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I. INTRODUCTION

Spectral broadening and the generation of new fre-
quency components are inherent features of nonlinear
optics, and have been studied intensively since the early
1960s. A fascinating perspective on the history of this
subject has been given by Bloembergen �2000�. The par-
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ticular process known as supercontinuum �SC� genera-
tion occurs when narrow-band incident pulses undergo
extreme nonlinear spectral broadening to yield a broad-
band �very often a white light� spectrally continuous out-
put. Supercontinuum generation was first reported by
Alfano and Shapiro �1970a, 1970b� in bulk glass, and has
since been the subject of numerous investigations in a
wide variety of nonlinear media, including solids, or-
ganic and inorganic liquids, gases, and various types of
waveguide.

Supercontinuum generation has found numerous ap-
plications in such diverse fields as spectroscopy, pulse
compression, and the design of tunable ultrafast femto-
second laser sources. In a telecommunications context,
the spectral slicing of broadband SC spectra has also
been proposed as a simple way to create multiwave-
length optical sources for dense wavelength division
multiplexing applications. An extensive review of the re-
search into SC generation and its applications before
1990 is given in Part I of the monograph by Alfano
�2006�. An overview of this early work is given in Sec. II.

The advent of a new class of optical waveguides in the
form of the photonic crystal fiber �PCF� in the late 1990s
attracted widespread interest throughout the scientific
community, and has led to a revolution in the generation
of ultrabroadband high brightness spectra through SC
generation �Ranka et al., 2000a; Knight, 2003; Russell,
2003�. The characteristics of PCFs that have led to such
interest relate to their guidance properties that yield
single-mode propagation over broad wavelength ranges,
their enhanced modal confinement and therefore el-
evated nonlinearity, and the ability to engineer their
group velocity dispersion �Reeves et al., 2003�.

The design freedom of PCFs has allowed SC genera-
tion to be observed over a much wider range of source
parameters than has been possible with bulk media or
conventional fibers. For example, experiments have re-
ported SC generation using unamplified input pulses of
durations ranging from tens of femtoseconds to several
nanoseconds, and even using high-power continuous-
wave �CW� sources. Supercontinuum generation in
PCFs has subsequently been widely applied in interdis-
ciplinary fields such as optical coherence tomography,
spectroscopy, and, particularly, in optical frequency me-
trology. In this field it has led to the development of a
new generation of optical clocks, and has opened up
new perspectives to study limits on the drift of funda-
mental physical constants �Jones et al., 2000; Holzwarth
et al., 2001; Udem et al., 2002�. The award of one-half of
the 2005 Nobel Prize in Physics to Hall and Hänsch is of
course a measure of the tremendous significance and im-
pact of this work in precision frequency metrology.

Because of the evident significance of PCF-generated
supercontinua, a complete understanding of the various
underlying physical mechanisms is of prime importance.
Somewhat paradoxically, however, the ease with which
SC generation in PCF has been observed experimentally
has actually made it relatively difficult to understand in
clear physical terms. In particular, the wide range of fi-
ber types, pulse durations, and pulse energies that have

been used in experiments has led to confusion in isolat-
ing the relative contributions of processes such as self-
and cross-phase modulation, four-wave mixing, modula-
tion instability, soliton fission, dispersive wave genera-
tion, and Raman scattering. As a result, significant mis-
understanding has developed in the existing literature,
and incorrect identification of the underlying physical
processes corresponding to particular experimental con-
ditions is not unusual. This naturally represents a disad-
vantage for researchers who are not specialists in non-
linear ultrafast optics, because it appears that there is no
straightforward way in which to interpret the physics of
what is clearly a phenomenon of much interest.

Our objective here is to address this problem, and to
present a unified discussion of the various nonlinear SC
spectral broadening processes. We structure our review
around numerical simulations that illustrate the SC gen-
eration characteristics for conditions covering the typical
experimental parameter range. We focus on the under-
lying physics of the nonlinear spectral broadening pro-
cesses and aim to complement existing, more general,
descriptions of PCF nonlinearities that have been given
by Knight �2003�, Russell �2003�, and Zheltikov �2004�.
In this way, we hope that the reader will be well pre-
pared to study in detail more specific discussions of SC
applications such as those by Hansen �2005� and
Smirnov et al. �2006�.

The paper is organized as follows. In Sec. II, we
briefly review previous SC generation experiments in
bulk media and conventional optical fiber in order to
classify the various physical mechanisms involved. We
also review a selection of results studying SC generation
in PCF, but without attempting to discuss in any depth
the underlying physics, which is treated later. In order to
allow the advantages of PCFs for SC generation to be
appreciated, it is necessary to consider briefly their par-
ticular nonlinear and dispersive characteristics, as cov-
ered in Sec. III. Our discussion of the SC spectral broad-
ening mechanisms relies heavily on numerical
simulations, and the underlying modeling aspects are de-
scribed in Sec. IV.

