Preface to the Second Edition

The “supercontinuum” (SC) has become one of the hottest topics to study
in optical and photonic sciences since the first book on the supercontinuum
was published, entitled The Supercontinuum Laser Source, by Springer in
1989. That book, now becoming Part I in this second edition, reviewed the
progress achieved on the experimental and theoretical understanding of the
ultrafast nonlinear and linear processes responsible for the supercontinuum
generation and related applications occurring over 20 years since its discov-
ery by Robert R. Alfano and Stanley Shapiro in 1969.

There is a great need for a sequel part covering the recent worldwide surge
of research activity on the supercontinuum phenomena and the numerous
technological applications that have occurred over the past 15 years. This void
will partly be covered in this new rejuvenated second edition, called Part II,
by an overview of the recent advances with an updated compendium of ref-
erences on the various breakthroughs to understand the supercontinuum and
its new diverse applications.

The supercontinuum is the generation of intense ultrafast broadband
“white-light” pulses spanning the ultraviolet to the near infrared that arises
from the nonlinear interaction and propagation of ultrafast pulses focused
into a transparent material. The supercontinuum can be generated in differ-
ent states of matter—condensed media (liquids and solids) and gases. The
supercontinuum is one of the most dramatic and elegant effects in optical
physics. The conversion of one color to white-light is a startling result. This
is multicolored light with many of the same desirable properties as conven-
tional laser light: intense, collimated, and coherent. The supercontinuum has
a beam divergence as good as that of the input pump laser pulse. Moreover,
the coherence length of the supercontinuum is comparable with that of an
incoherent white-light source from a light bulb. The interference pattern mea-
sured for the supercontinuum from a pair of filaments in water shows a con-
stant phase relationship between the supercontinuum produced by each
filament. There is a constant phase relationship between the pump laser pulse
and its supercontinuum. The white-light supercontinuum is an ideal tunable
ultrafast white-light laser source. Supercontinuum has overtaken the study of
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other nonlinear optical effects such as second harmonic generation (SHG)
and two-photon absorption for usefulness in a number of diverse applica-
tions. The supercontinuum field is still active after 36 years, and is today
finding new and novel uses.

Various processes are involved in the supercontinuum generation. When-
ever an intense ultrashort laser pulse propagates through a medium, it
changes the refractive index from the distortion of the atomic and molecu-
lar configuration, which in turn changes the phase, amplitude, and frequency
of the incident pulse. The phase change and amplitude change can cause a
frequency sweep of the carrier wave within the pulse envelope and can alter
the envelope and spatial distribution (self-focusing). There are various mech-
anisms responsible for the index of refraction change in material with inten-
sity. The frequency broadening mechanisms are electronic cloud distortion,
reorientational, librations, vibrational, and molecular redistribution, to name
the major ones. The operation of these mechanisms depends on its relaxation
time relevant to the laser pulse duration. The relaxation times associated with
electronic distribution is of the order of Bohr orbit time ~150as; reorienta-
tion time is ~1ps; rocking and libration response about the field is ~1ps;
vibrational dephasing is ~0.1 ps; and molecular motion is ~1 ps. Most of these
mechanisms are involved in the supercontinuum generation with 100fs to ps
laser pulses.

Soon after the supercontinuum discovery in 1969, it initially found appli-
cations in time-resolved pump-supercontinuum probe absorption and
excitation spectroscopy to study the fundamental picosecond (107*s) and
femtosecond (107°s) processes that occur in biology, chemistry, and solid-
state physics. Briefly, in biology, the primary events in photosynthesis and
vision were explored; in chemistry, a better understanding of the basic chemi-
cal dynamical steps in reactions and nonradiative processes in photoexcited
chemicals was achieved; and in solid-state physics, the underlying kinetics of
how elementary excitations behave and relax, such as optical phonons, polari-
tons, excitons, and carriers (electrons and holes) dynamics among the inter-
valleys and intravalley of semiconductors, were unraveled.

With the advent of microstructure fibers, there has been a rebirth of the
supercontinuum field in the type of applications in which the supercontin-
uum can play a decisive role. These applications include frequency clocks,
phase stabilization and control, timing, optical coherence tomography
(OCT), ultrashort pulse compression, optical communication, broad spec-
trum LIDAR, atmospheric science, lighting control, attosecond (107'8s) pulse
generation, and coherence control.

Over the past several years, supercontinuum generation in microstructure
photonic crystal fibers by ultrashort pulse propagation has become a subject
of great interest worldwide. The main reasons are the low pulse energies
required to generate the supercontinuum; its coherences and high brightness
makes the continuum an ideal white-light source for diverse applications; and
the effects of zero dispersion and anomalous dispersion regions has resulted
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in higher-order solutions generation, pulse compression, and an ultrabroad-
band continuum exceeding 1000nm, extending from the ultraviolet to the
infrared spectral regions.

