N.D., Cho, C.W., Rank, D.H., Wiggins, T.A., 1968. Phys. Rev. 165, 396.

Kudriavtseva, A.D., Sokolovskaia, A.IL., Gazengel, J., Phu Xuan, N., Rivore, G., 1978. Opt.
Commun. 26, 446.

Mash, D.I., Morozov, V.V., Starunov, V.S., Fabelinskii, I.L., 1965. JETP Lett. 2, 25.

Miller, E.J., Malcuit, M.S., Boyd, R.W., 1990. Opt. Lett. 15, 1189.

Zel’dovich, B.Ya., Yakovleva, T.V., 1980. Sov. J. Quantum Electron. 10, 501.



Chapter 11

The Electrooptic and Photorefractive
Effects

11.1. Introduction to the Electrooptic Effect

The electrooptic effect is the change in refractive index of a material induced
by the presence of a static (or low-frequency) electric field.

In some materials, the change in refractive index depends linearly on the
strength of the applied electric field. This change is known as the linear elec-
trooptic effect or Pockels effect. The linear electrooptic effect can be described
in terms of a nonlinear polarization given by

Pi(w) =260 Y xin (@ =+ 0) E; () E(0). (11.1.1)
ik

Since the linear electrooptic effect can be described by a second-order nonlin-
ear susceptibility, it follows from the general discussion of Section 1.5 that a
linear electrooptic effect can occur only for materials that are noncentrosym-
metric. Although the linear electrooptic effect can be described in terms of a
second-order nonlinear susceptibility, a very different mathematical formal-
ism has historically been used to describe the electrooptic effect; this formal-
ism is described in Section 11.2 of this chapter.

In centrosymmetric materials (such as liquids and glasses), the lowest-order
change in the refractive index depends quadratically on the strength of the
applied static (or low-frequency) field. This effect is known as the Kerr elec-
trooptic effect* or as the quadratic electrooptic effect. It can be described in

* The quadratic electrooptic effect is often referred to simply as the Kerr effect. More precisely, it
is called the Kerr electrooptic effect to distinguish it from the Kerr magnetooptic effect.

511
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terms of a nonlinear polarization given by

Pi(w) =30 Y xju@=0+0+0)E;@E(0)E/©).  (11.12)
jki

11.2. Linear Electrooptic Effect

In this section we develop a mathematical formalism that describes the lin-
ear electrooptic effect. In an anisotropic material, the constitutive relation be-
tween the field vectors D and E has the form

D,-:eoze,-jEj (11.2.1a)
J
or explicitly,
Dy €xx €xy €xz E,
Dy | =€ | €yx €yy €y Ey |. (11.2.1b)
D, €x €zy €z E;

For a lossless, non-optically active material, the dielectric permeability tensor
€;j is represented by a real symmetric matrix, which therefore has six inde-
pendent elements—that is, €xy, €yy, €77, €xy = €yx, €x; = €;x, and €y; = €;y.
A general mathematical result states that any real, symmetric matrix can
be expressed in diagonal form by means of an orthogonal transformation.
Physically, this result implies that there exists some new coordinate system
(X, 7Y, Z), related to the coordinate system x, y, z of Eq. (11.2.1b) by rotation
of the coordinate axes, in which Eq. (11.2.1b) has the much simpler form

Dx EXX 0 0 EX
Dy =€ 0 €Yy 0 Ey . (11.2.2)
DZ 0 0 €77 EZ

This new coordinate system is known as the principal-axis system, because in
it the dielectric tensor is represented as a diagonal matrix.
We next consider the energy density per unit volume,

U = %D-E: %GOZGL/’EL‘E./: (11.2.3)
ij

associated with a wave propagating through the anisotropic medium. In the
principal-axis coordinate system, the energy density can be expressed in terms
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of the components of the displacement vector as
1 [D} D} D2
U:—|:—X+—Y+—Z}. (11.2.4)
2epexx  €yy  €zz

This result shows that the surfaces of constant energy density in D space are
ellipsoids. The shapes of these ellipsoids can be described in terms of the
coordinates (X, Y, Z) themselves. If we let

1\ 12 1\ 12 1\
X = Dy, Y= Dy, zZ=(—) bz
(260U> X <260U> ’ (260) ?

(11.2.5)

Eq. (11.2.4) becomes

X2 y: 7?2
S I (11.2.6)
€EXX €Yy €77

The surface described by this equation is known as the optical indicatrix or
as the index ellipsoid. The equation describing the index ellipsoid takes on its
simplest form in the principal-axis system; in other coordinate systems it is
given by the general expression for an ellipsoid, which we write in the form

LY oy (1) 2y (1) 2o ]
— ) x — — — ) yz
n?/, n? 2y n? 3Z n? 4yZ

1 1
12 =) xz42( =) xy=1. (11.2.7)
n2 5 n2 6

The coefficients (1/n?); are optical constants that describe the optical indica-
trix in the new coordinate system; they can be expressed in terms of the coef-
ficients exx, €yy, €zz by means of the standard transformation laws for co-
ordinate transformations, but the exact nature of the relationship is not needed
for our present purposes.

The index ellipsoid can be used to describe the optical properties of an
anisotropic material by means of the following procedure (Born and Wolf,
1975). For any given direction of propagation within the crystal, a plane per-
pendicular to the propagation vector and passing through the center of the el-
lipsoid is constructed. The curve formed by the intersection of this plane with
the index ellipsoid forms an ellipse. The semimajor and semiminor axes of this
ellipse give the two allowed values of the refractive index for this particular
direction of propagation; the orientations of these axes give the polarization
directions of the D vector associated with these refractive indices.

We next consider how the optical indicatrix is modified when the material
system is subjected to a static or low-frequency electric field. This modifica-
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tion is conveniently described in terms of the impermeability tensor n;;, which
is defined by the relation

1
E,=— iiD;. 11.2.8
i 60;77” j ( )

Note that this relation is the inverse of that given by Eq. (11.2.1a), and thus
that #;; is the matrix inverse of ¢;;, that is, that n;; = (e, ;. We can express
the optical indicatrix in terms of the elements of the impermeability tensor
by noting that the energy density is equal to U = (1/2¢) Zij nijDiD;. If we
now define coordinates x, y, z by means of relations x = D, /(2eqU )1/ 2, and
so on, we find that the expression for U as a function of D becomes

1= 7711)62 + 7722y2 + 773312 + 2n12xy + 2n23yz + 2113x2. (11.2.9)

By comparison of this expression for the optical indicatrix with that given by
Eq. (11.2.7), we find that

1 1 1
(ﬁ)l =11, <;>2=7722, (ﬁ>3 =133,

1 1 1
(E>4=7723=7732, <ﬁ>5=m3=fl31, (F>6='712='721-

(11.2.10)

We next assume that 7;; can be expressed as a power series in the strength
of the components Ej of the applied electric field as

nij=U§?)+ZrijkEk+ZSijklEkEl+“' - (11.2.11)
k ki

Here ;i is the tensor that describes the linear electrooptic effect, s;;; is the
tensor that describes the quadratic electrooptic effect, etc. Since the dielectric
permeability tensor €;; is real and symmetric, its inverse 7;; must also be real
and symmetric, and consequently the electrooptic tensor r; j; must be symmet-
ric in its first two indices. For this reason, it is often convenient to represent
the third-rank tensor r;j; as a two-dimensional matrix rp; using contracted
notation according to the prescription

forij =11,
forij =22,
forij =33,

forij =23 or 32, (112.12)

forij =13 or 31,
forij =12 or 21.

AN WN -
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In terms of this contracted notation, we can express the lowest-order modifi-
cation of the optical constants (1/n2); that appears in expression (11.2.7) for
the optical indicatrix as

1
A(E)izzrijEj, (11.2.13a)
J

where we have made use of Egs. (11.2.10) and (11.2.11). This relationship
can be written explicitly as

CA(/n® ] [ r2 ris]
A(1/n%), 1 2 123
A(/n®)s | |31 o r3 gx (11.2.13b)
AQ/nPs |7 | ra a2 a3 Ey ' o
A(1/n%)s rs1 rsy  Fs3 ¢

LA(/n?)6 ] Lret re2 re3 |

The quantities r;; are known as the electrooptic coefficients and give the rate at
which the coefficients (1/n?); change with increasing electric field strength.

We remarked earlier that the linear electrooptic effect vanishes for materi-
als possessing inversion symmetry. Even for materials lacking inversion sym-
metry, where the coefficients do not necessarily vanish, the form of r;; is
restricted by any rotational symmetry properties that the material may pos-
sess. For example, for any material (such as ADP and potassium dihydrogen
phosphate [KDP]) possessing the point group symmetry 42m, the electrooptic
coefficients must be of the form

0o 0 O
0o 0 o0
0O 0 o0 -
rij = b 00 (for class 42m), (11.2.14)
0 ryg O
0 0 re

where we have expressed r;; in the standard crystallographic coordinate sys-
tem, in which the Z direction represents the optic axis of the crystal. We see
from Eq. (11.2.14) that the form of the symmetry properties of the point group
42m requires 15 of the electrooptic coefficients to vanish and two of the re-
maining coefficients to be equal. Hence, r;; possesses only two independent
elements in this case.
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Similarly, the electrooptic coefficients of crystals of class 3m (such as

lithium niobate) must be of the form

0

—ry r3 |
0 rn 13
o 0 0 r33
rij = 0 ru 0 (for class 3m), (11.2.15)
r4o 0 0
| 22 0 0 |

and the electrooptic coefficients of crystals of the class 4mm (such as barium
titanate) must be of the form

0 0 ri3
0 0 ri3
L 0 0 3
rij = 0 r 0 (for class 4mm). (11.2.16)
rp 0 O
L0 0 0 |

The properties of several electrooptic materials are summarized in Ta-
ble 11.2.1.

11.3. Electrooptic Modulators

As an example of the application of the formalism developed in the last sec-
tion, we now consider how to construct an electrooptic modulator using the
material KDP. Of course, the analysis is formally identical for any electrooptic
material of point group 42m.

KDP is a uniaxial crystal, and hence in the absence of an applied electric
field the index ellipsoid is given in the standard crystallographic coordinate
system by the equation

X2 y?

ZZ
St

Z 1
3 .
ng ng o ng

(11.3.1)
Note that this (X, Y, Z) coordinate system is the principal-axis coordinate
system in the absence of an applied electric field. If an electric field is applied
to crystal, the index ellipsoid becomes modified according to Egs. (11.2.13b)
and (11.2.14) and takes the form

x> v* Zz?

— + — + — + 2k ExYZ +2rs1Ey XZ + 2res Ez XY = 1.

ng ng o ng

(11.3.2)
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TABLE 11.2.1 Properties of several electrooptic materials ¢

Material Point Group Electrooptic Refractive Index
Coefficients
10712 m/v)
Potassium dihydrogen phosphate, 2m rq1 =8.77 ny=1514
KH,PO4 (KDP) re3 = 10.5 ne =1.472
(at 0.5461 pum)
Potassium dideuterium phosphate, 2m rq1 = 8.8 ny=1.508
KD,PO4 (KD*P) re3 =26.4 ne = 1.468
(at 0.5461 pm)
Lithium niobate, LiNbO3 3m ri3=9.6 ng =2.3410
rpp =6.8 ne = 2.2457
r33 =30.9 (at 0.5 pum)
rqp =32.6
Lithium tantalate, LiTaO3 3m ri3=38.4 ny=2.176
rop =—0.2 ne =2.180
r33 =30.5 (at 0.633 nm)
rs1 =20
Barium titanate, BaTiO3 b 4mm ri3 =19.5 ny=2.488
r33 =97 ne =2.424
rqp = 1640 (at 514 nm)
Strontium barium niobate, 4mm ri3=>55 ny=2.367
Srg 6Bag.4NbOg (SBN:60) r33 =224 ne =2.337
rqo = 80 (at 514 nm)
Zinc telluride, ZnTe 43m rq1 =4.0 ny=2.99
(at 0.633 pm)

@ From a variety of sources. See, for example, Thompson and Hartfield (1978) and Cook and Jaffe
(1979). The electrooptic coefficients are given in the MKS units of m/V. To convert to the cgs units of
cm/statvolt each entry should be multiplied by 3 x 104,

bl =135, ek =3700.

Note that (since cross terms containing ¥ Z, X Z, and XY appear in this equa-
tion) the (X, Y, Z) coordinate system is not the principal-axis coordinate sys-
tem when an electric field is applied to the crystal. Note also that the crystal
will no longer necessarily be uniaxial in the presence of a dc electric field.
Let us now assume that the applied electric field has only a Z component,

so that Eq. (11.3.2) reduces to

x> y* z?

—+—=+—F5+2rs3EzXY =1 (11.3.3)

ng ng o ng
This special case is often encountered in device applications. The new
principal-axis coordinate system, which we designate (x, y, z), can now be



518 11 < The Electrooptic and Photorefractive Effects

found by inspection. If we let

X =Yy X+Yy
X = , Y= , Z=z, (11.3.4)
V2 V2
we find that Eq. (11.3.3) becomes
1 1 2
2 2, %
(—2+r63Ez)x +(—2—r63Ez)y +—==1, (11.3.5)
n n n
0 0 e

which describes an ellipsoid in its principal-axis system. This ellipsoid can
alternatively be written as

2 2 2
Sl eio (11.3.6)
ny ny ng

where, in the physically realistic limit rg3 E; << 1, the new principal values of
the refractive index are given by

ny =no — ynre3E-, (11.3.7a)
ny =no + 3n3re3E-. (11.3.7b)

Fig. 11.3.1 shows how to construct a modulator based on the electrooptic
effect in KDP. Part (a) shows a crystal that has been cut so that the optic axis
(Z axis) is perpendicular to the plane of the entrance face, which contains
the X and Y crystalline axes. Part (b) of the figure shows the same crystal
in the presence of a longitudinal (z-directed) electric field £, = V /L, which
is established by applying a voltage V between the front and rear faces. The
principal axes (x, y, z) of the index ellipsoid in the presence of this field are
also indicated. In practice, the potential difference is applied by coating the
front and rear faces with a thin film of a conductive coating. Historically,
thin layers of gold have been used, although more recently the transparent
conducting material indium tin oxide has successfully been used.

Part (c) of Fig. 11.3.1 shows the curve formed by the intersection of the
plane perpendicular to the direction of propagation (i.e., the plane z = Z = 0)
with the index ellipsoid. For the case in which no static field is applied, the
curve has the form of a circle, showing that the refractive index has the value
ng for any direction of polarization.* For the case in which a field is applied,
this curve has the form of an ellipse. In drawing the figure, we have arbi-
trarily assumed that the factor rg3 E; is negative; consequently the semimajor

* The absence of birefringence effects in this situation is one of the primary motivations for orient-
ing the crystal for propagation along the z direction.
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(a) (b)

entrance face

(c) X

. . with applied field
applied field

FIGURE 11.3.1 The electrooptic effect in KDP. (a) Principal axes in the absence of an
applied field. (b) Principal axes in the presence of an applied field. (c) The intersection
of the index ellipsoid with the plane z = Z = 0.

and semiminor axes of this ellipse are along the x and y directions and have
lengths n, and ny < ny, respectively.

Let us next consider a beam of light propagating in the z = Z direction
through the modulator crystal shown in Fig. 11.3.1. A wave polarized in the x
direction propagates with a different phase velocity than a wave polarized in
the y direction. In propagating through the length L of the modulator crystal,
the x and y polarization components will thus acquire the phase difference

F:(ny—nx)%, (11.3.8)

which is known as the retardation. By introducing Egs. (11.3.7) into this ex-
pression we find that

3
r— nyreasE;oL
c

Since E, = V /L, this result shows that the retardation introduced by a longi-
tudinal electrooptic modulator depends only on the voltage V applied to the
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modulator and is independent of the length of the modulator. In particular, the
retardation can be represented as

3
ngrezwV
r=—09T" (11.3.9)
c
It is convenient to express this result in terms of the quantity
T
Vi = SC , (11.3.10)
wnyre3
which is known as the half-wave voltage. Eq. (11.3.9) then becomes
1%
Fr=r——mH. (11.3.1D)
Va2

Note that a half-wave (7 radians) of retardation is introduced when the applied
voltage is equal to the half-wave voltage. Half-wave voltages of longitudinal-
field electrooptic materials are typically of the order of 10 kV for visible light.

Since the x and y polarization components of a beam of light generally ex-
perience different phase shifts in propagating through an electrooptic crystal,
the state of polarization of the light leaving the modulator will generally be
different from that of the incident light. Figure 11.3.2 shows how the state of
polarization of the light leaving the modular depends on the value of the retar-
dation I" for the case in which vertically (X) polarized light is incident on the

O o —

r=o z n 3z N
4 2 4
5_71‘- 3_71. 7_71- 21
4 2 4

FIGURE 11.3.2 Polarization ellipses describing the light leaving the modulator of
Fig. 11.3.1 for various values of the retardation. In all cases, the input light is linearly
polarized in the vertical (X) direction.
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fast 1
¥ x (fast) y (slow)

— 7

b
= N ==
in Y Y out
polarizer modulator quarter-  polarizer
crystal wave plate

FIGURE 11.3.3 Construction of a voltage-controllable intensity modulator.

modulator. Note that light of any ellipticity can be produced by controlling
the voltage V applied to the modulator.

Fig. 11.3.3 shows one way of constructing an intensity modulator based on
the configuration shown in Fig. 11.3.1. The incident light is passed through
a linear polarizer whose transmission axis is oriented in the X direction. The
light then enters the modulator crystal, where its x and y polarization com-
ponents propagate with different velocities and acquire a phase difference,
whose value is given by Eq. (11.3.11). The light leaving the modulator then
passes through a quarter-wave plate oriented so that its fast and slow axes co-
incide with the x and y axes of the modulator crystal, respectively. The beam
of light thereby acquires the additional retardation I'g = w /2. For reasons
that will become apparent later, I' is called the bias retardation. The total
retardation is then given by

%
Fr=mr—+ —. (11.3.12)
In order to analyze the operation of this modulator, let us represent the

electric field of the incident radiation after passing through the initial polarizer
as

E=Eje ' +cc., (11.3.13a)
where
S Ein A~ ~
Ein=EinX=ﬁ(X+y). (11.3.13b)

After the beam passes through the modulator crystal and quarter-wave plate,
the phase of the y polarization component will be shifted with respect to that
of the x polarization component by an amount I', so that (to within an unim-
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portant overall phase factor) the complex field amplitude becomes

Ein . il A
E=—(x+¢"9). (11.3.14)
A&+
Only the Y=(%+9)/V2 component of this field will be transmitted by
the final polarizer. The field amplitude measured after this polarizer is hence
given by Eqgyy = (E- Y)Y, or by

E. A
Eout:%(—l +e'T)Y. (11.3.15)
If we now define the transmission 7' of the modulator of Fig. 11.3.3 as
|Eout|2
= , (11.3.16)
|Ein|2

we find through use of Eq. (11.3.15) that the transmission is given by
T =sin*(I'/2). (11.3.17)

The functional form of these transfer characteristics is shown in Fig. 11.3.4.
We see that the transmission can be made to vary from zero to one by varying
the total retardation between zero and 7 radians. We can also see the motiva-
tion for inserting the quarter-wave plate into the setup of Fig. 11.3.3 in order
to establish the bias retardation I'p = 7 /2. For the case in which the applied
voltage V vanishes, the total retardation will be equal to the bias retardation,
and the transmission of the modulator will be 50%. Since the transmission
T varies approximately linearly with the retardation I' for retardations near

transmission, T
T
1

0 /2 s
retardation, T”

FIGURE 11.3.4 Transmission characteristics of the electrooptic modulator shown in
Fig. 11.3.3.
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I' = 7 /2, the transmission will vary nearly linearly with the value V of the
applied voltage. For example, if the applied voltage is given by

V(t) = Viy sinwpt, (11.3.18)
the retardation will be given by

V,
r=2 42" Ghopnt. (11.3.19)
2 Wip

The transmission predicted by Eq. (11.3.17) is hence given by

T = sin? z—i— 7 Vi sin wy, t
— m
4 2Vip

1 A
= —|1+sin sinwy,t | |,
2[ (Vx/z o )}

which, for 7 V,,/ V. 2 < 1, becomes

7= (14 G (11.3.20)
= sinwpt ). 3.

