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This article serves as an introduction to the focus issue on optical solitons. After a short review of
the history of solitons and the field of integrable systems, a brief overview of the development of
nonlinear optics and optical solitons is provided. Next, the various contributions to this focus issue
are presented, and a few separate remarks are devoted to optical communications, where solitons
promise to play a decisive role in the next generation of commercial systems. ©2000 American
Institute of Physics.@S1054-1500~00!02303-X#
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Interest in optical solitons has grown steadily in recent
years. The field has considerable potential for technologi-
cal applications, and it presents many exciting research
problems both from a fundamental and an applied point
of view. New optical devices are in various stages of de
velopment; soliton information processing looms on the
horizon. At the same time, basic research in nonlinear
optical phenomena maintains its vitality. In the last de-
cade, many distinguished physicists and applied math-
ematicians have contributed to some or all of these areas
However, to a large extent the various communities
involved—engineers, physicists and mathematicians—
still operate within their own boundaries. One of the pur-
poses of this volume is to feature articles which bring
together different perspectives, with the hope of stimulat-
ing future interaction between researchers with different
backgrounds. In this introductory article we take the oc-
casion to briefly review the parallel development of soli-
tons and nonlinear optics before introducing the various
articles contained in this volume.

SOLITONS AND NONLINEAR PHENOMENA

The study of physical phenomena by means of ma
ematical models is an essential element in both theore
and applied sciences. Often such models lead to nonlin
systems, and, in a surprisingly large number of cases
certain prototypical equations. Solitons are an intrinsica
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nonlinear phenomenon, and their history is intimately co
nected to the development of the theory of nonlinear wa
equations.

The first observation of a solitary wave occurred in A
gust 1834, when Scottish engineer Scott Russell describ
large ‘‘wave of translation,’’ propagating for miles in a na
row barge canal.1 Russell’s discovery generated a lively co
troversy as to whether the inviscid equations of water wa
would possess such solutions. Several people contribute
the effort of trying to understand the phenomenon, includ
Airy,2 Boussinesq3 and Korteweg and de Vries~KdV!, who
in 1985 derived and studied a nonlinear wave equatio
which now bears their name—as a model for the evolution
long waves in a shallow one-dimensional water chann4

The controversy was then resolved when it was shown
the KdV equation admits solitary wave solutions.

It would be almost seventy years before these findin
would be taken any further. In the meantime, other proble
appeared which would eventually be connected to Russ
discovery. In 1847 Stokes had obtained a series solutio
the water wave equations, describing a periodic nonlin
wave train in deep water.5 The series was formally proven t
be convergent by Levi Civita in 1926.6 However, Benjamin
and Feir showed in 1967 that the Stokes wave~and in fact
any uniform wave train in sufficiently deep water! is modu-
lationally unstable.7 Meanwhile, in 1965 Fermi, Pasta an
Ulam numerically integrated the ordinary differential equ
tions which describe a set of coupled anharmo
oscillators—now called the Fermi–Pasta–Ulam~FPU!
problem—in order to understand the mechanisms which l
to thermal equilibrium. The equipartition of energy su
gested that the nonlinearity would quickly cause the ene
© 2000 American Institute of Physics
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contained in the initial condition to be redistributed amo
all the modes, thus driving the system to equilibrium. Ho
ever, to their great surprise, they found that only a very sm
number of modes were actually participating in the dyna
ics, and that the energy flowed back and forth among them
a recurrent pattern.8

The explanation of all these effects came with a bre
through in our understanding of nonlinear phenomena
1965 Zabusky and Kruskal, while studying the FPU pro
lem, re-derived the KdV equation as a continuum appro
mation, and they discovered through numerical simulati
that the solitary wave solutions to the KdV equation had
property which was previously unknown: namely, the fa
that these solutions interacted ‘‘elastically’’ with each othe9

Because of this particle-like property, they termed these
lutions solitons. Shortly after this discovery, Gardne
Greene, Kruskal and Miura pioneered what was to deve
into a new method of mathematical physics by solving
initial value problem for the KdV equation using the ideas
direct and inverse scattering.10 One year later, Lax genera
ized these ideas,11 and in 1971 Zakharov and Shabat show
that the method worked for another physically significa
nonlinear evolution equation, the nonlinear Schro¨dinger
~NLS! equation12—which is the underlying mechanism fo
the Benjamin–Feir instability in water waves. Then in 19
Ablowitz, Kaup, Newell and Segur showed how those te
niques could be used to solve a wide class of nonlinear e
lution equations. They also showed that these methods
the analog of the Fourier transform for nonlinear problem13

They called the procedure theinverse scattering transform
~IST!.