In microstructural fibers, when pump wavelength lies in an anomalous dis-
persion region, it is the solitons that initiate the formation of the continuum.
In a normal dispersion region, self-phase modulation is the process that ini-
tiates the continuum generation. The combination of four-wave mixing and
Raman processes extends the spectral width of the continuum. In that regard,
the pulse duration of an ultrafast laser determines the operational mecha-
nisms—for 10fs to 1000fs laser pulses, self-phase modulation and soliton
generation dominates; and for pulses >30ps, stimulated Raman and four-
wave mixing play a major role in extending the spectra. Of course, the pump
wavelength location, relative to the zero dispersion wavelength and the anom-
alous dispersion region, plays a role in the active mechanism and coherence
region of the supercontinuum. The supercontinuum spectra can span more
than a two-optical octave bandwidth spread from 380nm to 1600 nm using
200fs pulses with energy in the tens of nanojoules. The span over an octave
(i.e., 450nm to 900nm) is important in controlling the phase of the carrier
wave inside the pulse envelope of a mode-locked pulse train. Using the fand
2f waves in the supercontinuum, the carrier-envelope offset (CEO) phase can
be detected using heterodyne beating between the high-frequency end of the
supercontinuum with the doubled low end frequency of the supercontinuum
in an interferometer. These phase-controlling effects are important for main-
taining the accuracy of frequency combs for clocking and timing in metrol-
ogy, high-intensity atomic studies, and attosecond pulse generation.

The increasing worldwide demand for large-capacity optical communica-
tion systems needs to incorporate both the wavelength and time. The ultra-
broad bandwidth and ultrashort pulses of the supercontinuum may be the
enabling technology to produce a cost-effective superdense wavelength divi-
sion multiplexing (>1000A) and time multiplexing for the future Terabits/s to
Pentabits/s communication systems and networks. The supercontinuum is an
effective way to obtain numerous wavelength channels because it easily gen-
erates more than 1000 optical longitudinal modes while maintaining their
coherency.

The propagation of ultrahigh power femtosecond pulses ~100 GW (10mJ
at 100fs) in “air” creates the supercontinuum from the collapse of the beam
by self-focusing into self-guided small-size filaments. These filament tracks in
air are more or less stable over long distances of a few kilometers due to the
balance between self-focusing by the nonlinear index of refraction (7,) and
the defocusing by the ionized plasma formation via multiphoton ionization.
The supercontinuum in air can be used to monitor the amount of trace gases
and biological agents in aerosols in the backscattering detection geometry for
LIDAR applications. Furthermore, remote air ionization in the atmosphere
by the intense femtosecond pulses in the filaments plasma (uses the super-
continuum as the onset marker) has the potential to trigger, control, and
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guide lightning from one point to another and possibly even induce conden-
sation by seeding clouds to make rain. This approach may be able to secure
and protect airports and power stations from lightning and may be used to
collect and store energy from lightning. Moreover, creating an ionized fila-
ment track in a desirable region may be used to confuse and redirect the
pathway of incoming missiles for defense.

This new second edition will consist of two parts. The major portion
(Part I) of the new book will be the reprinting of Chapters 1 to 10 from the
first edition. These chapters lay down the understanding and foundation of
the birth of the supercontinuum field. They go over the salient experimental
and theoretical concepts in the research works produced up to 1989. The
second part of this new second edition includes a new chapter (Chapter 11)
highlighting the supercontinuum coherence and 10 additional chapters
(Chapters 12 to 21) listing updated references of papers on the recent
advances made in our understanding and applications of supercontinuum.
These papers will be referenced and arranged within a topical group where
a brief overview of the key features of these papers within a topic will
be presented.

The following are the selected topics to be highlighted in the new
Chapters 12 to 21 of updated references:

* Supercontinuum generation in materials (solids, liquids, gases, air).

* Supercontinuum generation in microstructure fibers.

* Supercontinuum in wavelength division multiplex telecommunication.

* Femtosecond pump—supercontinuum probe for applications in semicon-
ductors, biology, and chemistry.

* Supercontinuum in optical coherence tomography.

* Supercontinuum in femtosecond carrier-envelope phase stabilization.

* Supercontinuum in ultrafast pulse compression.

* Supercontinuum in time and frequency metrology.

* Supercontinuum in atmospheric science.

* Coherence of the supercontinuum.

Special thanks to Ms. Lauren Gohara and Dr. Kestutis Sutkus for their
assistance in the production of the second edition.

New York, New York ROBERT R. ALFANO
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