2 Vi "

The electrooptic effect can also be used to construct a phase modulator
for light. For example, if the light incident on the electrooptic crystal of
Fig. 11.3.1 is linearly polarized along the x (or the y) axis of the crystal,
the light will propagate with its state of polarization unchanged but with its
phase shifted by an amount that depends on the value of the applied voltage.
The voltage-dependent part of the phase shift is hence given by

wlL n8r63EZa)L n8r63 Vo

¢ = (ny _”O)T = % > (11.3.21)

11.4. Introduction to the Photorefractive Effect

The photorefractive effect™ is the change in refractive index of an optical ma-
terial that results from the optically induced redistribution of electrons and
holes. The photorefractive effect is quite different from most of the other
nonlinear-optical effects described in this book in that it cannot be described

* Within the context of this book, we use the term photorefractive effect in the specific sense de-
scribed in this section. Many workers in the field of nonlinear optics follow this convention. It should
be noted that within certain communities, the term photorefractive effect is used to describe any light-
induced change in refractive index.
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by a nonlinear susceptibility x ™ for any value of n. The reason for this be-
havior is that, under a wide range of conditions, the change in refractive index
in steady state is independent of the intensity of the light that induces the
change. Because the photorefractive effect cannot be described by means of
a nonlinear susceptibility, special methods must be employed to describe it;
these methods are described in the next several sections. The photorefractive
effect tends to give rise to a strong optical nonlinearity; experiments are rou-
tinely performed using milliwatts of laser power. However, the effect tends to
be rather slow, with response times of 0.1 sec being typical.

The origin of the photorefractive effect is illustrated schematically in
Fig. 11.4.1. We imagine that a photorefractive crystal is illuminated by two
intersecting beams of light of the same frequency. These beams interfere to
produce the spatially modulated intensity distribution / (x) shown in the upper
graph. Free charge carriers, which we assume to be electrons, are generated
through photoionization at a rate that is proportional to the local value of the
optical intensity.

1\

]

(b)

> X P (x)

E(x)

g
<><

An(x)

FIGURE 11.4.1 Origin of the photorefractive effect. (a) Two light beams form an
interference pattern within a photorefractive crystal. (b) The resulting distributions of
intensity 7 (x), charge density p(x), induced static field amplitude E(x), and induced
refractive index change An(x) are illustrated.
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TABLE 11.4.1 Properties of some photorefractive crystals ¢

Material Useful Carrier Drift 74 (sec) n3reff }’l3reff /€dc
Wavelength Length utE at (pm/V) (pm/V)
Range (um) E =2kV/cm
(um)
InP:Fe 0.85-1.3 3 104 52 4.1
GaAs:Cr 0.8-1.8 3 1074 43 3.3
LiNbO3:Fe3t 0.4-0.7 <1074 300 320 11
Bi}2SiOx 0.4-0.7 3 10° 82 1.8
Srg 4Bag ¢Nb, Og 0.4-0.6 - 102 2460 4.0
BaTiO; 0.4-0.9 0.1 102 11,300 49
KNbBO3 0.4-0.7 0.3 1073 690 14

@ 7 is the carrier recombination time; 7 is the dielectric relaxation time in the dark. Adapted from

Glass et al. (1984).

These carriers can diffuse through the crystal or can drift in response to
a static electric field. Both processes are observed experimentally. In draw-
ing the figure we have assumed that diffusion is the dominant process, in
which case the electron density is smallest in the regions of maximum opti-
cal intensity, because electrons have preferentially diffused away from these
regions. The spatially varying charge distribution p(x) gives rise to a spa-
tially varying electric field distribution, whose form is shown in the third
graph. Note that the maxima of the field E(x) are shifted by 90 degrees
with respect to those of the charge density distribution p(x). The reason
for this behavior is that the Maxwell equation V-D = p when applied to
the present situation implies that dE/dx = p/e, and the spatial derivative
that appears in this equation leads to a 90-degree phase shift between E(x)
and p(x). The last graph in the figure shows the refractive index variation
An(x) that is produced through the linear electrooptic effect (Pockels ef-
fect) by the field E(x).* Note that An(x) is shifted by 90 degrees with
respect to the intensity distribution 7 (x) that produces it. This phase shift
has the important consequence that it can lead to the transfer of energy be-
tween the two incident beams. This transfer of energy is described in Sec-
tion 11.6.

The properties of some photorefractive crystals are summarized in Ta-
ble 11.4.1.

* In drawing the figure, we have assumed that the electrooptic coefficient is positive. Note that the

relation A(l/nz) =reff E implies that An = —%n3reffE.
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FIGURE 11.5.1 Energy levels and populations of the model of the photorefractive
effect due to Kukhtarev et al.

11.5. Photorefractive Equations of Kukhtarev et al.

In this section we see how to describe the photorefractive effect by means
of a model (Fig. 11.5.1) due to Kukhtarev and co-workers.* This model pre-
supposes that the photorefractive effect is due solely to one type of charge
carrier, which for definiteness we assume to be the electron. As illustrated
in part (a) of the figure, we assume that the crystal contains N4 acceptors
and N% donors per unit volume, with N4 < N%. We assume that the accep-
tor levels are completely filled with electrons that have fallen from the donor
levels and that these filled acceptor levels cannot be ionized by thermal or
optical effects. Thus, at temperature 7 = 0 and in the absence of an optical
field, each unit volume of the crystal contains N4 ionized donors, N4 elec-
trons bound to acceptor impurities, and N g — N4 neutral donor levels that can
participate in the photorefractive effect. We further assume that electrons can
be excited thermally or optically from the donor levels into the conduction
band, as illustrated in part (b) of the figure. We let n,, N;)r, and Np denote
the number densities of conduction band electrons, ionized donors, and un-
ionized donors, respectively. Note that Np + N;; must equal N, but that
N '5 is not necessarily equal to n,, because some donors lose their electrons to
the acceptors and because electrons can migrate within the crystal, leading to
regions that are not electrically neutral.

* See Kukhtarev et al. (1977, 1979). This model is also described in several of the chapters of the
book edited by Giinter and Huignard (1988).
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We next assume that the variation in level populations can be described by
the rate equations

+

N

a—f’:(s1+ﬁ)(N%—N3)—yneN$, (11.5.1)
dn, OINS 1

=20 4 v, 1152

or = ot TV ) (11.52)

where s is a constant proportional to the photoionization cross section of a
donor, B is the thermal generation rate, y is the recombination coefficient,
—e is the charge of the electron, and j is the electrical current density. Equa-
tion (11.5.1) states that the ionized donor concentration can increase by ther-
mal ionization or photoionization of unionized donors and can decrease by
recombination. Equation (11.5.2) states that the mobile electron concentra-
tion can increase in any small region either because of the ionization of donor
atoms or because of the flow of electrons into the local region. The flow of
current is described by the equation

J=ncepE+eDVn, + jon, (11.5.3)

where p is the electron mobility, D is the diffusion constant (which by the
Einstein relation is equal to kg T 11 /e), and jpy, is the photovoltaic (also known
as the photogalvanic) contribution to the current. The last contribution results
from the tendency of the photoionization process to eject the electron in a
preferred direction in anisotropic crystals. For some materials (such as barium
titanate and bismuth silicon oxide) this contribution to j is negligible, although
for others (such as lithium niobate) it is very important. For lithium niobate jyn
has the form jp, = pI¢, where € is a unit vector in the direction of the optic
axis of the crystal and p is a constant. The importance of the photovoltaic
current has been discussed by Glass (1978) and Glass et al. (1974).

The field E appearing in Eq. (11.5.3) is the static (or possibly low-
frequency) electric field appearing within the crystal due to any applied volt-
age or to any charge separation within the crystal. It must satisfy the Maxwell
equation

€V -E=—e(n.+ N4 — N}), (11.5.4)

where €, is the static dielectric constant of the crystal. The modification of
the optical properties is described by assuming that the optical-frequency di-
electric constant is changed by an amount

Ae = —€%reg| E|. (11.5.5)
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For simplicity, here we are treating the dielectric properties in the scalar ap-
proximation; the tensor properties can be treated explicitly using the formal-
ism developed in Section 11.2.* Note that the scalar form of Eq. (11.2.13a) is
A(1/€) = regr|E|, from which Eq. (11.5.5) follows directly. The optical field
Eopt is assumed to obey the wave equation

- 1 92 .
2
VZEop + 0—2@(6 + A€)Eqp = 0. (11.5.6)

Equations (11.5.1) through (11.5.6) constitute the photorefractive equations
of Kukhtarev et al. They have been solved in a variety of special cases and
have been found to provide an adequate description of most photorefractive
phenomena. We shall consider their solution in special cases in the next two
sections.

11.6. Two-Beam Coupling in Photorefractive Materials

Under certain circumstances, two beams of light can interact in a photorefrac-
tive crystal in such a manner that energy is transferred from one beam to
the other. This process, which is often known as two-beam coupling, can be
used, for example, to amplify a weak, image-bearing signal beam by means of
an intense pump beam. Exponential gains of 10 per centimeter are routinely
observed.

A typical geometry for studying two-beam coupling is shown in Fig. 11.6.1.
Signal and pump waves, of amplitudes Ay and A, respectively, interfere to
form a nonuniform intensity distribution within the crystal. Because of the
nonlinear response of the crystal, this nonuniform intensity distribution pro-
duces a refractive index grating within the material. However, this grating is
displaced from the intensity distribution in the direction of the positive (or
negative, depending on the sign of the dominant charge carrier and the sign
of the effective electrooptic coefficient) crystalline ¢ axis. As a result of this
phase shift, the light scattered from A, and A; interferes constructively with
Ay, whereas the light scattered from Ay into A, interferes destructively with
A, and consequently the signal wave is amplified whereas the pump wave is
attenuated.

In order to describe this process mathematically, we assume that the optical
field within the crystal can be represented as

Eop(r, 1) = [Ap(2)e™ " + Ag()e™ e ™ +c.c. (11.6.1)

* See also the calculation of regr for one particular case in Eq. (11.6.14b) in the next section.
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FIGURE 11.6.1 Typical geometry for studying two-beam coupling in a photorefrac-
tive crystal.

We assume that A,(z) and A;(z) are slowly varying functions of the coor-
dinate z. The intensity distribution of the light within the crystal can be ex-

pressed as I = noeoc(E ) or as

2
opt

=1+ (Iie'" +cc), (11.6.2a)
where

Io =2noeoc(1A,1* + A1),
L= 2noeoc(ApA:‘)(ép &), and q=gX=kp—ks. (11.6.2b)

Here ¢, and ¢é; are the polarization unit vectors of the pump and signal waves,
which are assumed to be linearly polarized. The quantity q is known as the
grating wavevector. Note that the intensity distribution can also be described
by the expression

I =1Iy[1+mcos(gx +¢)]. (11.6.3)

where m = 2|I1|/ly is known as the modulation index and where ¢ =
tan~'(ImI; /Re I}).

In order to determine how the optical properties of the photorefractive ma-
terial are modified by the presence of the pump and signal fields, we first
solve Egs. (11.5.1) through (11.5.4) of Kukhtarev et al. to find the static elec-
tric field E induced by the intensity distribution of Eqgs. (11.6.2). This static
electric field can then be used to calculate the change in the optical-frequency
dielectric constant through use of Eq. (11.5.5). Since Eqgs. (11.5.1) through
(11.5.4) are nonlinear (i.e., they contain products of the unknown quantities
Ne, Nz;, J, and E), they cannot easily be solved exactly. For this reason, we
assume that the depth of modulation m is small (i.e., |/1| < Ip) and seek an
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approximate steady-state solution of Egs. (11.5.1) through (11.5.4) in the form

E=Eo+ (Ee'" +cc.), j=jo+ (jie¥* +cc.),
Re = Moo + (neleiqx +c.c.), Ny =Npj, + (Ngldiqx +c.c.),

(11.6.4)

where E = Ex and j = jX. We assume that the quantities E, ji, .1, and Np
are small in the sense that the product of any two of them can be neglected.

We next introduce Eq. (11.6.4) into Egs. (11.5.1) through (11.5.4) and
equate terms with common x dependences. We thereby find several sets
of equations. The set that is independent of the x coordinate depends only
on the large quantities (subscript zero) and is given (in the same order as
Egs. (11.5.1) through (11.5.4)) by

(slo+ B)(Np = Njjo) = yneoN o, (11.6.52)
Jo = constant, (11.6.5b)

Jo =neoeEo + jph,0- (11.6.5¢)

Njo=neo+ Na. (11.6.5d)

Equations (11.6.5a) and (11.6.5d) can be solved directly to determine the
mean electron density 7,9 and mean ionized donor density NIJ;O. Since in most
realistic cases the inequality n,o << N4 is satisfied, the densities are given sim-

ply by
N}y = Na, (11.6.6a)

0 _
Nao = (slo+ £)(Np = Na). (11.6.6b)
YNy

The two remaining equations, (11.6.5b) and (11.6.5c), determine the mean
current density jo and mean field Ey. Let us assume for simplicity that the
photovoltaic contribution j,p, is negligible for the material under considera-
tion. The value of Eq then depends on the properties of any external electric
circuit to which the crystal is connected. In the common situation in which no
voltage is externally applied to the crystal, Eg and hence jy vanish.

We next consider the equation for the first-order quantities (quantities with
the subscript 1) by considering the portions of Egs. (11.5.1) through (11.5.4)
with the spatial dependence ¢'9*. The resulting equations are (we assume
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that Eg = 0):
sII(ND — Na) — (slo + BN}, = yneoN, + yneiNa, (11.6.7a)
j1=0, (11.6.7b)
—neoeE1 =iqgkpTne, (11.6.7¢)
igeoeacEr = —e(ne1 — Njy,). (11.6.7d)

We solve these equations algebraically (again assuming that n.,o << N4) to
find that the amplitude of the spatially varying part of the static electric field

is given by
E ( st )( Ep ) (11.6.8)
= —i , .6.
! slo+B)\1+Ep/E,

where we have introduced the characteristic field strengths

ksT
Ep="""  E,=—° N (11.6.9)
e €0€deq

where Negf = Ny (Ng — Nga)/ Ng can be interpreted as an effective trap den-
sity. Note that in the common circumstance where N4 < NIO), Negr 1s given
approximately by Negr >~ N4. The quantity Ep is called the diffusion field
strength and is a measure of the field strength required to inhibit the separa-
tion of charge due to thermal agitation. The quantity E, is called the maxi-
mum space charge field and is a measure of the maximum electric field that
can be created by redistributing charge of mean density e Neg over the charac-
teristic distance 277 /g. Note from Eq. (11.6.8) that E is shifted in phase with
respect to the intensity distribution /; and that E is proportional to the depth
of modulation m in the common case of 8 < s1j.

Recall that the change in the optical-frequency dielectric constant is propor-
tional to the amplitude E; of the spatially modulated component of the static
electric field. For this reason, it is often of practical interest to maximize the
value of E;. We see from Eq. (11.6.8) that E; is proportional to the product
of the factor s/;/(slp + B), which can be maximized by increasing the depth
of modulation m = 2|11|/1o,* with the factor Ep/(1+ Ep/E,). Since each of
the characteristic field strengths Ep and E, depends on the grating wavevec-
tor, this second factor can be maximized by using the optimum value of g. To
show the dependence of E1 on g, we can rewrite Eq. (11.6.8) as

I 2
E, =—i< S )EOPt @/ 0p) - (11.6.102)
sly+ B 1+ (q/qopt)

* Recall, however, that the present derivation is valid only if m < 1.
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FIGURE 11.6.2 Dependence of the modulated component of the space charge field
on the magnitude ¢ of the grating wavevector.

where

Negre? 172 Nowckn T\ 172
Gopi = — ) Egu= (R (11.6.10b)
kpTep€eqde dep€qe

Note that gop is of the order of magnitude of the inverse of the Debye screen-
ing distance.

The dependence of E; on ¢ is shown in Fig. 11.6.2. Note that the grating
wavevector g can be varied experimentally by controlling the angle between
the pump and signal beams, since (see Fig. 11.6.1) g is given by the formula

g =202 sing. (11.6.11)
(o

Through an experimental determination of the optimum value of the magni-
tude of the grating wavevector, the value of the effective trap density Negr can
be obtained through use of Eq. (11.6.10b).

Let us next calculate the spatial growth rate that the signal wave experiences
as the result of two-beam coupling in photorefractive materials. For simplicity,
we assume that the photoionization rate s/ is much greater than the thermal
ionization rate 8 (which is the usual case in practice), so the field amplitude
E1 of Eq. (11.6.8) can be expressed through use of Egs. (11.6.2) as

E ApAs (é,-é,)E (11.6.122)
=—]————(e, € s .6.12a
LT AP AR
where
Ep
Ep=— -2 . (11.6.12b)
1+ Ep/E,

According to Eq. (11.5.5), this field produces a change in the dielectric
constant of amplitude Ae = —e?rerE(. For the particular geometry of
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Fig. 11.6.1, the product €2reff has the form (Feinberg et al., 1980; see also
Feinberg and MacDonald, 1989)

€ refr = Z rij(€i1@}) (€jmem) G (11.6.13)
ijklm

where ¢; and ¢l denote the / and m cartesian components of the polarization
unit vectors of the signal and pump waves, respectively, and g denotes the
k cartesian component of a unit vector in the direction of the grating vector.
For crystals of point group 4mm (such as barium titanate), one finds that for
ordinary waves

O —f—ocp)

Feff = 13 sin( (11.6.14)

and that for extraordinary waves
Teff = n_4[ngr13 cos o cosap + 2ngn%r42 cos %(as +ap)
+ nirazsinay sina, | sin 4 (e +a)). (11.6.14b)

Here a; and o), denote the angles between the propagation vectors of the
signal and pump waves and the positive crystalline ¢ axis, respectively, and n
is the refractive index experienced by the beam that scatters off the grating.

Note from Table 11.2.1 that for barium titanate the electrooptic coefficient
r42 18 much larger than either r13 or r33. We see from Eqgs. (11.6.14) that only
through the use of light of extraordinary polarization can one utilize this large
component of the electrooptic tensor.

The change in the dielectric constant Ae = —GzreffE 1 produces a nonlinear
polarization given by

PNU = (A€ /97 +c.c) (AT 4+ ApeteT). (11.6.15)

Recall that q = Kk, — Ks. The part of the nonlinear polarization having the spa-
tial variation exp(iKs - r) can act as a phase-matched source term for the signal
wave and is given by

1Ap1*As

ikgr

PN = Ae*A et = —ie2rgEy

Likewise, the portion of PN

the pump wave is given by

that can act as a phase-matched source term for

|AsI*Ap

meikp‘r. (11616b)
P s

PYE = AeAge™T =i reEp
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We next derive coupled-amplitude equations for the pump and signal fields
using the formalism described in Section 2.1. We define z; and z, to be
distances measured along the signal and pump propagation directions. We
find that in the slowly varying amplitude approximation the signal amplitude
varies as

dAy | 2
2ik e — 2 pNL, (11.6.17a)
s C
which through use of Eq. (11.6.16a) becomes
dA, o |Ap P Ay

= —nreiftEp

dzs c |Ap |12+ |Asl?