A detailed analysis of the SC broadening mechanisms
is presented in terms of the injected pulse duration in
two broad classes: the femtosecond regime �Secs. V and
VI� and the regime using longer picosecond or nanosec-
ond pulses or continuous-wave fields �Sec. VII�. Because
many important applications of SC generation use fem-
tosecond pulses, we consider this regime in more detail,
and attempt to present a “deconstruction” of the SC
generation process in terms of a number of key constitu-
ent nonlinear and dispersive processes. For both classes
of pulse duration, results from numerical simulations are
complemented by a review and discussion of experimen-
tal results. In many cases, results obtained in PCFs
have inspired similar work using optical fiber tapers or
highly nonlinear fibers �HNLFs� presenting comparable
enhanced nonlinearity, and reference is made to signifi-
cant results obtained using these technologies where
relevant.
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In Sec. VIII, we consider other issues related to SC
generation and nonlinear pulse propagation in PCFs
that might be expected to form the basis of continuing
research in this field. Section IX concludes with a sum-
mary of criteria to consider when selecting a SC for a
specific application, and a brief discussion of possible
next steps.

II. INTRODUCTORY LITERATURE REVIEW

In this section, we provide an overview of the nonlin-
ear optics literature as it relates to the SC generation
process. We begin by reviewing work studying broad-
band spectral generation in bulk media and in conven-
tional optical fibers, and then briefly review the results
obtained in PCFs. For the latter case, we concentrate on
the most influential work in the field, as more detailed
technical discussion and review is given in Secs. V–VIII.

A. Results in bulk media

In the first observation of SC generation, Alfano and
Shapiro �1970a� reported the generation of a white light
spectrum covering the entire visible range from 400 to
700 nm after propagating 5 mJ picosecond pulses at
530 nm in bulk BK7 glass. Shortly afterward, similar re-
sults were reported independently by Bondarenko et al.
�1970�. It is important to note that the nonlinear spectral
broadening of laser light was not completely new at the
time, having been observed earlier by Stoicheff �1963�.
Indeed, Jones and Stoicheff �1964� had even applied a
relatively narrow “continuum” of light in what was the
first inverse Raman spectroscopy measurement. Spectral
broadening had also been reported in CS2 �Brewer,
1967� and correctly interpreted in terms of the nonlinear
process of self-phase modulation �SPM� �Shimizu, 1967�.

What made the experiment of Alfano and Shapiro
�1970a� so exciting was the sheer extent of the spectral
width of the generated light, more than 10 times wider
than anything previously reported. Interestingly, the au-
thors do not particularly emphasize this aspect in their
publication. Their work is actually dedicated to the first
identification of nonresonant four-photon coupling, i.e.,
four-wave mixing. The term “supercontinuum” was not
even used in Alfano and Shapiro’s paper, and was only
introduced later �Manassah et al., 1984, 1985�. In the
meantime, the phenomenon of SC generation was re-
ferred to as superbroadening �Bondarenko et al., 1970;
Il’ichev et al., 1972�, anomalous frequency broadening
�Werncke et al., 1972; Bloembergen, 1973�, or white-light
continuum �Fork et al., 1983�.

From the start, it was clear that self-focusing was a
key ingredient to SC generation in bulk media, as it was
commonly observed that the SC threshold coincided
with the critical power for catastrophic collapse, usually
associated with the formation of self-trapped filaments
�Chiao et al., 1964; Alfano and Shapiro, 1970a; Bond-
arenko et al., 1970; Il’ichev et al., 1972; Werncke et al.,
1972�. Beam collapse leads to an explosive increase in
the peak intensity, which enhances SPM, but which also

gives rise to a range of higher-order nonlinear effects,
including self-steepening, space-time focusing �Rothen-
berg, 1992�, multiphoton absorption, avalanche ioniza-
tion, and the formation of a free-electron plasma
�Bloembergen, 1973�. In particular, Werncke et al. �1972�
postulated that SC generation corresponded to “an es-
sential deformation of light pulses within the filaments
�which� should lead to a steepening of the backside of
the pulse.” Self-phase modulation associated with this
very steep negative intensity slope then explains the
broad extent of bulk SC spectra on the blue side of the
pump. Bloembergen �1973� also pointed out that the de-
focusing effect of the electron plasma could lead to simi-
lar behavior.

It was not until the work by Gaeta �2000�, however,
that a consistent explanation emerged based on full
three-dimensional simulations of light propagation. It is
now accepted that white-light continuum generation in
bulk material is due to the formation of an optical shock
at the back of the pump pulses due to space-time focus-
ing and self-steepening, confirming the early ideas of
Werncke et al. The role of multiphoton absorption and
plasma formation is simply to arrest the collapse of the
beam and to prevent the optical breakdown of the ma-
terial. Self-trapped filaments may or may not form in the
process depending on the pulse duration and on the
relative strength of chromatic dispersion, self-focusing,
and plasma defocusing �Aközbek et al., 2001�. This sce-
nario is in agreement with all known observations, in-
cluding the dependence of SC generation on the band
gap of the material �Brodeur and Chin, 1998�. In mate-
rial with a small band gap, self-focusing is stopped at
lower intensities by free-electron defocusing, preventing
the formation of a shock.