Since then the theory of solitons and integrable syste
has blossomed into a rich and diverse field, and it would
impossible to do it justice in such a short space as this.
refer the interested reader to well-known monographs14–19

for further details on the subject.
In passing, we mention that the term ‘‘soliton’’ is use

in optics to describe a localized pulse that travels withou
change in shape, an entity which the mathematics com
nity refers to as a solitary wave. Historically speaking, so
tons were defined as those solutions which asymptotic
preserve their speed and amplitude upon interaction. T
correspond to the poles of the scattering coefficient in
underlying scattering problem, and as such only exist
integrable problems~that is, problems solvable by IST!,
while solitary waves exist for a much broader class of n
linear wave equations. Nonetheless, it is quite common,
pecially in the optics community, to refer to these solita
wave pulses as solitons, and we will conform to this conv
tion.

NONLINEAR OPTICS AND OPTICAL SOLITONS

The realm of nonlinear optics consists of those pheno
ena for which the optical properties of a material depe
upon the strength of the applied field. Typically, only las
light is sufficiently intense to modify the optical properties
a system. Therefore it is not a coincidence that the beginn
of nonlinear optics is traditionally taken to be 1961, whe
-
ll
-
in

-
n
-
i-
s
a
t

o-

p
e
f

t

-
o-
re

s
e
e

a
u-
-
ly
ey
e
r

-
s-

-

-
d
r

g
,

just one year after the invention of the laser,20 Franken, Hill,
Peters and Weinreich reported the generation of a sec
harmonic by focusing a laser beam through a crystall
quartz.21 After this demonstration, several experiments fo
lowed in rapid succession. The generation of the sum of
different frequencies was achieved by the same group
1962,22 difference frequency by Smith and Braslau in t
same year,23 optical rectification was reported by Ward an
Franken in 196424 and the first optical parametric oscillato
was demonstrated by Giordamaine and Miller in 196525

Meanwhile, Armstrong, Bloembergen, Ducuing and Persh
published a comprehensive study26 including the calculation
of nonlinear susceptibilities and a complete theory for
interactions of two and three electromagnetic waves. P
neering work on these problems was also collected in a b
by Akhmanov and Khokhlov.27

The previous effects manifest themselves in quadr
media, that is, media where the material response depend
the square of the amplitude of the electric field. During t
same years, a number of authors also considered propag
of an intense laser beam in a cubic medium, including Ch
Garmire and Townes,28 Kelley,29 Talanov30 and Ostrovsky.31

In this case the nonlinearity results in an intensity-depend
contribution to the index of refraction, which is responsib
for the self-focusing of the optical beam. The evolution
the beam profile in such media was then found to be g
erned by a multi-dimensional NLS equation. From a mo
general point of view, Benney and Newell showed that
NLS appears as a universal equation which describes
slow modulation of a weakly nonlinear wave packet.32

Several other physical effects were discovered within
short period. As a result, nonlinear processes acquired
creasing importance in optics, and eventually evolved into
independent field, whose interest has grown rapidly.
scope now ranges from fundamental studies of the inte
tion of light with matter to technological applications such
frequency conversion and optical switching. Depending
the particular physical situation, the fundamental physi
phenomena possible include multiphoton absorption
emission, generation of harmonics, parametric effects, sti
lated scattering, generation of highly coherent and hig
nonstationary radiation, the occurrence of field-depend
optical material parameters, optical bistability, phase con
gation and saturation phenomena.

One of the areas of nonlinear optics which has attrac
considerable attention in the last twenty years is the field
soliton communication systems: we devote the next sec
to this specific topic. Many technological applications of o
tical solitons are being actively pursued, including solit
switching, pulse compression and wavelength convers
Corresponding physical problems which feature optical s
tons are second-harmonic generation, three-wave inte
tions, self-induced transparency, together with gap solito
incoherent solitons, etc. Some of these areas are discuss
the articles contained in this volume; for the others we re
the reader to the many books33–38and review articles39–42on
the subject.