(11.6.17b)

We find that the intensity I, = 2negc|Ag|? of the signal wave varies spatially
asdl/dzs =nepc(AfdAg/dzs +c.c.), or as

dl I 1
B (11.6.18a)
dzg Iy +1,
where*
@ 3
['=—n’regEp. (11.6.18b)
C
A similar derivation shows that the pump intensity varies spatially as
dl Is1
L —_r =2 (11.6.18c)
de Iy + Ip

Note that Eq. (11.6.18a) predicts that the signal intensity grows exponentially
with propagation distance in the common limit Iy < / p.T The strong amplifi-
cation available from photorefractive two-beam coupling allows this process
to be used for various practical applications. For the application of photore-
fractive two-beam coupling to the design of efficient polarizers, see Heebner
et al. (2000).

* Following convention, we use the same symbol I" to denote the photorefractive gain coefficient
and the retardation of Section 11.3.

 Here we implicitly assume that I is a positive quantity. If " is negative, the wave that we have
been calling the pump wave will be amplified and the wave that we have been calling the signal wave
will be attenuated. The sign of " depends on the sign of regr, which can be either positive or negative,
and on the sign of Ej,. Note that, according to Egs. (11.6.9) and (11.6.12b), the sign of E;, depends
on the sign of the dominant charge carrier (our derivation has assumed the case of an electron) and
on the sign of ¢, which is the x component of kp — Kks. For the case of barium titanate, the dominant
charge carriers are usually holes, and the wave whose wavevector has a positive component along the
crystalline ¢ axis is amplified.
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The treatment of two-beam coupling given above has assumed that the sys-
tem is in steady state. Two-beam coupling under transient conditions can also
be treated using the material equations of Kukhtarev et al. It has been shown
(Kukhtarev et al., 1977; Refrégier et al., 1985; Valley, 1987) that, under the
assumption that n, < N + N; < NY and B K sy, the electric field ampli-
tude E; obeys the equation

oE A, A*
'L’—l—l-E]:—i P s

E,————>——(é,-¢ 11.6.19
o1 MTA IR (11619

with E,, given by Eq. (11.6.12b) and with the response time t given by

|+ Ep/E
_ ., T Ep/En (11.6.20a)
1+ Ep/E,
where
. N
gy=de g, =YYA (11.6.20b)
eluneo qu

Here, as in Section 11.5, y denotes the recombination coefficient and u de-
notes the carrier mobility. Note that the photorefractive response time 7 scales
linearly with the dielectric relaxation time t;.* Since the mean electron den-
sity n.0 increases linearly with optical intensity (see Eq. (11.6.6b)), we see
that the photorefractive response time becomes faster when the crystal is ex-
cited using high optical intensities.

We next write the coupled-amplitude equations for the pump and signal
fields in terms of the field amplitude E| as

0A, —w
— = reffAsE1, (11.6.21a)
0xp,  2npc
0A; —w

~ = —refA L Eq. 11.6.21b
o, znscreff pE1 ( )

Equations (11.6.19) through (11.6.21) describe the transient behavior of two-
beam coupling.

* The dielectric relaxation time is the characteristic time in which charge imbalances neutralize
in a conducting material. The expression for the dielectric relaxation time is derived by combining
the equation of continuity dp/dt = —V - j with Ohm’s law in the form j = oE to find that 9p /0t =
—oV -E = —(0/€peqc)V - D = —(0/€p€qc)p = —p/tq. By equating the electrical conductivity o
with the product n,get, where w is the carrier mobility, we obtain the expression for 7; quoted in the
text.



536 11 < The Electrooptic and Photorefractive Effects
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FIGURE 11.7.1 Geometry of four-wave mixing in a photorefractive material.

11.7. Four-Wave Mixing in Photorefractive Materials

Next we consider the mutual interaction of four beams of light in a photore-
fractive crystal. We assume the geometry of Fig. 11.7.1. Note that the pump
beams 1 and 2 are counterpropagating, as are beams 3 and 4. Thus the interac-
tion shown in the figure can be used to generate beam 4 as the phase conjugate
of beam 3.

The general problem of the interaction of four beams of light in a photore-
fractive material is very complicated, because the material response consists
of four distinct gratings — namely, one grating due to the interference of beams
1 and 3 and of 2 and 4, one grating due to the interference of beams 1 and 4
and of 2 and 3, one grating due to the inference of beams 1 and 2, and one
grating due to the interference of beams 3 and 4. However, under certain ex-
perimental situations, only one of these gratings leads to appreciable nonlinear
coupling among the beams. If one assumes that the polarizations, propagation
directions, and coherence properties of the input beams are selected so that
only the grating due to the interference of beams 1 and 3 and beams 2 and 4
is important, the coupled-amplitude equations describing the propagation of
the four beams become (Cronin-Golomb et al., 1984; see also Fischer et al.,
1981)

dA] Y
d_z=_S_O(A1A§+A§A4)A3—aA1, (11.7.1a)

dA 14
e (AFA ArAT)A As, 11.7.1b
dz SO( 1 3+ Ap 4) 4+ aAp ( )
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dA3 V4
i S—O(ATA3+A2AZ)A1 — A3, (11.7.1¢)
dAs vy
— = —(A1A + ASA4)A Ag. 11.7.1d
pE So( 1A% + A3 A4)As + oAy ( )
In these equations, we have introduced the following quantities:
3
reny Ey
4 2ccos6 ( )
with E,, given by Eq. (11.6.12b),
4
So=>_lAil%, (11.7.2b)

i=1

and o = %ao /cosf, where o is the intensity absorption coefficient of the
material and where for simplicity we have assumed that 6 = 6] = 6.
Cronin-Golomb et al. (1984) have shown that Eqgs. (11.7.1) can be solved
for a large number of cases of interest. The solutions show a variety of inter-
esting features, including amplified reflection, self-oscillation, and bistability.

11.7.1.  Externally Self-Pumped Phase-Conjugate Mirror

One interesting feature of four-wave mixing in photorefractive materials is
that it can be used to construct a self-pumped phase-conjugate mirror of the
sort illustrated in Fig. 11.7.2. In such a device, only the signal wave A3 is
applied externally. Waves A and A, grow from noise within the resonator
that surrounds the photorefractive crystal. Oscillation occurs because wave A
is amplified at the expense of wave A3 by the process of two-beam coupling.
The output wave A4 is generated by four-wave mixing involving waves A,

;\Al)\
\Aﬂ

FIGURE 11.7.2 Geometry of the externally self-pumped phase-conjugate mirror.

Only the A3 wave is applied externally; this wave excites the oscillation of the waves

Aj and Aj, which act as pump waves for the four-wave mixing process that generates
the conjugate wave Ay4.
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Aj, and Ajz. Such a device was constructed by White et al. (1982) and is
described further by Cronin-Golomb et al. (1984).

11.7.2. Internally Self-Pumped Phase-Conjugate Mirror

Even more remarkable than the device just described is the internally self-
pumped phase conjugate mirror, which is illustrated in Fig. 11.7.3. Once
again, only the signal wave A3 is applied externally. By means of a compli-
cated nonlinear process analogous to self-focusing, beams A; and A, are cre-
ated. Reflection of these waves at the corner of the crystal feeds these waves
back into the path of the applied wave A3. Four-wave mixing processes in-
volving waves A, A, and A3 then create the output wave A4 as the phase
conjugate of A3. This device was first demonstrated by Feinberg (1982) and
analyzed theoretically by MacDonald and Feinberg (1983). Because of the
complicated nature of the coupling that occurs in this device, it can produce
complicated dynamical behavior including deterministic chaos, as demon-
strated by Gauthier et al. (1987). Because of the ease with which a phase-
conjugate signal can be produced, such devices lend themselves to practical
applications such as the construction of new types of interferometers (Gau-
thier et al., 1989).

11.7.3.  Double Phase-Conjugate Mirror

Another application of four-wave mixing in photorefractive crystals is the
double phase-conjugate mirror of Fig. 11.7.4. In such a device the waves A;
and Az are applied externally; these waves are assumed to be mutually in-
coherent, so that no gratings are formed by their interference. The nonlinear
interaction leads to the generation of the output wave A, which is the phase

Ay

A

FIGURE 11.7.3 Geometry of the internally self-pumped phase conjugate mirror. Only
the A3 wave is applied externally; this wave excites the oscillation of the waves A
and Aj, which act as pump waves for the four-wave mixing process that generates the
conjugate wave Aj.
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FIGURE 11.7.4 Geometry of the double phase-conjugate mirror. Waves A, and A3
are applied externally and need not be phase-coherent. The generated wave A is the
phase conjugate of A, and the generated wave Ay is the phase conjugate of A3.

conjugate of A, and to the output wave A4, which is the phase conjugate
of Az. However, A is phase-coherent with A3, whereas A4 is phase-coherent
with A,. The double phase-conjugate mirror possesses the remarkable prop-
erty that one of the output waves can be an amplified phase-conjugate wave,
even though the two input waves are mutually incoherent.

The nature of the nonlinear coupling that produces the double phase-
conjugate mirror can be understood from the coupled-amplitude equa-
tions (11.7.1). For simplicity, we consider the limit in which « is negligible
and in which the input waves A, and A3 are not modified by the nonlinear in-
teraction, so that only Eqgs. (11.7.1a) and (11.7.1d) need to be considered. We
see that each output wave is driven by two terms, one of which is a two-beam-
coupling term that tends to amplify the output wave, and the other of which
is a four-wave-mixing term that causes each output to be the phase conjugate
of its input wave. It has been shown by Cronin-Golomb et al. (1984) and by
Weiss et al. (1987) that the requirement for the generation of the two output
waves is that |y |l be greater than 2. Operation of the double phase-conjugate
mirror has been demonstrated experimentally by Weiss et al. (1987).

11.7.4.  Other Applications of Photorefractive Nonlinear Optics

Because the photorefractive effect leads to a large nonlinear response, it lends
itself to a variety of applications. Certain of these have applications have been
reviewed by Giinter and Huignard (1988; 1989) and by Boyd and Grynberg
(1992). The use of the photorefractive effect to support spatial solitons has
been reviewed by Krélikowski et al. (2003).
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Problems

1. Numerical evaluation of photorefractive quantities. Consider the process
of two-beam coupling in barium titanate in the geometry of Fig. 11.6.1.
Estimate the numerical values of the physical quantities Ep, Eq, Eopt, E1,
reff, A€, and I'. Assume that the effective trap density Negr is equal to
10'2 cm—3, that the thermal generation rate is negligible, that the modula-
tion index m is 1073, and that 6, = 6, = 5 degrees.

2. Transient two-beam coupling. Verify Eq. (11.6.19).

3. Relation between electrooptic and nonlinear optics tensors. Determine
the mathematical relationship between the second-order susceptibility Xi(jzk)

and the linear electrooptic coefficient r;;. Similarly, determine the math-

ematical relationship between the third-order susceptibility X,-(j3121 and the
quadratic electrooptic coefficient s; ;.
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Chapter 12

Optically Induced Damage and
Multiphoton Absorption

12.1. Introduction to Optical Damage

A topic of great practical importance is optically induced damage of opti-
cal components. Optical damage is important because it ultimately limits the
maximum amount of power that can be transmitted through a particular op-
tical material. Optical damage thus imposes a constraint on the efficiency of
many nonlinear optical processes by limiting the maximum field strength E
that can be used to excite the nonlinear response without the occurrence of
optical damage. In this context, it is worth pointing out that present laser tech-
nology can produce laser beams of sufficient intensity to exceed the damage
thresholds of all known materials.

There are several different physical mechanisms that can lead to optically
induced damage. These mechanisms, and an approximate statement of the
conditions under which each might be observed, are as follows:

o Linear absorption, leading to localized heating and cracking of the optical
material. This is the dominant damage mechanism for continuous-wave and
long-pulse (= 1 psec) laser beams.

o Avalanche breakdown, which is the dominant mechanism for pulsed lasers
(shorter than <I pusec) for intensities in the range of 10° W/cm? to
10'2 W/cm?.

o Multiphoton ionization or multiphoton dissociation of the optical mate-
rial, which is the dominant mechanism for intensities in the range 10'?
to 10'® W/cm?.

o Direct (single cycle) field ionization, which is the dominant mechanism for
intensities > 102 W/cm?.

543
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FIGURE 12.1.1 For a collimated laser beam, optical damage tends to occur at the
exiting surface of an optical material, because the boundary conditions on the electric
field vector lead to an enhancement at the exiting surface and a deenhancement at the
entering surface.

We next present a more detailed description of several of these mechanisms.

We begin by briefly summarizing some of the basic empirical observations
regarding optical damage. When a collimated laser beam interacts with an
optical material, optical damage usually occurs at a lower threshold on the
surfaces than in the interior. This observation suggests that cracks and other
imperfections on an optical surface can serve to initiate the process of opti-
cal damage, either by enhancing the local field strength in regions near the
cracks or by providing a source of nearly free electrons needed to initiate the
avalanche breakdown process. It is also observed (Lowdermilk and Milam,
1981) that surface damage occurs with a lower threshold at the exiting surface
than at the entering surface of an optical material. One mechanism leading
to this behavior results from the nature of the electromagnetic boundary con-
ditions at a dielectric/air interface, which lead to a deenhancement in field
strength at the entering surface and an enhancement at the exiting surface.
This process is illustrated pictorially in Fig. 12.1.1. Another physical mecha-
nism that leads to the same sort of front/back asymmetry is diffraction from
defects at the front surface which can lead to significant intensity variation
(hot spots) at the exiting surface. This effect has been described, for instance,
by Genin et al. (2000).

12.2. Avalanche-Breakdown Model

The avalanche-breakdown mechanism is believed to be the dominant dam-
age mechanism for most pulsed lasers. The nature of this mechanism is that
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a small number Ny of free electrons initially present within the optical ma-
terial are accelerated to high energies through their interaction with the laser
field. These electrons can then impact-ionize other atoms within the material,
thereby producing additional electrons which are subsequently accelerated by
the laser field and which eventually produce still more electrons. Some frac-
tion of the energy imparted to each electron will lead to a localized heating
of the material, which can eventually lead to damage of the material due to
cracking or melting. The few electrons initially present within the material
are created by one of several processes, including thermal excitation, quan-
tum mechanical tunneling by means of the Keldysh mechanism (Ammosov
et al., 1986), multiphoton excitation, or free electrons resulting from crystal
defects.

Let us next describe the avalanche-breakdown model in a more quantitative
manner. We note that the energy Q imparted to an electron initially at rest and
subjected to an electric field E (assumed quasistatic for present) for a time
duration ¢ is given by

Q=c¢Ed where d=J}at*=1(eE/m)t* (12.2.1)
or
Q=e*E**2m for t<r. (12.2.2)

This result holds for times ¢ < 7, where 7 is the mean time between collisions.
For longer time durations, the total energy imparted to the electron will be
given approximately by the energy imparted to the electron in time interval t
(that is, by e2E?2 /2m) multiplied by the number of such time intervals (that
is, by t/7), giving

0 =e’E%’tt/2m for t>r. (12.2.3)
The rate at which the electron gains energy is given in this limit by*
d -
P= d—? =e*E*t/2m. (12.2.4)

* This result can also be deduced by noting that the rate of Joule heating of a conducting material
is given by
NP=1oE?,
where N is the number density of electrons and o is the electrical conductivity, which, according to
the standard Drude formula, is given by

_ (Nez/m)r
T 14?2

This result constitutes a generalization of that of Eq. (12.2.4) and reduces to it in the limit wt < 1.
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We next assume that the number density of free electrons N (¢) changes in
time according to
dN fNP
a W
where W is the ionization threshold of the material under consideration, P is
the absorbed power given by Eq. (12.2.4), and f is the fraction of the absorbed
power that leads to further ionization so that 1 — f represents the fraction that
leads to heating. The solution to Eq. (12.2.5) is thus

f 2E%t

2Wm -
We next introduce the assumption that optical damage will occur if the elec-
tron density N(7),) at the end of the laser pulse of duration 7, exceeds
some damage threshold value Ny, which is often assumed to be of the or-

der of 10'® cm™3. The condition for the occurrence of laser damage can thus
be expressed as

) (12.2.5)

N(t) = Noe8' where g= (12.2.6)

feé? E%r T,
2mwW
The right-hand side of this equality depends only weakly on the assumed val-
ues of Ny, and Ny and can be taken to have a value of the order of 30. This
result can be used to find that the threshold intensity for producing laser dam-
age is given by

> In(Nw/No). (12.2.7)

_ W
I = negcE2) = 2neocfe27TmT In(Nin/ No). (12.2.8)
p

If we evaluate this expression under the assumption that n &~ 1, W =5 eV,
T~ 10715, T,~ 107 s,and f ~0.01, we find that I, ~ 40 GW/cm?, in
reasonable agreement with measured values.

12.3. Influence of Laser Pulse Duration

There is a well-established scaling law that relates the laser damage threshold
to the laser pulse duration 7}, for pulse durations in the approximate range of
10 ps to 10 ns. In particular, this scaling law states that the fluence (energy per
unit area) required to produce damage increases with pulse duration as Tpl / 2,
and correspondingly the intensity required to produce laser damage decreases
with pulse duration as T}, 12 This scaling law can be interpreted as a state-
ment that (for this range of pulse durations) optical damage depends not solely
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FIGURE 12.3.1 Measured dependence of laser damage threshold on laser pulse du-
ration (Stuart et al., 1995).

on laser fluence or on laser intensity but rather upon their geometrical mean.
It should be noted that this observed scaling law is inconsistent with the pre-
dictions given by the simple model that leads to Eq. (12.2.8), which implies
that laser damage should depend only on the laser intensity. Some possible
physical processes that could account for this discrepancy are described be-
low. Data illustrating the observed scaling law are shown in Fig. 12.3.1, and
more information regarding this law can be found in Lowdermilk and Milam
(1981) and Du et al. (1994).

The T,} 2 scaling law can be understood, at least in general terms, by noting
that the avalanche-breakdown model ascribes the actual damage mechanism
to rapid localized heating of the optical material. The local temperature distri-
bution 7 (r, t) obeys the heat transport equation (see also Eq. (4.5.2))

aT - ,
(pC)—- =« V T =N = )P, (12.3.1)

where f, N, and P have the same meanings as in the previous section, k is
the thermal conductivity, and (pC) is the heat capacity per unit volume. Let
us temporarily ignore the source term on the right-hand side of this equation,
and estimate the distance L over which a temperature rise AT will diffuse in
a time interval T),. Replacing derivatives with ratios and assuming diffusion
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FIGURE 12.3.2 Tllustration of the diffusion of heat following absorption of an intense
laser pulse.

in only one dimension, as indicated symbolically in Fig. 12.3.2, we find that

(C)AT— AT (12.3.2)
0 T, =K 3.

or that
L= (DTp)l/2 where D = k/pc is the diffusion constant. (12.3.3)

The heat deposited by the laser pulse is thus spread out over a region of dimen-
sion L that is proportional to T,J /2, and the threshold for optical damage will
be raised by this same factor. Although this explanation for the Tpl /2 depen-
dence is widely quoted, and although it leads to the observed dependence on
the pulse duration T}, some doubt has been expressed (Bloembergen, 1997)
regarding whether values of D for typical materials are sufficiently large for
thermal diffusion to be important. Nonetheless, detailed numerical calcula-
tions (Stuart et al., 1995, 1996) that include the effects of multiphoton ion-
ization, Joule heating, and avalanche ionization are in good agreement with
experimental results.

12.4. Direct Photoionization

In this process the laser field strength is large enough to rip electrons away
from the atomic nucleus. This process is expected to become dominant if the
peak laser field strength exceeds the atomic field strength Ey = e /47reoag =

5 x 10" V/m. Fields this large are obtained at intensities of

L = tnegcE2 ~ 4 x 1016 W/em? = 4 x 1020 W/m?.



12.5. Multiphoton Absorption and Multiphoton lonization 549

For laser pulses of duration 100 fsec or longer, laser damage can occur at
much lower intensities by means of the other processes described above. Di-
rect photoionization is described in more detail in Chapter 13.

12.5. Multiphoton Absorption and Multiphoton lonization

In this section we calculate the rate at which multiphoton absorption processes
occur. Some examples of multiphoton absorption processes are shown
schematically in Fig. 12.5.1. Two-photon absorption was first reported ex-
perimentally by Kaiser and Garrett (1961).

Some of the reasons for current interest in the field of multiphoton absorp-
tion include the following:

1. Multiphoton spectroscopy can be used to study high-lying electronic states
and states not accessible from the ground state because of selection rules.

2. Two-photon microscopy (Denk et al., 1990 and Xu and Webb, 1997) has
been used to eliminate much of the background associated with imaging
through highly scattering materials, both because most materials scatter
less strongly at longer wavelengths and because two-photon excitation pro-
vides sensitivity only in the focal volume of the incident laser beam. Such
behavior is shown in Fig. 12.5.2.

3. Multiphoton absorption and multiphoton ionization can lead to laser dam-
age of optical materials and be used to write permanent refractive index
structures into the interior of optical materials. See for instance the articles
listed at the end of this chapter under the heading Optical Damage with
Femtosecond Laser Pulses.

|

one-photon  two-photon three-photon  N-photon

FIGURE 12.5.1 Several examples of multiphoton absorption processes.
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FIGURE 12.5.2 Fluorescence from a dye solution (20 M solution of fluoresce in
water) under (a) one-photon excitation and (b) two-photon excitation. Note that under
two-photon excitation, fluorescence is excited only at the focal spot of the incident
laser beam. Photographs courtesy of W. Webb.

4. Multiphoton absorption constitutes a nonlinear loss mechanism that can
limit the efficiency of nonlinear optical devices such as optical switches
(see also the discussion in Section 7.3).

In principle, we already know how to calculate multiphoton absorption rates
by means of the formulas presented earlier in Chapter 3. For instance, the lin-
ear absorption rate is proportional to Im x " (). Similarly, the two-photon
absorption rate is proportional to Im x @ (w = w + @ — w). We have already
seen how to calculate these quantities. However, the method we used to cal-
culate x ® becomes tedious to apply to higher-order processes (e.g., x® for
three-photon absorption, etc.). For this reason, we now develop a simpler ap-
proach that generalizes more easily to N-photon absorption for arbitrary N.

12.5.1.  Theory of Single- and Multiphoton Absorption and
Fermi’s Golden Rule

Let us next see how to use the laws of quantum mechanics to calculate single
and multiphoton absorption rates. We begin by deriving the standard result
for the single-photon absorption rate, and we then generalize this result to
higher-order processes.

The calculation uses procedures similar to those used in Section 3.2 to cal-
culate the nonlinear optical susceptibility. We assume that the atomic wave-
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function 1 (r, t) obeys the time-dependent Schrodinger equation

oY (r,t)

ih > = Hy(r, 1), (12.5.1)
where the Hamiltonian H is represented as
H=Hy+ V(). (12.5.2)
Here ﬁo is the Hamiltonian for a free atom and
V(t)=—RE@), (12.5.3)
where i = —er, is the interaction energy with the applied optical field. For
simplicity we take this field as a monochromatic wave of the form
E(t)=Ee ' +cw. (12.5.4)

that is switched on suddenly at time ¢ = 0.

We assume that the solutions to Schrodinger’s equation for a free atom are
known, and that the wavefunctions associated with the energy eigenstates can
be represented as

Yn(r, 1) = u, (e "', where w, = E,/h. (12.5.5)

We see that expression (12.5.5) will satisfy Eq. (12.5.1) (with H set equal
to Ho) if u, (r) satisfies the eigenvalue equation

Houy, (v) = E,up(r). (12.5.6)

We return now to the general problem of solving Schrédinger’s equation in
the presence of a time-dependent interaction potential V (¢):

Ay (r, 1)
ot
Since the energy eigenstates of Hy form a complete set, we can express the

solution to Eq. (12.5.7) as a linear combination of these eigenstates—that is,
as

ih

= (Ho+ V) y(x,0). (12.5.7)

Y(r,t) = Zal (Huy(r)e i, (12.5.8)
I
We introduce Eq. (12.5.8) into Eq. (12.5.7) and find that

d . .
iny" ﬁu,(r)e*’wﬂ +inY (—iopatu(re "
! )

= Za,(t)E,u,(r)e—"“’” + Zal(t)f/ul(r)e—"wﬂ, (12.5.9)
1 1
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where (since E; = fiwy) clearly the second and third terms cancel. To simplify
this expression further, we multiply both sides (from the left) by u, (r) and
integrate over all space. Making use of the orthonormality condition

fu,,;"(r)uz(r)d3r = Omi, (12.5.10)
we obtain
indan =" a1(t) Ve~ m! (12.5.11)
dt l m E) oJe

where wy,;, = w; — w,; and where
Vit = / k() Vu (r) d’r (12.5.12)

are the matrix elements of the interaction Hamiltonian V. Equation (12.5.11)
is a matrix form of the Schrodinger equation.

Oftentimes, as in the case at hand, Eq. (12.5.11) cannot be solved exactly
and must be solved using perturbation techniques. To this end, we introduce
an expansion parameter A which is assumed to vary continuously between
zero and one; the value A =1 is taken to correspond to the physical situation
at hand. We replace V,,;; by AV,,;; in Eq. (12.5.11) and expand a,, (¢) in powers
of the interaction as

am(®) =a, 0 @) + 2a, V(@) + 120, P (1) + - - . (12.5.13)

By equating powers of A on each side of the resulting form of Eq. (12.5.11)
we obtain the set of equations

da,,gN)

- =(in 'Y a Ve Om! . N=1,2,3,.... (125.14)

l

12.5.2.  Linear Absorption

Let us first see how to use Eq. (12.5.14) to describe linear absorption. We set
N =1 to correspond to an interaction first-order in the field. We also assume
that in the absence of the applied laser field the atom is in the state g (typically
the ground state) so that

ag(o) ) =1, al(o) #)=0 for l#g (12.5.15)
for all times . Through use of Egs. (12.5.3) and (12.5.4), we represent V,;,, as
Ving = —mg (Ee™'®" 4+ E*e'®"). (12.5.16)
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FIGURE 12.5.3 (a) The first term in Eq. (12.5.17) describes the process of one-photon
absorption, whereas (b) the second term describes the process of stimulated emission.

Equation (12.5.14) then becomes

a'a,,fl)
dt

This equation can be integrated to give

— _(ih)flumg[Eei(a)mgfw)t + E*ei(wngrw)t].

t
angl)([) = _(lh)_lﬂmg/ dt/[Eel(wmg—w)l 4 E*e’(“)mg“‘w)l ]
0

Mmg E [ei(wmg—a))z _ 1] n Mmg E* [ei(a)mg-l-a))t _ 1].
i (wmg — ) h(wmg + o)

(12.5.17)

The resonance structure of this expression is illustrated schematically in
Fig. 12.5.3. Note that the first term in this expression can become resonant for
the process of one-photon absorption, and that (if state m lies below state g)
the second term can become resonant for the process of stimulated emission.
As our present interest is in the process of one-photon absorption, we drop the
second term from consideration. The neglect of the second term is known as
the rotating wave approximation. Since a, )(t) is a probability amplitude, the
probability p,, & (¢) that the atom is in state m at time ¢ is given by

l(wmg )t _ 1

|tmg E|?
hZ

PP @) =a, V)] =

Wpg — @

_ limgEP 4sin[(wmg — w)t /2] mngP
n? (wmg — w)?

f(@), (12.5.18)

where
4sin?[(wpg — @)t /2]

(a)mg - 0))2

) = (12.5.19)
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FIGURE 12.5.4 Approximation of f(¢) of Eq. (12.5.20) as a Dirac delta function.

Let us examine the time dependence of this expression for large values of the
interaction time ¢. Note that we can express f(f) as
L2

f(z)—t2<sm x) where  x = (g — @)1/2 (12.5.20)
= (=5 = (Wmg . s,

Note further (see also Fig. 12.5.4) that the peak value of f(¢) is 12, but
the width of the central peak is of the order of 27 /¢. Thus, the area under the
central peak is of the order of 2rr¢, and for large ¢ the function becomes highly
peaked. These facts suggest that, for large ¢, f(¢) is proportional to ¢ times a
Dirac delta function. In fact, it can be shown that

lim £ (1) = 2718 (@mg — @). (12.5.21)

Thus, for large ¢ the probability to be in the upper level m can be represented,
at least formally, by

E’t
Py (6) = %ZnS(wmg —w). (12.5.22)

This result is somewhat unphysical because of the presence of the delta func-
tion on the right-hand side. In physically realistic situations, the transition
frequency w,,, is not perfectly well defined but is spread into a continuous
distribution by various line-broadening mechanisms (Fig. 12.5.5). One often
expresses this thought by saying that the final state m is spread into a density
of final states p r (g ), defined such that p r (w;¢)dwpg is the probability that
the transition frequency lies between wy,¢ and wy,g + dwpg. In the context of
atomic physics, pr(wmg) is often known as the atomic lineshape function.
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/<

Pf (wmg) Omg

m

8

FIGURE 12.5.5 Level m is spread into a density of states described by the function
P f (@mg)-

The density of final states is normalized such that

o0
f P (Omg) dwomg = 1. (12.5.23)
0

A well-known example of a density of final states is the Lorentzian lineshape
function

1 r/2

T (J)mg - a)mg)2 + (1—‘/2)2

where @,,, is the line-center transition frequency and I' is the full-width at
half maximum of the distribution in angular frequency units. For a transition
broadened by the finite lifetime of its upper level, I" is the population decay
rate of the upper level.

For a transition characterized by a density of final states, the probabil-

pr(@mg) = (12.5.24)

ity p,(n1 ) (¢) to be in the upper level given by Eq. (12.5.22) must be averaged
over all possible values of the transition frequency. One obtains

lumg E*t [
pf(r})(t) = m;ig42/ pf(wmg)zfr(s(wmg —w) dwmg
0
27 | me E|?t
= %pf(wmg = w). (12.5.25)

The notation p ¢ (w;,g = w) means that the density of final states is to be eval-
uated at the frequency w of the incident laser light. Since the probability for
the atom to be in the upper level is seen to increase linearly with time, we can
define a transition rate for linear absorption by

(1) 2
pm ) 27|pumgE|
Ryg=——"= h"ég Pt (Omg = ). (12.5.26)
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This result is a special case of Fermi’s golden rule. Linear absorption is often
described in terms of an absorption cross section 0,5,? (w), defined such that

1 1
R\ =0\ ()], (12.5.27)
where I = 2negc|E|?. By comparison with Eq. (12.5.26) we find that

2
T
0(1)(0)) _ |Mm2g|
nepc h

pf(wng =w). (12.5.28)

12.5.3.  Two-Photon Absorption

Let us next treat the case of two-photon absorption. To do so, we need to solve
the set of equations (12.5.14) for N =1 and N = 2 to obtain the probability
amplitude an(z) (¢) for the atom to be in level n at time ¢. The conventions for
labeling the various levels are shown in Fig. 12.5.6. Our strategy is to solve
Eq. (12.5.14) first for N = 1 to obtain a,." (t), which is then used on the
right-hand side of Eq. (12.5.14) with N = 2. In fact, the expression we obtain
for angl)(t) is identical to that of Eq. (12.5.17), obtained in our treatment of
linear absorption. We again drop the second term (which does not lead to
two-photon absorption). In addition, we express V,,;, as follows:

Vnm = —lnm (Ee—ia)t + E*eia)t)
~ —ppmEe™1. (12.5.29)

Here we have dropped the negative-frequency contribution to V, for
reasons analogous to those described above in connection with Eq. (12.5.17).

8

FIGURE 12.5.6 Definition of energy levels used in the calculation of the two-photon
transition rate.
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‘We thus obtain

d—tan@) (t) = (ih)~! Zan?)(t)vnme—"wmn’
_ _(lh)—l Z MenmPmg E l(a),,g—Zw)t _ ei(wnm—w)t].

(12.5.30)

We next drop the second term in square brackets, which describes the tran-
sient response of the system but does not lead to two-photon absorption. The
resulting equation can be integrated directly to obtain

E2 i(Wmg—2w)t _ 1
a, D)=y Lrmbms™ | € . (12531)
P h (wmg —w) Wng — 20

The calculation now proceeds analogously to that for the linear absorption.
The probability to be in level n is given by

2| Ji(wme—2w)t __ 112
) T EZ el(w g—2w
P20 =la,? )] = S > (12.5.32)
. h (a)mg — Wpg — 20
For large ¢, the expression becomes (see Egs. (12.5.18)—(12.5.22))
nm m E2 2
PR = |3 T 18 (g — 200, (12.5.33)
P h (Wmg —w)

and if we assume that level n is smeared into a density of states we obtain

MnmMUmg

(2)( 0= m hz(wmg a))‘

271 (ng = 20). (12.5.34)

Since the probability for the atom to be in the upper level is seen to increase
linearly with time, we can define a transition rate for two-photon absorption
given by

o
)¢
RD = %O. (12.5.35)

It is convenient to recast this result in terms of a two-photon cross section
defined by

R<2> = 0(2) ()12, (12.5.36)
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where I = 2negc| E|? is the intensity of the incident light beam. We find that

1

(2)
g @)= 4n26302

2
Z ZManmg ) anf (Cl)ng =2w). (12.5.37)
m h (a)mg - a))

Experimentally, two-photon cross sections are often quoted with intensities
measured in photons cm™2 sec™!. With this convention, Eqs. (12.5.36) and
(12.5.37) must be replaced by

- -2
RE =62 @1 where T=="|E (12.5.38)
and where
Hnm g
‘(2) ) nmrzmg 27 Wno = 20). 12.5.39
(@) = s ;h(wmg_w) pflong=2w).  ( )

We can perform a numerical estimate of 5® by assuming that a single level
dominates the sum in Eq. (12.5.39) and assuming that the one-photon tran-
sition is highly nonresonant so that w,; — @ ~ . We also assume that the
laser frequency is tuned to the peak of the two photon resonance, so that
pf(wng =2w) ~ 21 I',)~ L, where I, is the width of level n. We then obtain

5@ A | nm Mg |
Oyg 7462?1%2{‘ (12.5.40)

To evaluate this expression, we assume that both (1, and (i, are of the order
of eap =8 x 10739 Cm and that T',, = 27r(1 x 1013) rad/sec. We then obtain

4

G\ ~2.5x 1 (12.5.41)

photon? '

This value is in good order-of-magnitude agreement with those measured by
Xu and Webb (1996) for a variety of molecular fluorophores. There can be
considerable variation in the values of molecular two-photon cross sections.
Drobizhev et al. (2001) report a two-photon cross section as large as 1.1 x
10-3* m* sec/photon? in a dendrimer molecule.
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12.5.4.  Multiphoton Absorption

The results of this section are readily generalized to higher-order processes.
One obtains, for instance, the following set of relations:

MmgE
h

2
R;Sqlg = 27'[)0f(a)mg —w),

22
Mnmmg E
R,(é) = Z%‘ 271 f (wng — 20),

m hz(a)mg —w)

3 2
Montnmmg E
Rffg): Z oniZnmizms 2770 f (wpg — 30),

h3(wng —2w) (wmg —w)

mn
I polbon nm Amg E* 2
R;‘g = Zh4 por-on”Amr s 2mpf(wpg — 4w),
o 1 (wog — 3w)(wng — 20) (Wmg — )
and so on.
Problems

1. Relation between the two-photon absorption cross section and x®. De-
rive an expression relating the two-photon absorption cross section o to
the third-order susceptibility x *. Be sure to indicate the frequency depen-
dence of x .

2. Multiphoton absorption coefficients. Starting with the expressions for the
rates of one-, two-, and three-photon absorption quoted above, deduce ex-
pressions for the one-, two-, and three-photon absorption coefficients «, 8,

and y defined by the equation

dl
— =—al —BI>—yI.
dz

Make order-of-magnitude estimates of 8 and y for condensed matter,
and compare them to typical measured values as tabulated in the scientific
literature.
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Chapter 13

Ultrafast and Intense-Field Nonlinear
Optics

13.1. Introduction

There is currently great interest in the physics of ultrashort laser pulses.
Recent advances have led to the generation of laser pulses with durations of
the order of 1 attosecond. Ultrashort pulses can be used to probe the proper-
ties of matter on extremely short time scales. Within the context of nonlinear
optics, ultrashort laser pulses are of interest for two separate reasons. The first
reason is that the nature of nonlinear optical interactions is often profoundly
modified through the use of ultrashort laser pulses. The next two sections of
this chapter treat various aspects of the resulting modifications of the nature
of nonlinear optical interactions. The second reason is that ultrashort laser
pulses tend to possess extremely high peak intensities, because laser pulse en-
ergies tend to be established by the energy-storage capabilities of laser gain
media, and thus short laser pulses tend to have much higher peak powers than
longer pulses. The second half of this chapter is devoted to a survey of the
sorts of nonlinear optical processes that can be excited by extremely intense
laser fields.

13.2. Ultrashort Pulse Propagation Equation

In this and the following section we treat aspects of the propagation of ultra-
short laser pulses through optical systems. Some physical processes that will
be included in this analysis include self-steepening leading to optical shock-
wave formation, the influence of higher-order dispersion, and space-time cou-

561
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pling effects. In the present section we derive a form of the pulse propagation
equation relevant to the propagation of an ultrashort laser pulse through a
nonlinear, dispersive nonlinear optical medium. In many ways, this equation
can be considered to be a generalization of the pulse propagation equation
(the so-called nonlinear Schrodinger equation) of Section 7.5. We begin with
the wave equation in the time domain (see, for instance, Eq. (2.1.15)) which
we express as
vEa L 3>DW _ 1 32P

2 912 €oc? 912

We express the field quantities is terms of their Fourier transforms as

(13.2.1)

E(r,t) = / E(r,w)e " dw/2r, (13.2.2a)
DW(r, 1) = / DO (r, w)e " dw/27, (13.2.2b)
P(r,t) = f P(r,w)e " dw/2r, (13.2.2¢)

where all of the integrals are to be performed over the range —oo to co. We
assume that DY (r, w) and E(r, w) are related by the usual linear dispersion
relation as

DY (r, w) = e V() E(r, ) (13.2.3)

and that P represents the nonlinear part of the material response. By introduc-
ing these forms into Eq. (13.2.1), we obtain a relation that can be regarded as
the wave equation in the frequency domain and that is given by

VZE(r, ®) + €€V (0) (0? /) E(r, ©) = —(w? Jeoc?) P(r, ). (13.2.4)

Our goal is to derive a wave equation for the slowly varying field amplitude
A(r, t) defined by

E(r,t) = A(r, 1) e koz=eoh) 4 ¢ ¢ (13.2.5)

where wy is the carrier frequency and kg is the linear part of the wavevector at
the carrier frequency. We represent A(r, t) in terms of its spectral content as

A(r, 1) = / A(r, w)e ™ dw /2. (13.2.6)

Note that E(r, w) and A(r, w) are related as in Eq. (7.5.16) by
E(r,w) ~ A(r, » — wg)e 0%, (13.2.7)
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In terms of the quantity A(r, ®) (the slowly varying field amplitude in the
frequency domain) the wave equation (13.2.4) becomes

2 2

V2a+ 08 ik 22 4 R w) — k]A =~ P(r e, (13.28)
L 972 9z 0 ec ’ o

where
K (0) = e(@) (0?/c?). (13.2.9)

We next approximate k(w) as a power series in the frequency difference
® — wo as

o
1
k(w) = ko+ki(w—wo)+D where D:Z—'kn(a)—a)o)" (13.2.10)
n:.
n=2

so that k%(w) can be expressed as
k() = kg + 2kok1 (@ — wp)
4 2koD + 2k1 D(w — wo) + ki (w — wo)* + D*. (13.2.11)

Here D represents high-order dispersion. We have displayed explicitly the
linear term k(@ — wp) in the power series expansion because k; has a direct
physical interpretation as the inverse of the group velocity. We now introduce
this expression into the wave equation in the form of Eq. (13.2.8), which then
becomes