This focus issue includes both review articles and ori
nal results. The contributions can roughly be classified
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two broad categories: a first group of papers is devoted
fiber-optic solitons, which we discuss separately in the n
section. The second group of papers spans several areas
first three articles in this group are devoted to propaga
phenomena which go beyond the limits of the NLS equati
The article by Gromov and Talanov deals with su
picosecond solitons in fibers; Moloneyet al.present a review
of the physics of femtosecond pulses propagating in air,
Blair offers a detailed study of nonparaxial effects for spa
solitons. Two articles are devoted to gap solitons: Ace
provides an extensive review of the topic, while Trilloet al.
focus on gap solitons in quadratic media. The remain
three articles in this volume deal with somewhat differe
problems: Akhmediev and Ankiewicz present a review
multi-soliton complexes; Cundiff, Collings and Bergman r
port on the experimental observation of a new type of s
tons, so-called polarization-locked solitons; finally, Pan
et al. study the effect of symmetric perturbations of a tw
soliton solution of NLS.

OPTICAL COMMUNICATIONS

Over the past thirty-five years, soliton research has b
conducted in fields as diverse as particle physics, molec
biology, quantum mechanics, geology, meteorology, oce
ography, astrophysics and cosmology. But the area of so
research which is technologically most significant is c
rently the study of solitons in optical fibers, where t
sought-after goal is to use soliton pulses as the informa
carrying ‘‘bits’’ in optical fibers. Optical communications i
a wonderful example of how the interplay between ma
ematics and more applied research has generated signifi
technological advances: Historically, soliton research a
optical communications started as two separate fields. In
last twenty years, however, technological advances in c
ventional transmission systems have often inspired par
developments in soliton systems andvice versa, up to the
point where the two transmission techniques have becom
similar that they can be considered just as two different
alizations of the same type of system—the nonlinear opt
transmission line.43

Hasegawa’s article in this issue provides an excell
introduction to the history of soliton communication sy
tems, including its history, and we will not repeat it her
Several monographs and reviews are also available.37,38,44–46

The rate at which data can be transmitted has increase
four orders of magnitude over the last decade alone; Na
zawa’s article provides an account of soliton transmiss
experiments performed in recent years at NTT laboratori

One of the most striking developments for soliton tran
mission systems in the last few years was the introductio
dispersion management. This is the practice of alterna
fibers with opposite sign of chromatic dispersion along
transmission line, a technique already well-known for co
ventional systems.47 Mathematically, this translates int
large and rapidly varying terms in the NLS equation, whi
alter dramatically its structure and its solutions. These so
tions, so-called ‘‘dispersion-managed’’ solitons, are char
terized by a number of remarkable properties which have
to
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analog for ‘‘classical’’ NLS solitons. From a fundament
point of view, these properties arise from the fact that
unlike the case when small perturbations are considered—
asymptotic behavior of a system with strong dispersion m
agement is not described by the NLS equation; instead,
dynamics is asymptotically governed by a nonlocal equat
which is found by averaging the NLS over the large a
rapid variations of the fiber dispersion.48,49 A number of
techniques have been developed in the last few year
study systems with strong dispersion management; the ar
by Cautaerts, Maruta and Kodama contains an overview
these techniques and a discussion of their relative merits

The recent development of optical fiber fabrication tec
niques that suppress the water absorption peak in the 1
nm wavelength region50 opens up the possibility of massiv
wavelength-division multiplexing across the whole wav
length range from 1200 to 1600 nm. Two complementa
ways to exploit this enormous capacity consist of increas
the number of channels and increasing the single-cha
bit-rate. However, in both cases the difficulties facing t
designers of communication systems are basically the sa
and arise from the interplay of four basic impairments:51 ~i!
chromatic dispersion;~ii ! nonlinearity; ~iii ! amplifier noise;
and ~iv! birefringence effects, which are also calle
polarization-mode dispersion~PMD!. The first three effects
have been extensively studied, at least for classical solit
The last one has gained considerable attention in the last
years, and is rapidly becoming one of the main factors wh
limit the performance of transmission systems at very h
bit rates. The remaining two articles devoted to soliton co
munications deal with polarization effects: Lakoba and P
novky study the existence of internal modes in scalar a
vector DM solitons, while Chen and Haus discuss the eff
of PMD on the soliton solutions of the integrable coupl
NLS equation~i.e., the Manakov system52!.

CONCLUDING REMARKS

Optical solitons have established themselves as a ce
presence in the study of physical phenomena. The field
still evolving at a very rapid pace, and we will not try t
predict the next developments. Whatever directions the fi
will take, however, we are confident that it will continue
offer exciting topics from both a mathematical and from
physical point of view, as well as providing problems whic
have direct relevance for concrete technological applicatio
We hope that this volume will provide a reference tool
well as an introduction for scientists interested in this top
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