3%A dA
VJ_A—f— 922 +21k0— + 2kok1(w — wp) A + 2koDA + 2k D(w — wg) A

+ k(@ — w0)? A = (w?/eoc?) P(z, w)e %02, (13.2.12)

where we have dropped the contribution D? because it is invariably small. We
now convert this equation back to the time domain. To do so, we multiply this
equation by exp[—i(w — wp)t] and integrate over all values of w — wp. We
obtain

, 92 3 3 3 327 -
Vi + — +2iko +k1— +2lk1D +2k()D ki— |A(r, 1)
dz? ot ar?
1 3 P —t(koz—wot)
, 13.2.13
eoc2 ¢ ( )
where D represents the differential operator
0 n 2
- 1 9 1 9
D=) —k)\li—) =—zkr—+---. 13.2.14
Z n <l 8t> 2 7912 + ( )
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We now represent the polarization in terms of its slowly varying amplitude
p(r,t) as
P(r,1) = p(r, 1)e!hoi=0n 4 ¢ ¢, (13.2.15)

For example, for the case of a material with an instantaneous third-order re-
sponse, the polarization amplitude is given by

pe, 1) =3eox @ A, A, 1). (13.2.16)
We thus find that
0P _ (< P itkoz—onn
» _( lwogp + Py )e + c.c.
. i\ | itkoz—won)
=—iwg| [ 1+ ——)p |07 4c.c. (13.2.17a)
wo 0t
and
82[7 2 i 8 2 [
I - ~ | i(koz—wot)
o7 = wo[<1+w0 Bt) p:|e 0eT@ol) 4 c.c. (13.2.17b)
By introducing this expression into the wave equation in the form (13.2.13),
we obtain
3? 3 3 - -9 327 -
V3 + — +2iko| — +ki— ) +2koD + 2iki D— — ki — |A(r, 1
[L+az2+l°(az+laz>+ R+ by 13z2] 1)
4rap i 9\
=— 1+——) p. 13.2.18
2 ( +a)0 31,‘) P ( )

Next we convert this equation to a retarded time frame specified by the coor-
dinates z’ and t defined by

1
7=z and T=t——z=1t—kiz, (13.2.19)
Vg
so that
0 0 d 0 0
—=——kj— and —=—. (13.2.20)
dz 97 ot ar 0t
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The wave equation then becomes

92 3 0 92 9 B ]
[v§+—2—2k —— +ki +21k0<——k1—+k1—>

a7’ a7 9t | 'or2 37 aT 3
R T & w} i 9\%.
+2koD 4 2ikiD— — k2 — |A(r,) = ——2 (1 + —— | 5.
atT Lgc2 €oc? wo 3T
(13.2.21)

We now make the slowly varying amplitude approximation (that is, we drop
the term 82/9z'?) and simplify this expression to obtain

07/ d 0z’
2 . 2
W i 0\,
= ——2<1 + ——) p. (13.2.22)

This equation can alternatively be written as

V2 4 2iky +’k1 9\ + 201+ 22N A )
l P - A - L 9
L Oaz/ ko 0 0 ko 0T
w3 1 3\".
__ 1+ =2 5. (13.2.23)

Note that two of the terms in this equation depend upon the ratio k1 /ko. This
ratio can be approximated as follows: k1 /ko = v, U (nwo/c) =n o/ (nao). Ig-
noring dispersion, n, = n, so that ky/ko = l/a)o In this approximation the
wave equation becomes

9 i 9 - i 9\~
V2 +2ikg— 14+ —— ) +2koD( 1+ —— ) |A(r, ¢
[ 1+ l081/< +a)08'c)+ 0 < +w08r>] (r,1)

o} i 9\?
__ 1+ 220 5 (13.2.24)

€oc? wo T

3 3 37-
[VL—Zkl —+21ko—+2koD+21k1Da j|A(r,t)

which can also be expressed as
jy 9 _1V2—|—2'k 9 4 2keb |A(r.1) %G (141 0);
—_ iko— r,f)=——— ——p.
d L 057 0 €oc? wo 0T p

(13.2.25)
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This equation can be considered to be a generalization of the nonlinear
Schrodinger equation. It includes the effects of higher-order dispersion
(through the term that includes D), space—time coupling (through the pres-
ence of the differential operator on the left-hand side of the equation), and
self-steepening (through the presence of the differential operator on the right-
hand side). This form of the pulse propagation equation has been obtained by
Brabec and Krausz (1997). It can be used to treat many types of nonlinear
response. For instance, for a material displaying an instantaneous third- and
fifth-order nonlinearity, p is given by p = 3¢px ® |AIZA 4 10€9x O AI*A.

This equation can also be used to treat a dispersive nonlinear material. For
ultrashort laser pulses, the value of x® can vary appreciably for different
frequency components of the pulse. The effects of the dispersion of x ) can
be modeled in lowest approximation (see for instance Diels and Rudolph,
1996, p. 139) by representing x @ (w) = x (0 = w + 0 — w) as

3)

x @ (@) = x (o) + (@ — wo) o
w

(13.2.26)

where the derivative is to be evaluated at frequency wg. Thus, p(w) can be
expressed as

dx®
dw

(o) =3eo[x(3)(wo) + (w — wp) j||A(a))|2A(a)). (13.2.27)

This relation can be converted to the time domain using the same procedure
as that used in going from Eq. (13.2.12) to Eq. (13.2.13). One finds that

dX(3) 9 ~ -
| — [|A|A. 13.2.28
A i |ia (13229

(1) =3¢ [x“) (o) +
This expression for p can be used directly in Eq. (13.2.24) or (13.2.25). How-
ever, since Eq. (13.2.26) contains only a linear correction term in (@ — wop),
and consequently Eq. (13.2.28) contains only a contribution first-order in
d/0t, for reasons of consistency one wants to include in the resulting pulse
propagation equation only contributions first-order in d/d7. Noting that

i 9\’ 29 1 32 2 9
1+ ——) =(1+=Z= =~ Ja(1+=2), 13229
( +a)08r> ( +a)081' w(2)8'52> < +a)08t) ( )
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one finds that in this approximation the pulse propagation equation is given
by

3 ) . i 9\]-
V2 +2iko— | (1+ —— ) +2koD[ 1+ —— ) |A(r, ¢
-7 1032’[( +6003 >+ 0 ( +w03f)} .0

dx®P\ i 97 -2~
= (=3/cH) iy @ 1 2 _w0 X)L Al"A.
(=3/c)wix P (wo)| 1+ 2+ (w0 do ) wo ot |A|

(13.2.30)

Procedures for incorporating other sorts of nonlinearities into the present for-
malism have been described by Gaeta (2000).

13.3. Interpretation of the Ultrashort-Pulse Propagation Equation

Let us next attempt to obtain some level of intuitive understanding of the var-
ious physical processes described in Eq. (13.2.24). As a first step, we study a
simplified version of this equation obtained by ignoring the correction terms
(i/wo)d/0t by replacing the factors [1 + (i /wp)(d/97)] by unity and by in-
cluding only the lowest-order contribution (known as second-order disper-
sion) to D. One obtains

. . 2
8A8(2,t)=[2170vi ;k2%+3l 0 (3)(600)}A| } (13.3.1)
Written in this form, the equation leads to the interpretation that the field am-
plitude A varies with propagation distance z’ (the left-hand side) because of
three physical effects (the three terms on the right-hand side). The term in-
volving the transverse laplacian describes the spreading of the beam due to
diffraction, the term involving the second time derivative describes the tem-
poral spreading of the pulse due to group velocity dispersion, and the third
term describes the nonlinear acquisition of phase. It is useful to introduce dis-
tance scales over which each of the terms becomes appreciable. We define
these scales as follows:

Lait = 5 kow?  (diffraction length), (13.3.2a)

Lagis=T?/lkz| (dispersion length), (13.3.2b)
2ngpc 1 .

LnL = (nonlinear length). (13.3.2¢)

300xD[AZ ~ (wo/cnal

In these equations wy is a measure of the characteristic beam radius, and T
is a measure of the characteristic pulse duration. The significance of these
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distance scales is that for a given physical situation the process with the
shortest distance scales is expected to be dominant. For reference, note that
for fused silica at a wavelength of 800 nm ny = 3.5 x 1072 m?/W and
ko = 446 fsec?/cm. Through use of Eq. (13.3.2b) we see that, for a 20-fsec
pulse propagating through fused silica, Lgjs is approximately 0.9 cm. Thus,
in propagating through 0.9 cm of fused silica a 20-fsec pulse approximately
doubles in pulse duration as a consequence of group velocity dispersion.

13.3.1.  Self-Steepening

Let us next examine the influence of the correction factor [1 + (i /wg)(9/07)]
on the nonlinear source term of Eq. (13.2.25). To isolate this influence, we
drop the correction factor in other places in the equation. Also, for generality,
we use the propagation equation in the form given by (13.2.30), which allows
the nonlinear response to be dispersive. We also transform back to the labo-
ratory reference frame z, ¢ (not the z/, T frame in which the pulse is nearly
stationary) so that the factor k;dA /0t = (1/vg)dA /0t = (n¥ /c)dA /3t ap-
pears explicitly in the wave equation, which takes the form

9A nP oA i _, . i A ibrawo

A _mo A T Gag 1 A T )0 APA
0r o or kg LT R Ga T X (wo)|A]
i3wq 3) wo dx(3) i
24— A AlA. 13.3.3
T e (0) Oy do woat| ? ( )

We now introduce nonlinear coefficients y; and y» defined by
3a)o 3w 1wy dx®
Y= X0 and 2=y D) (14 5 ),
2 2ngc X
(13.3.4)

Note that in the absence of dispersion y; = y». In terms of these quantities,
Eq. (13.3.3) can be expressed more concisely as

~ & o7 : ; 24
S0 98 L2 LTl AP - 2V2—0—(|A| A).

0z c 3t 2k 27792
(13.3.5)
Next note that the time derivative in the last term can be written as
d c2m 9, x A ~9A
—(|A]°A) = —(A%A A 2A*A—
5 ([A[74) = 5, (A°47) = A%+ 2474
JA JA*
_2\,4|2 + A (13.3.6)
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The first contribution to the last form can be identified as an intensity-
dependent contribution to the group velocity. The second contribution does
not have a simple physical interpretation, but can be considered to represent a
dispersive four-wave mixing term. To proceed we make use of Eq. (13.3.6) to
express Eq. (13.3.4) as

P L® . i -
08 n& oA i 924 2y 04
o4 SRR 2 k APRA - 22200
0 e ot kg AT SRegm vl i ot
(13.3.7)
where
4
nd =nl® + 24P =nl +nf1. (13.3.8)
0

In the last form of this relation, we have introduced the coefficient of the
intensity dependence of the group index as

487? 1wy dy®?
© =T O |1+ 2 X 13.3.9

We thus see that the last term in Eq. (13.3.4) leads to an intensity dependence
of the group index ng as well as to the last term of Eq. (13.3.7), which as just
mentioned is a dispersive four-wave mixing contribution. We also see from
Eq. (13.3.9) that the intensity dependence of the group index depends both on
the susceptibility and on its dispersion.

The intensity dependence of the group velocity leads to the phenomena of
self-steepening and optical shock wave formation. These phenomena are illus-
trated in Fig. 13.3.1. Note that for the usual situation in which ngg ) is positive,
the peak of the pulse is slowed down more than the edges of the pulse, leading
to steepening of the trailing edge of the pulse. If this edge becomes infinitely
steep, it is said to form an optical shock wave. Self-steepening has been de-

() (b) (©)

AN

L. » >
> > >

zZ z z

FIGURE 13.3.1 Self-steepening and optical shock formation. (a) The incident optical
pulse is assumed to have a gaussian time evolution. (b) After propagation through a
nonlinear medium, the pulse displays self-steepening, typically of the trailing edge.
(c) If the self-steepening becomes sufficiently pronounced that the intensity changes
instantaneously, an optical shock wave is formed.
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scribed by DeMartini et al. (1967), Yang and Shen (1984), and Gaeta (2000).
Note also that we can define a self-steepening distance scale analogous to
these of Egs. (13.3.2) by

cT

Lg=—+.
ngg)l

(13.3.10)

For the usual situation in which nég) ~ ny, Lg is much larger than Lnp

(because, except for extremely short pulses, ¢T > 1/kg), and thus self-
steepening tends to be difficult to observe.

13.3.2.  Space-Time Coupling

Let us now examine the influence of space-time coupling, that is, the influ-
ence of the differential operator [1 + (i /wg) 9/ 97]~! on the left-hand side
of Eq. (13.2.25). We can see the significance of this effect most simply by
considering propagation through a dispersionless, linear material so that the
wave equation becomes

o\, - d -
1+ —=) V2A@. 1)+ 2iko— A(r.1) =0. (13.3.11)
wo 0T a7’

The first term is said to represent space-time coupling because it involves both
temporal and spatial derivatives of the field amplitude. To examine the signif-
icance of this mathematical form, it is convenient to rewrite this equation as

~ 0 0 ~
VZAr. 0+ ( 1+ —-= )2iko— A(r,1) =0. (13.3.12)
wo 0T a7’

Let us first consider the somewhat artificial example of a field of the form
A(r,t) = a(r)e %" such a field is a monochromatic field at frequency wo +
dw. We substitute this form into Eq. (13.3.12) and obtain

2 Sw\.. 0
Via@) + |1+ — |2iko—a(r) =0, (13.3.13)
wo 07/
which can alternatively be expressed as
d
Via( +2iko+8k)5—a() =0, (13.3.14)
Z

where 6k = ko(Sw/wo). This wave thus diffracts as a wave of frequency wg +
dw rather than a wave of frequency wg. More generally, for the case of an
ultrashort pulse, the operator [1+ (i /wo)d/dt] describes the fact that different
frequency components of the pulse diffract into different cone angles. Thus,
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after propagation different frequency components will have different radial
dependences. These effects and their implications for self-focusing have been
described by Rothenberg (1992).

13.3.3.  Supercontinuum Generation

When a short intense pulse propagates through a nonlinear optical medium, it
often undergoes significant spectral broadening. This effect was first reported
by Alfano and Shapiro (1970). The amount of broadening can be very signi-
ficant. For instance, using an 80-fsec pulse of peak intensity ~10'* W/cm?
propagating through 0.5 mm of ethylene glycol, Fork et al. (1983) observed a
broadened spectrum extending from 0.4 wg to 3.3 wg, where wy is the central
frequency of the input laser pulse. Supercontinuum generation has also been
observed in gases (Corkum et al., 1986). Many models have been introduced
over the years in attempts to explain supercontinuum generation. At present,
it appears that pulse self-steepening (Yang and Shen, 1984) leading to optical
shock-wave formation (Gaeta, 2000) is the physical mechanism leading to
supercontinuum generation.

13.4. Intense-Field Nonlinear Optics

Most nonlinear optical phenomena® can be described by assuming that the
material polarization can be expanded as a power series in the applied electric
field amplitude. This relation in its simplest form is given by

Pt)y=xVEDO +xPEO?+xPE@)>+---. (13.4.1)

However, for sufficiently large field strengths, this power series expansion
need not converge. We saw in Chapter 6 that under resonant conditions this
power-series description breaks down if the Rabi frequency Q2 = up, E/h as-
sociated with the interaction of the laser field with the atom becomes compa-
rable to 1/ 71, where T is the atomic excited-state lifetime. Even under highly
nonresonant conditions, Eq. (13.4.1) can become invalid. This breakdown will
certainly occur if the laser field amplitude E becomes comparable to or larger
than the atomic field strength

£ — e/dmey e/dmeg
“m ag " (Amegh?/me?)?

=6x 10" V/m, (13.4.2)

* The photorefractive effect of Chapter 11 being an obvious exception.
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which corresponds to an intensity of*

Iy = 3€0cEZ =4 x 10" W/em? = 4 x 1020 W/m?. (13.4.3)

at —

In fact, lasers that can produce intensities larger than 10°° W/cm? are
presently available (Mourou et al., 1998). In this chapter we explore some
of the physical phenomena that can occur through use of fields this intense.

Let us begin by considering briefly the conceptual framework one might use
to describe intense-field nonlinear optics. Recall that the quantum-mechanical
calculation of the nonlinear optical susceptibility presented in Chapter 3 pre-
supposes that the Hamiltonian of an atom in the presence of a laser field is of
the form

H=Hy+ V), (13.4.4)
where I:Io is the Hamiltonian of an isolated atom and \7(t) = —,uE (1)

represents the interaction energy of the atom with the laser field. Schrodinger’s
equation is then solved for this Hamiltonian through use of perturbation theory
under the assumption V () < Hy. For the case of intense-field nonlinear op-
tics, the nature of this inequality is the reverse—that is, the interaction energy
V(¢) is much larger than Hp. This observation suggests that it should prove
useful to begin our study of intense-field nonlinear optics by considering the
motion of a free electron in an intense laser field.

13.5. Motion of a Free Electron in a Laser Field

Let us initially ignore both relativistic effects and the influence of the magnetic
field associated with the laser beam. We assume the laser beam to be linearly
polarized and of the form E(t) = E(t))%, where E(t) = Ee " 4 c.c. The
equation of motion of the electron is then given by

mx =—eE(t) or mX=—eEe ' +cc, (13.5.1)
which leads to the solution
() =xe ' 4 cec., (13.5.2)
where

x=e¢E/mw’. (13.5.3)

* Here we take the peak field strength of the optical wave, which we assume to be linearly polar-
ized, to be Ey.
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The time-averaged kinetic energy associated with this motion is given by K =
%m(i ()?) or, since

() = (—iwx)e'® +c.c., (13.5.4)
by
22 2E2
e"E € Lpeak
K = — . 13.5.5
mw? dmw? ( )

This energy is known as the jitter energy (as it is associated with the oscillation
of the electron about its equilibrium position) or as the ponderomotive energy
(Kibble, 1966). This energy can be appreciable. By way of example, consider
a laser field of wavelength 1.06 um. One finds by numerical evaluation that
the ponderomotive energy is equal to 13.6 eV (a typical atomic energy) for
I=13x 10" W/cm? = 1.3 x 10'® W/m?, is equal to 4.2 keV for [ = I
(which is given by Eq. (13.4.3)), and is equal to mc*> = 500 keV for I =
4.8 x 10" W/ecm? = 4.8 x 102 W/m>.

The equation of motion (13.5.1) and its solution (13.5.2) are linear in the
laser field amplitude. Both magnetic and relativistic effects can induce non-
linearity in the electronic response. Let us consider briefly the influence of
magnetic effects; see also Problem 1 at the end of this chapter for a more
detailed analysis. The electric field of Eq. (13.5.1) has a magnetic field as-
sociated with it. Assuming propagation in the z direction, this magnetic field
is of the form ﬁ(t) = B(t)fi, where B(1) = Be'®" + c.c. and where, assuming
propagation in vacuum, B = E /c. Since according to Eq. (13.5.4) the electron
has a velocity in the x direction, it will experience a magnetic force F =v x B
in the z direction. The equation of motion for the z component of the velocity
is thus

mauw

mz = |:( — i)e"“’t + c.c.] [Be ' +c.c.]. (13.5.6)

The right-hand side of this equation consists of terms at zero frequency and at
frequencies +2w. When Eq. (13.5.6) is solved, one finds that the z-component
of the electron motion consists of oscillations at frequency 2w and amplitude
eEB/m?w® superposed on a uniform drift velocity. The velocity associated
with this motion leads to a magnetic force in the x direction at frequency 3w.
In similar manner, all harmonics of the laser frequency appear in the atomic
motion.*

As just noted, relativistic effects also lead to nonlinearities in the atomic
response. The origin of this effect is the relativistic change in electron mass

* This conclusion arises, for instance, as a generalization of the results of Problem 7 of Chapter 4.
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that occurs when the electron velocity becomes comparable to the speed of
light c. The resulting motion can be described in a relatively straightforward
manner. Landau and Lifshitz (1960) show that for a linearly polarized laser
beam of peak field strength Eo, i.e., E = Egcos(wt — wz/c), the electron
moves in a figure-8 pattern superposed on a uniform translational motion in
the z-direction. In the reference frame moving with the uniform translational
velocity, the electron motion can be described the equations

2
x:&cosn, y=0, Z:ESiHZU, (13.5.7)
w 8w
where
n=ow(-—2z/c), (13.5.8a)
B=eEo/y'w, (13.5.8b)
v =m?? + e Ej 207 (13.5.8¢)

For circularly polarized radiation described by Ey = Egcos(wt — wz/c),
E, = Epsin(wt — wz/c), the electron moves with uniform angular velocity in
a circle of radius ec Eq/y w?; this motion can be described by the equations

Be Be .
X = — coswt, y = —sinwt, z=0, (13.5.9)
w w

where B has the same definition as above. These conclusions are summarized
in Fig. 13.5.1. More detailed treatments of the motion of a free electron in
a laser field can be found in Sarachik and Schappert (1970) and in Castillo-
Herrara and Johnston (1993).

It is convenient to introduce a dimensionless parameter a to quantify the
strength of the applied laser field. This parameter can be interpreted as the
Lorentz-invariant, dimensionless vector potential and is defined by the rela-
tion

612—£—ﬂ (13.5.10)
T me? T m22w?’ o

This relation can also be expressed as

=——7, (13.5.11)
T mc

a

where ro = e2/4megmc? is the classical electron radius, A = 27¢/w is the
vacuum wavelength of the laser radiation, and 1 = %eocE 2 is the laser inten-
sity. The interpretation of the parameter a is that > < 1 is the nonrelativistic
regime, a> > 1 is the relativistic regime, and a® >> 1 is the ultrarelativistic
regime.
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(a) X (b)
A

FIGURE 13.5.1 Motion of a free electron in (a) a linearly polarized laser field and (b)
a circularly polarized field. Note that for linearly polarized light the motion is in the
xz plane and that for circularly polarized light is in the xy plane.

13.6. High-Harmonic Generation

High-harmonic generation is a dramatic process in which an intense laser
beam* illuminates an atomic medium and all odd harmonics gw of the laser
frequency w up to some cutoff order gmax are emitted in the forward direction.
It is found that most of the harmonics are emitted with comparable efficiency.
This observation demonstrates that high-harmonic generation is not a pertur-
bative (i.e., is not a x (9) process. For a perturbative process each successively
higher order would be expected to be emitted with a smaller efficiency. Har-
monic orders as large as ¢ = 221 have been observed (Chang et al., 1999).
High-harmonic generation is typically observed using laser intensities in the
range 10'4-10'® W/cm?.

Many of the features of high-harmonic generation can be understood in
terms of a model due to Corkum (1993). One imagines an atom in the pres-
ence of a linearly polarized laser field sufficiently intense to ionize the atom.
Even though the electron kinetic energy K might greatly exceed the ionization
potential /p of the atom, because of the oscillatory nature of the optical field
the electron will follow an oscillatory trajectory that returns it to the atomic
nucleus once each optical period, as illustrated in Fig. 13.6.1. Because of the
1/r? nature of the nuclear Coulomb potential, the electron will feel an appre-
ciable force and thus an acceleration only when it is very close to the nucleus.
The radiated field is proportional to the instantaneous acceleration, and the

* Intense in the sense that the ponderomotive energy K is much larger than the ionization
potential /p.
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FIGURE 13.6.1 (a) Trajectory of an electron immediately following ionization. The
electron experiences the intense laser field and thus oscillates at frequency . It emits
a brief pulse of radiation each time it passes near the atomic core. The radiation from
a collection of such electrons thus has the form shown in (b). The spectrum of the
emitted radiation is determined by the square of the Fourier transform of the pulse
train, and thus has the form shown in (c).

field radiated by any individual electron will thus consist of a sequence of
pulses separated by the optical period of the fundamental laser field. How-
ever, in a collection of atoms, roughly half of the ejected electrons will be
emitted near the positive maximum of the oscillating laser field and half near
the negative maximum, and consequently the emitted radiation will consist of
a sequence of pulses separated by half the optical period of the fundamen-
tal laser field. These pulses are mutually coherent, and thus the spectrum of
the emitted radiation is the Fourier transform of this pulse train, which is a
series of components separated by twice the laser frequency. Thus only odd
harmonics are emitted, in consistency with the general symmetry properties
of centrosymmetric material media, as described in Section 1.5.
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FIGURE 13.6.2 Schematic representation of the empirical relation hwgmax =
3.17K + Ip. The numerical factor of 3.17 is a consequence of detailed analysis of
the dynamics of an electron interacting simultaneously with an external laser field and
the atomic core.

Arguments based on energetics can be used to estimate the maximum har-
monic order gmax- The process of high-harmonic generation is illustrated sym-
bolically in Fig. 13.6.2. The energy available to the emitted photon is the sum
of the available kinetic energy of the electron less the (negative) ionization
energy of the atom. This line of reasoning might suggest gmaxfico = K + Ip,
but detailed calculations show that the coefficient of the kinetic energy term
is in fact 3.17, so

gmaxhow =3.17K + Ip. (13.6.1)

This prediction is in good agreement with laboratory data.

We conclude this section with a brief historical summary of progress in the
field of intense-field nonlinear optics and high-harmonic generation. Agos-
tini et al. (1979) reported the observation of a phenomenon that has come to
be called above-threshold ionization (ATI). This group measured the energy
spectra of electrons produced by photoionization and observed multiple peaks
separated by the photon energy Zw. This observation attracted great theoret-
ical interest because, according to then-current theoretical models based on
lowest-order perturbation theory, only one peak associated with the minimum
number of photons needed to produce ionization was expected to be present.
More recent work has included the possibility of double ionization in which
two electrons are ejected as part of the photoionization process (Walker et al.,
1994). One of the earliest observations of high-harmonic generation was that
of Ferray et al. (1988), who observed up to the 33rd harmonic with laser inten-
sities as large as 103 W/cm? using Ar, Kr, and Xe gases (Fig. 13.6.3). Kulan-
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FIGURE 13.6.3 Experimental data of Ferray et al. (1988) illustrating high-harmonic
generation.

der and Shore (1989) presented one of the first successful computer models
of high-harmonic generation. L’Huillier and Balcou (1993) observed HHG
using pulses of 1 psec duration and intensities as large as 10> W/cm?, and
observed harmonics up to the 135th order in Ne. Corkum (1993) presented the
theoretical model of HHG described in the previous two paragraphs. Nearly
simultaneously, Schafer et al. (1993) presented similar ideas along with exper-
imental data. Lewenstein et al. (1994) presented a fully quantum-mechanical
theory of HHG that clarified the underlying physics and produced quantitative
predictions. Chang et al. (1997) reported HHG in He excited by 26-fsec laser
pulses from a Ti: sapphire laser system operating at 800 nm. They observed
harmonic peaks up to a maximum of the 221st order and unresolved structure
up to an energy (460 eV or 2.7 nm wavelength) corresponding to the 297th
order. Slightly shorter wavelengths (A = 2.5 nm, Av = 500 eV) have been
observed by Schniirer et al. (1998). Durfee et al. (1999) have shown how to
phase match the process of HHG by propagating the laser beam through a
gas-filled capillary waveguide.
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13.7. Nonlinear Optics of Plasmas and Relativistic
Nonlinear Optics

A plasma is a partially or fully ionized gas. Plasmas play an important role in
nonlinear optics in two different ways: (1) Nonlinear optical processes such as
multiphoton ionization can create a plasma. The optical properties of the ma-
terial system are thereby modified even by the linear response of the plasma.
(2) A plasma (no matter how it is generated) can respond in an intrinsically
nonlinear manner to an applied optical field. In the present section we briefly
survey both sorts of nonlinear optical response.

Let us first consider the process of plasma formation. We let N, denote the
number of free electrons per unit volume and N; the corresponding number
of positive ions. We also let N7 denote the total number of atoms present,
both ionized and un-ionized. We assume that these quantities obey the rate
equation

dge = d% = (N7 — N)a™M I —rN,N;. (13.7.1)
Here o™ is the N-photon absorption cross section (see also Section 12.5)
and r is the electron—ion recombination rate. For short laser pulses of the sort
often used to study plasma nonlinearities, recombination is an unlikely event
and the last term in this equation can usually be ignored. In this case, the
electron density increases monotonically during the laser pulse.

Let us next consider the (linear) optical properties of a plasma. We found
above (Egs. (13.5.2) and (13.5.3)) that the position of an electron in the field
E(t) = Ee™ " 4 c.c. will vary according to X(f) = xe '’ + c.c. where
x = eE/mw?*. The dipole moment associated with this response is p(t) =
pe”'®! 4 c.c. = —eX(t). The polarizability «(w) defined by p = egat(w)E is
thus given by

62

a(w) = ———. (13.7.2)
€omw

The dielectric constant of a collection of such electrons is thus given by

Né?
e=1+Na(@)=1-—->, (13.7.3)
€0mw
which is often expressed as
) ) _NE
e=1——, where w,=—— (13.7.4)
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and where ), is known as the plasma frequency. For N sufficiently small that
a)lz7 < w?* (an underdense plasma), the dielectric constant is positive, n = /€
is real, and light waves can propagate. Conversely, for N sufficiently large that
a)f, > w? (an overdense plasma), the dielectric constant is negative, n = \/E is

imaginary, and light waves cannot propagate.
By way of comparison we recall that for a bound electron the linear polar-
izability is given (see Eq. (1.4.17) and note that x ) (w) = Negar(w)) by

2

€
() = L0 (13.7.5)

wi — ®* —2iwy
which in the highly nonresonant limit w < wg reduces to
o2

Obound = 5 (13.7.6)

€M,

Note that the polarizability of a free electron is opposite in sign and (for the
common situation w < wp) much larger in magnitude than that of a bound
electron. Thus the process of plasma formation makes a large negative contri-
bution to the refractive index. Note also that we have ignored the contribution
of the ionic core to the polarizability because it is very much smaller than the
electronic contribution because the mass of the ion is much larger than that of
the electron.

Let us next consider nonlinear optical effects that occur within a plasma.
There are two primary mechanisms of nonlinearity: (1) ponderomotive effects
and (2) relativistic effects.

Ponderomotive effects result from the tendency of charged particles such as
electrons to be expelled from regions of high field strength. These effects are
important only for laser pulses sufficiently long in duration for particle motion
to be important. Ponderomotive effects share an identical origin with the elec-
trostrictive effects described in Section 9.2; the effect is simply given a dif-
ferent name in the context of plasma nonlinearities. Despite the fact that «(w)
is negative for a free electron (the ponderomotive case) but positive for bulk
matter (the electrostrictive case), both effects lead to an increase in refractive
index. In the ponderomotive case, the electron, which makes a negative con-
tribution to the refractive index, is expelled from the laser beam, leading to an
increase in refractive index.

Another mechanism of nonlinearity in plasmas is relativistic effects (Wag-
ner et al., 1997). In a sufficiently intense laser beam (I > 10'® W/cm?) a free
electron can be accelerated to relativistic velocities in a half optical period.
This conclusion can be reached by equating the ponderomotive energy K of
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Section 13.5 with the value mc?, or can be reached in a more intuitive fashion

by noting that a field of strength
Erel = 2mc? [ he (13.7.7)

will accelerate an electron to relativistic velocities in a half optical period
(because A /2 is the distance traveled by a relativistic particle in a time 1/2v),
and further noting that the corresponding intensity / = %eocE r2e1 is of the order
of 10'8 W/cm?.

Even when the electron velocity is considerably less than velocity of light
in vacuum c, appreciable nonlinear effects can be induced by the relativistic
change in the electron mass, that is, the change in electron mass from m to
ym where

1
- J1=v2/c2

The value of the plasma frequency and consequently the refractive index of
the plasma is thereby modified such that

(13.7.8)

n*=1-—L, (13.7.9)
yw
where as before a)i = Ne?/egm. Detailed analysis (Max ez al., 1974; Sprangle
et al., 1987) shows that the value of the relativistic factor y to be used in
Eq. (13.7.9) is given in general (that is, even in the strongly relativistic limit)
by the expression

2752
eEO

2 _
4 —1+m2w262,

(13.7.10)

where E is the peak field amplitude of the incident laser field. In writing this
result in the form shown, we have assumed that the transverse contribution
to the velocity is much larger than the longitudinal component. Note that (by
comparison of Eq. (13.7.10) with Eqgs. (13.5.4), (13.5.3), and (13.7.8)) the
correct expression for the dielectric constant is obtained if the peak electron
velocity is used in conjunction with Eq. (13.7.8) to determine the value of y
to be used in Eq. (13.7.9).

We next calculate the nonlinear coefficient ny by determining the lowest-
order change in refractive index. The relativistic factor y is given by the
square root of expression (13.7.10), which to lowest order becomes
1 E}
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where the parameter x has been introduced for future convenience. We can
thus write Eq. (13.7.9 ) as

2 2

w w
2 )4 )4
=1-—r ~1-L21-
" w?(1+x) a)z( 2
2
w
=n(2)—|——127x, (13.7.12)
w

where n(z) =1- wf,/wz. We can thus express n as

2

1 w,
n>~ng+—-—-=x=ng+nol. (13.7.13)
2no w?
Setting [ = %noeocE2, we find that
760%62 (13.7.14)
2nZeom2c3w*

This expression gives the relativistic contribution to the nonlinear refractive
index. Note that this process is purely relativistic: Planck’s constant does not
appear in this expression. Note further that expression (13.7.14) can be rewrit-
ten in the intuitively revealing form

! (””)2[ A2 ] (13.7.15)
ny = — —_— .
2T\ o ) Lmed)/to/o) |

where A = 27c/w and ro = €2 /4megmc® = 2.6 x 10715 m is the classical
electron radius. The term in square brackets can be interpreted as the fun-
damental relativistic unit of nonlinear refractive index, that is, an area (12)
divided by the fundamental unit of power Py (the electron rest mass mc? di-
vided by the transit time of light across the classical radius of the electron).
Numerically we find that

_omc® (0.5 % 10%)(1.6 x 10719)
T (ro/e) (2.6 x 10715/3 x 108)
At a wavelength of A = 1 um, one thus finds that

1 2/ 10712 1 2 2
npy = 2<ﬂ> ( 9): 2<@) 1.1 x 10722 m_
2mng \ @ 9.2 x 10 2rng \ ® w

(13.7.17)

=92x10°W. (13.7.16)

Pre)

On the basis of the expression for n, just derived, one can calculate the
critical power for self-focusing in a plasma. Since in general the expression
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for the critical power is given by Eq. (7.1.10) as
0.61)722 22

P = ~ , 13.7.18
. 8nonay 8nonao ( )
we find through use of Eq. (13.7.14) that
T me2\2 [ w \? w \?
Py = —ngc| — — ) =67l — ) GW. (13.7.19)
4 e wp wp

An expression for the critical power was first derived by Sprangle et al. (1987)
using slightly different assumptions, yielding a similar expression but with the
factor (;r/4) in the first form replaced by 2 and thus the numerical factor 6.7 in
the second form replaced by 17. Relativistic self-focusing has been observed
experimentally by Monot et al. (1995). Note further that Eq. (13.7.19) can be
reexpressed in the suggestive form

2 2
P = zno<ﬂ) <£> (13.7.20)
4 wp ro/c

Here, as in Eq. (13.7.16), the last factor denotes the relativistic unit of optical
power.

13.8. Nonlinear Quantum Electrodynamics

We saw in the last section that there is a characteristic field strength E. =
2mc? /e at which relativistic effects become important. There is another field
strength Eqgp at which effects associated with the quantum vacuum become
important. This field strength is defined by the relations
mc? h
Egep = ——, where x.=—. (13.8.1)
eic mc
Here . = 3.6 x 107!! cm is the (reduced) Compton wavelength of the elec-
tron. The Compton wavelength is one measure of the size of the electron in
the sense that the position of the electron cannot be localized to an accuracy
better than #..* The QED field strength is thus a measure of the field strength

* This conclusion follows as a consequence of the time—energy uncertainty relation, which we take
in the form A E At 2> /i. We take the energy uncertainty to be the rest energy of an electron AE = mc?,
and we set the time uncertainty to Az = Ax/c. We thus find that the minimum uncertainty in position
is Ax = h/mc; we take this length as the definition of the reduced Compton wavelength #.. This
result can be understood more intuitively by noting that a photon of wavelength shorter than ~ .
would have an energy sufficiently large to create an electron—positron pair, thus rendering moot the
question of the location of the original electron.
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required to accelerate an electron to relativistic velocities in a distance of the

order of the size of the electron. Consequently a field of this magnitude is

large enough to lead to the spontaneous creation of electron—positron pairs.
The QED field strength is numerically given by

Eqep = 1.32 x 10" V/em = 1.32 x 102 V/m. (13.8.2)

The intensity of a wave whose peak field amplitude is equal to EQgp is con-
sequently

Igep = 3€0cEdgp =4 x 10% W /em?. (13.8.3)

This value exceeds the intensity that can be produced by the most powerful
lasers currently available. From a different perspective, Igep designates the
largest laser intensity that could possibly be produced, in that a laser field
of any larger intensity would essentially be instantaneously absorbed as the
result of electron—positron creation. Nonetheless, in the rest frame of a rela-
tivistic electron of energy E, produced, for example, by a particle accelerator,
the intensity of a laser beam is greatly increased by relativistic effects. This
increase occurs because the electric field strength in the electron rest frame is
larger than the field in the laboratory frame by the factor y = E/mc?. In fact,
electron—positron pair creation resulting from the interaction of a relativistic
electron with a laser beam has been observed experimentally (Burke et al.,
1997).

Nonlinear quantum electrodynamic effects have been predicted even for
field strengths considerably smaller than Eqgp. Euler and Kockel (1935) have
shown that there is an intrinsic nonlinearity to the electromagnetic vacuum
that leads to a field-dependent dielectric tensor of the form

e*h 5 5
€ik =Sk + W[Z(E — B”)Six +7B; By]. (13.8.4)
In this equation and in the remainder of this section gaussian units are used.
Note that the term containing (E> — B?) vanishes for electromagnetic plane
waves in vacuum, because of the relation |E| = |B|. The dielectric response
relevant to plane-wave laser beams is thus

sut " pg (13.8.5)
€ik =8ix + ———5—= Bi Bk, 8.
k T asamAd k
which can be expressed as
s L& BiBe (13.8.6)
€ik=0ik+ - 8.
457 hc EQED
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This form of the expression shows that indeed the nonlinear response of the
vacuum becomes appreciable only for B 2 EQEp.

Since the magnetic field (rather than the electric field) appears in the ex-
pression for the dielectric response, the tensor properties of the nonlinearity
of the vacuum are different from those of most other optical nonlinearities.
Nonetheless, by suppressing the tensor nature of the response, one can de-
scribe the nonlinearity in terms of a standard third-order susceptibility, and
such a description is useful for comparing the size of this effect with that
of other nonlinear optical processes. Since D = €¢E = E + 4w P, we see
that DNE = 47 PNL or that (working in the time domain, making use of
Eq. (13.8.6), and now explicitly indicating time-dependent quantities by a
tilde)

7 ¢* B’E ~
—= =47 xOE3. (13.8.7)
45 he EQED
Since B = E, we find that
7 2 1
X = e —144x 10 P esu. (13.8.8)
18072 he By,

Recall for comparison that, for CS,, X(3) =1.9 x 10712 esu. Alternatively,
the nonlinear refractive index coefficient is given by n, = (127%/¢)x ® or by

ny=5.6 x 1073 cm?/W. (13.8.9)

We saw in Chapter 7 that strong self-action effects are expected only if the
power of a laser beam exceeds the critical power for self-focusing

)\(2
8nony

P = (13.8.10)

We find by combining Eqgs. (13.8.9) and (13.8.10) that at a wavelength of
1 pum,

Py=44x102*W, (13.8.11)

which is considerably larger than the power of any laser source currently con-
templated.



586 13 < Ultrafast and Intense-Field Nonlinear Optics

Problem

1. Consider the nonrelativistic motion of a free electron in the laser field
E(z, 1) = Egcoswt X, B(z, 1) = By cos wt § with By = Eg. Assume that the
electron is injected into the field at rest at position x =0, y = 0 at time fo.
(a) Solve the equation of motion for the electron and thereby determine
x(t), y(@), z(t), ve (1), vy(t), and v, (¢) for all £ > fy. Plot the trajectory
of the electron of the electron motion, both in the laboratory frame and
in a reference frame in which the electron is on average at rest (specify
what frame this is). Note that some of these results depend on the value
of 1p; for those that do, show plots for several different values of 7.

(b) Ignoring the magnetic contribution, calculate the peak and time-
averaged kinetic energy of the electron.

(c) Repeat for circular polarization.
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Appendices

Appendix A. The SI System of Units

In this appendix we review briefly the basic equations of electromagnetism
when written in the SI (System International, or rationalized mksa) system of
units. Conversion between the SI and gaussian systems of units is summarized
in an additional appendix. The intent of this appendix is to establish notation
and not to present a rigorous exposition of electromagnetic theory.

In the SI system, mechanical properties are measured in mks units, that is,
distance is measured in meters (m), mass in kilograms (kg), and time in sec-
onds (s). The unit of force is thus the kg m/ sec2, known as a newton (N), and
the unit of energy is the kg m?/sec?, known as the joule (J). The fundamental
electrical unit is a unit of charge, known as the coulomb (C). It is defined such
that the force between two charged point particles, each containing 1 coulomb
of charge and separated by a distance of 1 meter, is 1 newton. More generally,
the force between two charged particles of charges g1 and g, separated by the
directed distance r = r¥, where T is a unit vector in the r direction, is given by

q192 .

F= r. A.l
4mregr? (A1)

This result is known as Coulomb’s law. The parameter €( that appears in this
equation is known as the permittivity of free space and has the value ¢y =
8.85x 10712 F /m. Here F is the abbreviation for the farad, which is defined
as 1 coulomb/volt. The unit of electrical current is the ampere (A), which is
1 coulomb/sec. The unit of electrical potential (i.e., potential energy per unit
charge) is the volt, which is 1 joule/coulomb.

In the SI system, Maxwell’s equations have the form*

9B
VXxE=——, (A.2a)
at
D
VxH="" 4, (A.2b)

* In this appendix, we dispense with our usual notation of using a tilde to denote time-varying
quantities.

589



590 Appendices
V-D=p, (A.2¢)
V-B=0. (A.2d)

The units and names of the field vectors are as follows:

[E]=V/m (electric field), (A.3a)
[D]=C /m2 (electric displacement), (A.3b)
[B]=T (magnetic field, or magnetic induction), (A.3¢)
[H] = A/m (magnetic intensity), (A.3d)
[P]=C /m2 (polarization), (A.3e)
[M]=A/m (magnetization). (A.31)

In Eq. (A.3c¢), T notes the tesla, the unit of magnetic field strength. The tesla is
equivalent to the Wb/ m2, where Wb denotes the weber, the unit of magnetic
flux, which is equivalent to 1 joule/ampere or to 1 volt second.

The vectors P and M are known as the polarization and magnetization,
respectively. The polarization P represents the electric dipole moment per unit
volume that may be present in a material. The magnetization M denotes the
magnetic dipole moment per unit volume that may be present in the material.
These quantities are discussed further in the discussion given below.

The two additional quantities appearing in Maxwell’s equations are the free
charge density p, measured in units of coulombs/m?>, and the free current
density J, measured in units of amperes/m?. Under many circumstances, J is
given by the expression

J=0E, (A4)

which can be considered to be a microscopic form of Ohm’s law. Here o is
the electrical conductivity, whose units are ohm~! m~!. The ohm is the unit
of electrical resistance and has units of volt/ampere.

The relationships that exist among the four electromagnetic field vectors
because of purely material properties are known as the constitutive relations.
These relations, even in the presence of nonlinearities, have the form

D = GOE + P, (ASa)
H=u,'B-M. (A.5b)

Here 110 is the magnetic permeability of free space, which has the value o =
1.26 x 107% H/m. Here H is the abbreviation for the henry, which is defined
as 1 weber/ampere or as 1 volt second/ampere.
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The manner in which the response of a material medium can lead to a non-
linear dependence of P upon E is of course the subject of this book. For the
limiting case of a purely linear response, the relationships can be expressed
(assuming an isotropic medium for notational simplicity) as

P=cox VE, (A.62)

M = xVH. (A.6b)

Note that the linear electric susceptibility x () and the linear magnetic suscep-
tibility X,ﬁf) are dimensionless quantities. We now introduce the linear relative

dielectric constant 1) and the linear relative magnetic permeability 1!, both
of which are dimensionless and are defined by

D = o VE, (A.72)
B = ;ou'VH. (A.7b)

We then find by consistency of Egs. (A.5a), (A.6a), and (A.7a) and of (A.5b),
(A.6b), and (A.7b) that

eM =140, (A.82)
uM =14 %D (A.8b)

The fields E and B (rather than D and H) are usually taken to constitute
the fundamental electromagnetic fields. For example, the force on a particle
of charge g moving at velocity v through an electromagnetic field is given by
the Lorentz force law in the form

F=4[E+ (vxB)]. (A.9)

A.1.  Energy Relations and Poynting’s Theorem

Poynting’s theorem can be derived from Maxwell’s equations in the following
manner. We begin with the vector identity

V. ExH =H-(VxE)—E-(VxH) (A.10)

and introduce expressions for V x E and V x H from the Maxwell equations
(A.2a) and (A.2b) to obtain

9B BD} =-J-E. (A.11)

V. ExH+|H = +E.- 2
(B x H[ ar T o
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Assuming for simplicity the case of a purely linear response, the second term
on the left-hand side of this equation can be expressed as du/d¢, where

u=3E-D+B-H) (A.12)

represents the energy density of the electromagnetic field. We also introduce
the Poynting vector

S=E xH, (A.13)

which gives the rate at which electromagnetic energy passes through a unit
area whose normal is in the direction of S. Equation (A.11) can then be written
as
ou
V-S—i-E:—J-E, (A.14)
where J - E gives the rate per unit volume at which energy is lost to the field
through Joule heating.

A.2.  The Wave Equation

A wave equation for the electric field can be derived from Maxwell’s equa-
tions, as described in greater detail in Section 2.1. We assume the case of a
linear, isotropic, nonmagnetic (i.e., 4 = 1) medium that is free of sources (i.e.,
p =0 and J = 0). We first take the curl of the first Maxwell equation (A.2a),
reverse the order of differentiation on the right-hand side, replace B by poH,
and use the second Maxwell equation (A.2b) to replace V x H by 0D/dt to
obtain

VxVxE D (A.15)
XVXE=—puy—-. .
o 92
On the left-hand side of this equation, we make use of the vector identity
VxVxE=V(V-E)— V’E, (A.16)

and drop the first term because V - E must vanish whenever p vanishes in an
isotropic medium because of the Maxwell equation (A.2c). On the right-hand
side, we replace D by €y (VE, and set poeq equal to 1/¢>. We thus obtain the
wave equation in the form
(1) 52
e’ 9°E
~V?E+ —— =0. A7
c2 012 ( )

This equation possesses solutions in the form of infinite plane waves—that is,

E =Epe!®r=) 4 cc., (A.18)
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where k and w must be related by
k=nw/c where n= \/6(_1) and k= k|
The magnetic intensity associated with this wave has the form
H =Hpe' ®™ " 4 c.c. (A.19)

Note that, in accordance with the convention followed in this book, factors
of % are not included in these expressions. From Maxwell’s equations, one can
deduce that Eg, Hp, and k are mutually orthogonal and that the magnitudes of
Ej and Hy are related by

n|Eo| =/ 1o/€o [Hol. (A.20)

The quantity +/s0/€o is known as the impedance of free space and has the
value 377 ohms. Since €yuo = 1/c?, the impedance of free space can alterna-
tively be written as «/io/€0 = 1/€gc.

In considerations of the energy relations associated with a time-varying
field, it is useful to introduce a time-averaged Poynting vector (S) and a
time-averaged energy density (u). Through use of Egs. (A.18)—(A.20) and the
defining relations (A.12) and (A.13), we find that these quantities are given

by

(S) = 2n\/e0/ o | Eol*k = 2negc| Eo |k, (A.21a)
(u) = 2neg| Eol?, (A.21b)

where K is a unit vector in the k direction. In this book the magnitude of the
time-averaged Poynting vector is called the intensity / = |(S)| and is given by

I =2n\/eo/ o | Eol*> = 2neoc| Eol>. (A.22)

A.3.  Boundary Conditions

There are many situations in electromagnetic theory in which one needs to
calculate the fields in the vicinity of a boundary between two regions of space
with different optical properties. The way in which the fields are related on the
opposite sides of the boundary constitutes the topic of boundary conditions.

To treat this topic, we first express the Maxwell equations in their integral
rather than differential forms. We recall the divergence theorem, which states
that, for any well-behaved vector field A, the following identity holds:

/V-AdV:/A-nda. (A.23)
v s
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The integral on the left-hand side is to be performed over a closed three-
dimensional volume V and the integral on the right-hand side is to be per-
formed over the surface S that encloses this volume. The quantity n repre-
sents a unit vector pointing in the outward normal direction. If the divergence
theorem is applied to Maxwell’s equations (A.2c) and (A.2d), one obtains

/D-nda:/ pdV, (A.24)

S \%

/B-nda =0. (A.25)
S

The first of these equations expresses Gauss’s law, and the second the absence
of magnetic monopoles.

We can similarly express the two “curl” Maxwell equations in integral form
through use of Stokes’s theorem, which states that for any well-behaved vector
field A

/(VxA)-nda:/ A-dl (A.26)
S C

Here S is any open surface, C is a curve that bounds it, and dl is a directed
line element along this curve. When this theorem is applied to Maxwell’s
equations (A.2a) and (A.2b), one obtains

B
/E-dl:—[—'nda, (A.27)
C S ot

oD
‘/‘H‘dl:‘/‘<—+J) -nda. (A.28)
c s\ 0t

The first of these equations expresses Faraday’s law, and the second expresses
Ampere’s law with the inclusion of Maxwell’s displacement current.

We are now in a position to determine the nature of the boundary conditions
on the electromagnetic fields. We refer to Fig. A.1, which shows the interface
between regions 1 and 2. We first imagine placing a small cylindrical pill box
near the interface so that one circular side extends into region 1 and the other
into region 2. We apply Eq. (A.24) to this situation. We next imagine shrinking
the height of the pill box while keeping the areas of the two surfaces fixed. By
such a limiting procedure, we are assured that the value of the surface integral
is dominated by the fields on the two circular surfaces. We further assume that
the pill box is sufficiently small that the fields are essentially constant over
these surfaces. Even though the surface integrals then remain appreciable, the
volume integral will vanish so long as p remains finite, because the volume
over which the integration is performed will tend to zero as the height of
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curve C

region 1

region 2

FIGURE A.1 Constructions used to determine the boundary conditions of the electro-
magnetic fields at the interface (surface S) between regions 1 and 2.

the pill box is shrunk. The only situation in which the volume integral can
be nonvanishing is that in which p diverges somewhere within the region of
integration, for example, if there is charge located on the surface separating
regions 1 and 2. If we let ¥ denote the surface charge density—that is, the
charge per unit area located on the surface, we find that the boundary condition
on D is given by

Dy —-D;1)-n=%. (A.29)

The boundary condition on B is found much more simply. Since the right-
hand side of Eq. A.25 vanishes, we find immediately that

(B, —Bj)-n=0. (A.30)

Equation (A.30) tells us that the normal component of the B field must be con-
tinuous at the boundary. Equation (A.29) tells us that the normal component
of the D field can be discontinuous but only by an amount equal to the charge
density accumulated on the surface. This free-charge density can be appre-
ciable for the case of metallic surfaces. However, the surface charge density
vanishes at the interface between two dielectric materials.

The boundary conditions for E and H can be determined by considering the
path integral shown at right-hand side of the figure. We assume that the long
sides of the path lie parallel to the surface, one on each side of the interface.
We further assume the limiting situation in which the short sides and very
much shorter than the long sides. In this situation the line integrals are dom-
inated by the long sides of the paths, and the surface integrals tend to vanish
because the area of the region of integration tends to zero. The surface inte-
grals of 0B/d¢ and 0D/dt always vanish for this reason. However, the surface
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integral of J can be nonvanishing if J diverges anywhere within the region
of integration. This can occur if there is a surface current density js, of units
A/m, at the boundary between the two materials. As a consequence of these
considerations, Egs. (A.27) and (A.28) become

(E2 —E)) xn=0, (A.31)
Hy —Hp) xn=j;. (A.32)

The first of these equations states that the tangential component of E is al-
ways continuous at an interface, whereas the second states that the tangential
components of H is discontinuous by an amount equal to the surface current
density j;. Again, the surface current density must vanish for the interface
between two dielectric media.

Further reading

Jackson, J.D., 1999. Classical Electrodynamics, Third Edition. Wiley, New York.
Stratton, J.A., 1941. Electromagnetic Theory. McGraw-Hill, New York.

Appendix B. The Gaussian System of Units

In this appendix we review briefly the basic equations of electromagnetism
when written in the gaussian system of units. Our treatment is a bit more
abbreviated than that of Appendix A on the SI system.

In the gaussian system, mechanical properties are measured in cgs units,
that is, distance is measured in centimeters (cm), mass in grams (g), and time
in seconds (s). The unit of force is thus the gcm/sec?, known as a dyne,
and the unit of energy is the g cm?/sec?, known as the erg. The fundamental
electrical unit is a unit of charge, known either as the statcoulomb or sim-
ply as the electrostatic unit of charge. It is defined such that the force be-
tween two charged point particles, each containing 1 statcoulomb of charge
and separated by 1 centimeter, is 1 dyne. More generally, the force between
two charged particles of charges g; and g, separated by the directed distance
r = rt where T is a unit vector in the r direction is given by

F=2102¢ (B.1)

The unit of current is thus the statcoulomb/sec, which is known as the statam-
pere, or simply as the electrostatic unit of current. The unit of electrical poten-
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tial (i.e., potential energy per unit charge) is the erg/statcoulomb, also known
as the statvolt.
In the gaussian system, Maxwell’s equations have the form

190B
VXE=———, (B.2a)
c dt
19D 4
VxH=-2"4+77. (B.2b)
c ot c
V.-B=0, (B.2¢)
V-D=4mp. (B.2d)

A remarkable feature of the gaussian system is that the four primary field
vectors (i.e., the electric field E, the electric displacement field D, the mag-
netic induction B, and the magnetic intensity H, as well as the polarization
vector P and the magnetization vector M, which will be introduced shortly)
all have the same dimensions—that is,

[E] = [D] = [B] = [H] = [D] = [M]

statvolt  statcoulomb erg \ /2
= = 5 = gauss = oersted = (_g3) . (B.3)
cm cm cm

By convention the name gauss is used only in reference to the field B
and oersted only with the field H. The two additional quantities appearing
in Maxwell’s equations are the free charge density p, measured in units
of statcoulomb/cm3, and the free current density J, measured in units of
statampere /cm”. Under many circumstances J is given by the expression

J=0E, (B.4)

which can be considered to be a microscopic form of Ohm’s law, where o is
the electrical conductivity, whose units are inverse seconds.

The relationships among the four electromagnetic field vectors are known
as the constitutive relations. These relations, even in the presence of nonlin-
earities, have the form

D =E +47P, (B.5a)
H=B— 47M. (B.5b)

The manner in which the response of a material medium can lead to a non-
linear dependence of P upon E is of course the subject of this book. For the
limiting case of a purely linear response, the relationships can be expressed
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(assuming an isotropic medium for notational simplicity) as
P=x"VE, (B.6a)
M = xVH. (B.6b)

Note that the linear electric susceptibility x ‘" and the linear magnetic suscep-
tibility X;SP are dimensionless quantities. If we now introduce the linear di-
electric constant €1 (also known as the dielectric permittivity) and the linear

magnetic permeability 1, both of which are dimensionless and are defined
by

D =¢VE, (B.7a)
B = VH, (B.7b)
we find by consistency of Egs. (B.5a)—(B.7a) and (B.5b)—(B.7b) that
eD =1447xD, (B.8a)
D =14 47D, (B.8b)

The fields E and B (rather than D and H) are usually taken to constitute
the fundamental electromagnetic fields. For example, the force on a particle
of charge ¢ moving at velocity v through an electromagnetic field is given by

F=q(E+§xB>. (B.9)

Poynting’s theorem can be derived from Maxwell’s equations in the follow-
ing manner. We begin with the vector identity

V.- ExH)=H-(VXE)—E-(VxH) (B.10)

and introduce expressions for V x E and V x H from the Maxwell equations

(B.2a) and (B.2b), to obtain

‘V.(E H) + D . 2B g 20 J-E (B.11)
— X — — — —-J-E. .
47 ot ot

Assuming for simplicity the case of a purely linear response, the second term
on the left-hand side of this equation can be expressed as du/d¢, where

1
u=—(E-D+B-H) (B.12)
8

represents the energy density of the electromagnetic field. We also introduce
the Poynting vector

S= —E x H, (B.13)
4
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which gives the rate at which electromagnetic energy passes through a unit
area whose normal is in the direction of S. Equation (B.11) can then be written
as

V-S—i—é;—b;z—J-E, (B.14)

where J - E gives the rate per unit volume at which energy is lost to the field
through Joule heating.

A wave equation for the electric field can be derived from Maxwell’s equa-
tions, as described in Section 2.1, and for a linear, isotropic nonmagnetic (i.e.,
@ = 1) medium that is free of sources has the form

—V2E+£82—E =0. (B.15)
2 9r?
This equation possesses solutions in the form of infinite plane waves—that is,
E=Eoe'*" ") tcc, (B.16)
where k and w must be related by

k=nw/c, where n=+veW andk = |K]|.
The magnetic field associated with this wave has the form
B =Bpe' * " fc.c. (B.17)

Note that, in accordance with the convention followed in the book, factors
of % are not included in these expressions. From Maxwell’s equations, one can
deduce that Eg, Bg, and k are mutually orthogonal and that the magnitudes of
Eq and By are related by

n|Eo| = [Bo]. (B.18)

In considering the energy relations associated with a time-varying field, it is
useful to introduce a time-averaged Poynting vector (S) and a time-averaged
energy density (u). Through use of Egs. (B.16)-(B.18), we find that these
quantities are given by

nc A
(S) = glEolzk, (B.19a)
(u) = ElEol , (B.19b)

where Kk is a unit vector in the k direction. In this book the magnitude of the
time-averaged Poynting vector is called the intensity / = |(S)| and is given by
I = (nc/27)|Eol|*.
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Further reading

Jackson, J.D., 1975. Classical Electrodynamics, Second Edition. Wiley, New York.

Marion, J.B., Heald, M.A., 1980. Classical Electromagnetic Radiation. Academic Press,
New York.

Purcell, E.M., 1965. Electricity and Magnetism. McGraw-Hill, New York.

Appendix C. Systems of Units in Nonlinear Optics

There are several different systems of units that are commonly used in nonlin-
ear optics. In this appendix we describe these different systems and show how
to convert among them. For simplicity we restrict the discussion to a medium
with instantaneous response so that the nonlinear susceptibilities can be taken
to be dispersionless. Clearly the rules derived here for conversion among the
systems of units are the same for a dispersive medium.

In the gaussian system of units, the polarization P(r) is related to the field
strength E(r) by the equation

P)=xVEO + xPE*()+ xPE*®) +---. (C.1)

In the gaussian system, all of the fields E s 13, D, B, H , and M have the same
units; in particular, the units of P and E are given by

(C.2)

- [E] __statvolt _ statcoulomb [ erg 12
cm cm? cm? ’

Consequently, we see from Eq. (C.1) that the dimensions of the susceptibili-
ties are as follows:

X(l) is dimensionless, (C.3a)
1 cm erg -2
D=|=|= =—= C.3b
] |:E:| statvolt (cm3) ' (€.35)
1 cm? erg -
N=|=|=z=—=(—=) . C3
] |: E~2i| statvolt? (cm3> (C.3¢)

The units of the nonlinear susceptibilities are often not stated explicitly in the
gaussian system of units; one rather simply states that the value is given in
electrostatic units (esu).

While there are various conventions in use regarding the units of the sus-
ceptibilities in the SI system, by far the most common convention is to replace
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Eq. (C.1) by
Pt)y=eo[xVEO)+xPE* )+ xPVE0) + -], (C.4)
where
€0 =28.85x 1072 F/m (C.5)

denotes the permittivity of free space. Since the units of P and E in the MKS
system are

- C
[P]:F, (C.62)
-V
[E]:a, (C.6b)

and since 1 farad is equal to 1 coulomb per volt, it follows that the units of the
susceptibilities are as follows:

X(l) is dimensionless, (C.7a)
1 m

(@] = [E} =5 (C.7b)
1 m?

[x¥]= [E} = (C.7¢)

C.1. Conversion between the Systems

In order to facilitate conversion between the two systems just introduced, we
express the two defining relations (C.1) and (C.4) in the following forms:

XPE@  xPEXr)

P(t) = x“’E(t)[l + +} (zaussian), (C.1")

5D 5D
Q) E 3) g2

5 = X WE®)  x“E(1) ,

P(f)=€ox(l)E(f)|:1+ 0 P +.-- [ (MKS). (C4)

The power series shown in square brackets must be identical in each of these
equations. However, the values of E, x D, x@ and x@ are different in
different systems. In particular, from Egs. (C.2) and (C.5) and the fact that
1 statvolt = 300 V, we find that

E (MKS) =3 x 10*E (gaussian). (C.8)

To determine how the linear susceptibilities in the gaussian and MKS systems
are related, we make use of the fact that for a linear medium the displacement
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is given in the gaussian system by

D=E+4nP=E(1+4mx"V), (C.9)
and in the MKS system by
D=eE+P=cE(1+x"). (C.9b)
We thus find that
x P (MKS) = 47 xV (gaussian). (C.10)

Using Egs. (C.8) and (C.92)—(C.9b), and requiring that the power series of
Egs. (C.1) and (C.4’) be identical, we find that the nonlinear susceptibilities
in our two systems of unit are related by

4 .
X(z) (MKS) = 3 104)((2) (gaussian)
=4.189 x 107*x @ (gaussian), (C.11)
® MKS) = — T @3 -
x ( ) = Gx 104)2)( (gaussian)

=1.40 x 1078x® (gaussian). (C.12)

Appendix D. Relationship between Intensity and Field Strength

In the gaussian system of units, the intensity associated with the field
E(t)= Ee ' +c.c. (D.1)
is
nc
I=—|E), (D.2)
2
where n is the refractive index, ¢ =3 x 10'0 cm/sec is the speed of light in
vacuum, / is measured in erg/cm? sec, and E is measured in statvolts/cm.

In the MKS system, the intensity of the field described by Eq. (D.1) is given
by

€\ 1/2 2n
I:2n(—0> EP? = 2\ E? = 2nec| E) (D.3)
2% Zy

where €y = 8.85 x 10712 F/m, o =47 x 1077 H/m, and Zy =377 Q. I is
measured in W/m?, and E is measured in V/m. Using these relations we can
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TABLE D.1 Relation between field strength and intensity
Conventional Gaussian (cgs) SI (mks)
1 I E I E
(erg/cm2 sec) (statvolt/cm) (W/mz) (V/m)
1 kW/m? 100 0.0145 103 4.34 x 102
1 W/em? 107 0.0458 104 1.37x103
1 MW/m? 10° 0.458 100 1.37x 10%
1 kW/cm? 1010 1.45 107 434x10%
1 GW/m? 1012 1.45 x 10 10° 434 x10°
1 MW /cm? 1013 458 1010 1.37 x 10°
1 TW/m? 1015 4.58 x 102 1012 1.37 x 107
1 GM/cm? 1016 1.45x 103 1013 434 %107
1 ZW/m? 1018 1.45x 104 1015 434x108
1 TW/cm? 1019 4.85x 10 1016 1.37x 10°

obtain the results shown in Table D.1. As a numerical example, a pulsed laser
of modest energy might produce a pulse energy or Q = 1 mJ with a pulse
duration of T = 10 nsec. The peak laser power would then be of the order of
P = Q/T =100 kW. If this beam is focused to a spot size of wy = 100 um,
the pulse intensity willbe I = P/x w% ~0.3 GW/cm?.

Appendix E.

Physical Constants

TABLE E.1 Physical constants in the cgs and SI systems

Constant Symbol Value Gaussian (cgs) ¢ SI (mks) ¢
Speed of light in vacuum c 2.998 1010 cm/sec 108 m/sec
Elementary charge e 4.803 10710 esu
1.602 10~ ¢
Avogadro number Ny 6.023 1023 mol 103 mol
Electron rest mass m=me 9.109 1028 g 10731 kg
Proton rest mass mp 1.673 10724 g 1027 kg
Planck constant h 6.626 10727 erg sec 10734 Jsec
h=h/2n 1.054 10727 erg sec 10734 Jsec
Fine structure constant ” o= ez/ hc 1/137 - -
Compton wavelength of
electron rc =h/mc 2.426 10710 ¢m 10712 m
Rydberg constant Roo =me*/21%  1.09737  10% cm™! 107 m~!
Bohr radius ap :7‘12/me2 5.292 107 cm 10~1'm
Electron radius © re =e2/mc? 2.818 10713 cm 1075 m
Bohr magneton wus =eh/2mec 9273 102! erg/G 10724 /T

=  14MHz/G

(continued on next page)
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TABLE E.1 (Continued)

Constant Symbol Value  Gaussian (cgs) ¢ SI (mks) ¢
Nuclear magneton b Uy =eh/2mpc 5.051 10724 erg/G 10-%7 J/T
Gas constant R 8314 107 erg/Km 10% J/K mole
Volume, mole of ideal gas Vo 2241  10% cm? 1072 m3
Boltzmann constant kp 1381 10716 erg/K 10723 J/K
Stefan—Boltzmann constant o 5670 107> erg/cm2 seckK* 1078 W/m2 K4
Gravitational constant G 6.670 1078 dyne cm? / g2 10~ Nm? /kg2
Electron volt eV 1.602 10712 erg 107197

@ Abbreviations: C, coulombs; mol, molecules; g, grams; J, joules; N, newtons; G, gauss; T, teslas.

b Defining equation is shown in the gaussian CGS system of units.

TABLE E.2 Physical constants specific to the SI system

Constant Symbol ¢ Value ¢
Permittivity of free space €0 8.85 x 10712 F/m
Permeability of free space o 47 x 1077 H/m
Velocity of light in free space (60“0)—1/2 =c 2.997 x 108 m/sec
Impedance of free space (1o/€0)"/? = Zy = oc 377 Q

@ Abbreviations: F, farad = coulomb/volt, H, henry = weber/ampere.

TABLE E.3 Conversion between the systems

Im =100 cm

1kg =1000 g

1 newton = 10° dynes

1 joule =10’ erg

1 coulomb = 2.998 x 10 statcoulomb
1 volt = 1/299.8 statvolt

1 ohm =1.139 x 10712 sec/cm

1 tesla = 10* gauss ¢

Ifarad = 0.899 x 1012 cm
lhenry =1.113x 10-12 secz/cm

@ Here, 1 tesla=1 weber/mz; 1 gauss = 1 oersted.
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Moving focus model (of self focusing) 342

Multiphoton absorption 543, 549-551,
553, 555, 557, 559, 560

Multiphoton ionization and dissociation
543, 579

N
Negative-frequency components 34
Nematic phase 271
Nitrogen 427, 454
Noncentrosymmetric media 3, 22, 23
Nonlinear Schrodinger equation 381, 388,
562, 566
Nonlocal response 448
Nonresonant excitation 32, 144, 147, 179,
184,223
Normal dispersion 79, 81

(o]
Octopole moment 259
Oersted (unit of magnetic field) 597, 604
Ohm’s law 535, 590, 597
Optical activity 220, 268, 269
Optical bistability 15, 16, 359-363, 365,
367, 385, 386, 389
absorptive 359, 360, 385
refractive 15, 359, 360, 386
Optical damage 12, 368, 468, 469, 543,
544, 546, 548, 549, 559, 560
threshold for 548
Optical indicatrix 513-515
Optical parametric oscillation 10, 110
Optical phase conjugation 186, 343-345,
347, 349, 351-353, 355, 357, 384,
385, 389
Optical rectification 5, 7, 27
Optical shock waves 569, 571
Optical switching 359, 361, 363, 365,
367-369, 386
Optimum focusing (in SHG) 131
Ordinary polarization 82
Orthogonal transformation 512
Orthonormality condition 139, 552
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Orthorhombic (crystal) 43, 47, 55, 82
Oscillator strength 166, 260
sum rule for 166

P
Parametric amplification 9, 105, 107-109,
112
Parametric and nonparametric processes 14
Parametric fluorescence 10
Paraxial wave equation 116, 117, 130, 335
Parity, definite or fixed 257,279
Pauli principle 244
Permittivity 2, 72, 73, 431, 589, 598, 601,
604
Perturbation theory 137, 138, 145, 176,
256, 314, 315
Perturbation theory, time-independent 253
Perturbation theory of atomic wave function
137,180
Phase conjugation 186, 342-347, 349,
351-358, 384, 385, 389, 390,
448-453, 470, 471, 507
aberration correction by 344, 345
by stimulated Brillouin scattering 448,
449, 451
polarization properties of 355, 356, 385,
389, 453, 507
vector 343, 344, 355-358, 507
Phase of focused Gaussian beam 250
Phase shift (as origin of two-beam coupling)
369
Phase-matching 8, 10, 69, 77, 79, 81-84,
131,413, 414, 488
and Stokes—anti-Stokes coupling in
stimulated Raman scattering 488
as the Bragg condition 416
methods of achieving 81
quasi-phase-matching 84, 85, 87, 88,
116, 129
Phonon lifetime 408, 438, 447, 460, 468
Photon energy-level 9
Photon occupation number 475-477
Photonic switching 186, 389
Photorefractive effect 52, 211, 374,
523-526, 539, 540, 571
Photovoltaic current 527, 530
Physical constants 3, 420, 603, 604

Planar alignment (of liquid crystal) 272
Plasma frequency 241, 580, 581
Plasma nonlinearities 579, 580
Plasma screening effects 242, 243
Pockels effect 511, 525
Point groups 43, 51, 64
Poisson probability distribution 401
Polar crystals 51, 52
Polarizability 3, 167-169, 195, 196, 228,
230, 233, 234, 264-266, 399, 480
Polarization 1,2,4,5,37,41-44, 81, 269,
408, 409, 506, 507, 590
ellipse 217, 220, 507, 520
nonlinear 5-13, 19, 20, 33, 34, 3741,
124, 208, 209, 214-216, 347, 348,
356-358
second-order 5, 57, 143, 269
Polarization, third-order 10, 28, 57, 65,
235,263
Polarization unit vector 217, 249, 343,
344, 355, 357, 529, 533
Polydiacetylene 212, 221
Ponderomotive effects 573, 580
Ponderomotive energy 573, 575, 580
Population decay rate 141, 156, 169, 320
Population inversion 282, 294, 312, 315
Power broadening 278, 289
Power series expansion 4, 24, 37, 254, 291,
379, 563
Poynting theorem 36, 130, 591, 598
Poynting vector 77, 84, 397, 592, 593, 598,
599
Probability amplitude 139, 140, 151, 157,
296, 306, 309, 553, 556
Pulse compression (by stimulated Brillouin
scattering) 448, 469
Pulse duration, laser damage dependence on
546, 547
Pulse propagation 375, 377, 379, 381, 382,
386, 387, 390, 561-563, 565, 567
for ultrashort pulses 561
Pump depletion (in stimulated Brillouin
scattering) 442, 448

Q
Quadrupole moment 258, 259
Quantum electrodynamics, nonlinear 583



Quantum mechanics 66, 91, 135, 137, 141,

150-153, 155, 204, 274

Quartz 50,79, 270

Quasi-phase-matching 85, 87, 132

R

Rabi frequency 188, 191, 288, 292, 304,

306, 311-313, 315, 324

Rabi oscillations 278, 301, 303, 305-307,

309, 311-313, 327
damped 312,313
Rabi sidebands 324

Racemic mixtures 269, 270

Raman anti-Stokes scattering 474
Raman scattering 17, 455, 478, 493

spontaneous 17

stimulated 17, 455, 479, 493

Raman—Nath scattering (in acoustooptics)

423,424

Raman Stokes scattering 473, 474
Raman susceptibility 483-486

Rate equation 527, 579

Rate-of-dilation tensor 457
Rayleigh resonance 325, 326
Rayleigh scattering 464, 465

spontaneous 465
stimulated 464, 465

Rayleigh-wing scattering 392, 394, 473,

501-509

polarization properties of 506-508
spontaneous 392, 393, 473
stimulated 392, 473, 501-509

Reality of physical fields

48

Recombination, electron-hole 241, 579
Reflection, nonlinear optics in 122, 123

Refractive index, calculated quantum

mechanically 223

Relativistic effects 572, 573, 580, 583, 584

relativistic change in mass 573, 581

Relaxation processes 137, 280, 281, 284,

285, 296, 327

Relaxation time 282, 392, 503, 525, 535

Residue theorem 59

Resonance, one-, two-, and three-photon

22,136, 149, 173, 204, 325, 326, 357

Resonance enhancement

135, 136, 149

Index
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Resonant excitation 4, 137, 168, 169, 222,
279,293, 353

Response time 211, 221, 237, 239, 241,
272,327, 503, 535

Retardation 210, 519-523, 534

Retarded time 381, 564

Rotating wave approximation 553

Rotation of the polarization ellipse 219,
220, 249

Rydberg constant 150, 243

Rydberg levels of atom 150

S
Sapphire 228, 578
Saturable absorption 15, 105, 277
Saturation 1, 4, 15, 226, 244, 247, 277,
278, 289-291, 313, 314
effects 1, 4,244, 247,278
intensity 15, 277, 290, 291, 293, 361
spectroscopy 313, 314
Scattering of light 391-394, 396, 397,
400-402, 404, 405, 427, 429, 506
cross section  395-400, 427, 474, 477,
478
from moving grating 373
scalar 394
spontaneous 429
tensor 394
Scattering of light, scattering coefficient
394-396, 402, 404, 405, 427, 429
Schrodinger picture 159
Second-harmonic generation 1, 5-8, 20,
25, 26, 39-41, 96, 97, 101-105,
120-123, 129-132
Self-action effects 209, 329-331, 333, 335,
337,339, 341, 388, 585
Self-broadening (of atomic resonance) 283
Self-focusing 12, 329-333, 335, 337,
339-342, 383, 388, 538, 582, 583
critical power for 329, 340, 582, 585
self focusing angle 331, 332
transient 342
Self-induced transparency 387
Self-phase modulation 375-377, 381, 382,
386
Self-steepening 561, 568-571
Self-trapping 329, 330, 332-336



612

Semiconductor nonlinearities
243, 245, 252

Sidebands 324, 388, 481, 482, 494

Silica, fused 212, 228, 237, 238, 249, 383,
407, 468, 568

Silicon 527

Simultaneous equations 94

240, 241,

Singly resonant optical parametric oscillator
108, 111-113

Slow light 186, 325

Slowly-varying amplitude approximation
439, 462

Sodium vapor 150

336, 375, 381-383, 387, 539

spatial 336, 383, 539

Sound, velocity of 406, 407, 414, 416, 419,
435, 437, 438, 454, 458

Sound absorption coefficient

Space-time coupling 570

Spatial symmetry 42, 46, 52, 211

Specific heat 412

Speckle 450, 452

Spontaneous and stimulated light scattering
contrasted 429

Spontaneous emission 169, 281

Square-well potential 273, 274

Stark effect 226, 254, 326

Statcoulomb 596, 597, 600, 604

Stimulated emission 553

Solitons

408, 439, 459

Stimulated emission depletion 105

Stimulated Rayleigh scattering 17, 325,
429, 455457, 459, 461, 463-467

Stochastic properties of stimulated Brillouin
scattering 448

Stokes relation 367, 467, 468

for viscosity 427, 453, 467

Stokes scattering 409, 411, 412, 436, 441,
466, 473, 474

Stokes—anti-Stokes coupling 324, 488,
495, 508

Strain-optic tensor 416

Sum-frequency generation 7-9, 19, 20, 40,
41, 69, 70, 74, 78-80, 91-93, 128, 186

Supercontinuum generation 571

Surface nonlinear optics 104

Susceptibility 22,27, 31, 32, 34, 37, 123,
135, 142, 143,511

Index

in quasi-static limit 255

32,37, 142, 143, 288, 511
calculated using density matrix 161

nonlinear 22, 31, 32, 34, 37, 122, 123,

135,211, 212,214, 511

of two-level atom 291

Raman 483-486

34,122, 123, 142, 147,

linear

second-order
511
third-order 22, 27, 32, 147, 212, 214,
227,322,434
Systems of units 3, 128, 589, 600, 601

T

Tensor properties 28, 63, 64, 234, 249,
270, 479, 506, 528, 585

249

of the molecular orientation effect

Tetragonal crystals 43, 55, 82

Thermal conductivity 236, 237, 407, 412,
547

Thermal equilibrium 156, 169, 202, 203,
231, 234, 241, 282, 405, 474

Thermal nonlinear optical effects
252

Thermal stimulated Brillouin and Rayleigh
scattering 456

Thermodynamics, first law of 433

Third-harmonic generation 11, 62, 105,
120-122, 130, 135, 136, 147-150,
200, 214

Thomas—Fermi screening 266

Thompson scattering 400

of isotropic materials
249

235-239,

Three-photon resonance 136, 149, 325,
326
Threshold condition 110, 111

Time-domain description 52, 53, 55, 57

Titanium dioxide 212

Tomography 105

Total internal reflection 333, 334

Trap density 531, 532, 540

284

Triclinic crystal 43, 55, 82

Trigonal crystal 43, 54, 82

Two-beam coupling 528
photorefractive 528, 534

535, 540

Trap level

transient



Two-level approximation 277, 278

Two-level atom 157, 158, 245, 278-281,
283-285, 293, 301, 302, 312, 313,
315, 326, 327

density matrix treatment of 158

Two-photon absorption 16, 17, 131, 203,
213, 246, 368, 369, 549, 550, 556,
557, 559

Type I and type II phase matching 81

U
Ultrafast nonlinear optics 586
561, 566
Undepleted-pump approximation 93, 96,

98

Underdense plasma 580
Uniaxial crystals 43, 82,516
Upconversion 91, 128

Ultrashort laser pulses

\Y%
Valence band 241, 243, 244

Vector potential, dimensionless 574

Index
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Vibrations, molecular 481
Virtual transitions 241, 245
Viscosity 407, 427, 453, 454, 466, 467

w
212, 237, 395, 407, 413, 420, 427,
429, 550
Wave equation 4, 5, 69-75, 116, 117, 323,
324, 335, 338, 407, 562-565, 592
acoustic 438

Water

‘Wavefront radius of curvature 118, 384

Wavefunction 137-139, 151, 152, 157,
180, 184, 187, 192, 302, 307, 308

Wavelength tuning of optical parametric
oscillator 111

‘Wavevector mismatch 78, 79, 85-87, 103,
121, 131, 323, 324, 350, 420, 487

A
Z-scan 383, 384
Zincblende structure 49, 51
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