From this summary, it is clear that SC generation in
bulk material is a highly complex process involving an
intricate coupling between spatial and temporal effects.
In contrast, SC generation in optical fibers involves
purely temporal dynamical processes, with the trans-
verse mode characteristics determined only by linear
waveguide properties. In fact, this suggests that a further
motivation to study SC generation in PCFs is to clarify
the nature of temporal nonlinear propagation effects in
order to improve the understanding of the more com-
plex spatiotemporal �bulk� case.

B. Results in conventional fiber

The first SC generation experiments in optical fiber
injected high-power pulses in the visible spectral region
into standard silica-based optical fiber with zero group
velocity dispersion �GVD� wavelength around 1.3 �m.
In particular, Lin and Stolen �1976� used visible �kW
peak power pulses from a nanosecond dye laser to gen-
erate a SC over a spectral range of �200 THz on the
long-wavelength side of the pump. The observed spec-
tral broadening was attributed to cascaded stimulated
Raman scattering and SPM. Subsequent experiments us-
ing visible pump pulses in the 10 ps–10 ns range pro-
duced similar results. These studies also clarified the im-
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portance of the mutual interaction between Raman
scattering and SPM, as well as the role of cross-phase
modulation �XPM� and various four-wave-mixing pro-
cesses in providing additional broadening, and in merg-
ing discrete generated frequency components to pro-
duce a spectrally smooth output �Stolen et al., 1984;
Baldeck and Alfano, 1987; Ilev et al., 1996�.

The Raman and SPM-dominated broadening in the
experiments above was observed for the case of normal
GVD pumping. When pumping in the anomalous GVD
regime, however, spectral broadening arises from
soliton-related dynamics. The possibility of soliton
propagation in the anomalous GVD regime of optical
fibers was first suggested from theoretical analysis of the
nonlinear Schrödinger equation �NLSE� by Hasegawa
and Tappert �1973�, but the lack of ultrashort pulse
sources at wavelengths �1.3 �m delayed experimental
observation until the work of Mollenauer et al. �1980�. In
these experiments, �7 ps pulses around 1.55 �m were
used to excite not only a nonbroadening stable funda-
mental soliton, but also higher-order solitons that were
observed at increased power levels.

A higher-order soliton1 is a particular class of solution
of the NLSE representing a bound state of N fundamen-
tal solitons �Zakharov and Shabat, 1971; Satsuma and
Yajima, 1974�. Such solutions propagate in a complex
manner consisting of both spectral and temporal com-
pression and splitting, followed by subsequent recovery
to the original pulse shape after a characteristic propa-
gation distance known as the soliton period. Experi-
ments using picosecond pulses at 1.55 �m have studied
different aspects of higher-order soliton propagation, in-
cluding explicit measurements of pulse restoration over
a soliton period �Stolen et al., 1983� and application to
pulse compression �Mollenauer et al., 1983�. These latter
experiments are of particular significance because they
show that, although higher-order soliton evolution can
be very complex, the initial phase of propagation is al-
ways associated with relatively simple SPM-induced
spectral broadening and temporal compression due to
the fiber-anomalous GVD. This will be of particular im-
portance in interpreting the results presented in Sec. V.

Also of much importance in this context are a number
of early studies on the sensitivity of soliton propagation
to perturbations such as Raman scattering and higher-
order dispersion. For the case of a fundamental soliton,
intrapulse stimulated Raman scattering �i.e., Raman
scattering within the soliton bandwidth� was found to
lead to a continuous downshift of the mean frequency
known as the soliton self-frequency shift �Gordon, 1986;
Mitschke and Mollenauer, 1986�. In a study of solitons
propagating close to the fiber zero-dispersion wave-
length �ZDW�, Wai et al. �1986� numerically studied the
effect of third-order dispersion on soliton stability and
found significantly different consequences for funda-
mental and higher-order solitons. For fundamental soli-

tons, although the shape of the soliton was only slightly
affected, third-order dispersion was found to stimulate
the resonant transfer of energy from the soliton to a
low-amplitude nonsolitonic narrow-band dispersive
wave background with frequency in the normal GVD
regime. In contrast, higher-order soliton evolution was
found to be more seriously perturbed by higher-order
dispersion, with the soliton temporally breaking up and
separating into its constituent fundamental soliton com-
ponents. This process is now generally referred to as
soliton fission.

Soliton fission is an important example of symmetry
breaking in a nonlinear optical system, and has been
studied extensively. Kodama and Hasegawa �1987� de-
rived explicit expressions for the amplitudes and widths
of the constituent fundamental soliton components, and
showed that the energy of the higher-order soliton was
equal to the sum of the energies of its components. In
fact, while seemingly a trivial observation, this result
highlights the intrinsic instability of higher-order soliton
propagation that arises from an absence of any binding
energy. Indeed, numerical studies by Golovchenko et al.
�1985� noted the instability of higher-order soliton
propagation in the presence of self-steepening, and
other theoretical and experimental studies have shown
that it can be induced by Raman effects �Dianov et al.,
1985; Tai et al., 1988�, two-photon absorption �Silber-
berg, 1990�, and input pulse chirp perturbations �Friberg
and DeLong, 1992; Krylov et al., 1999�.2

Experiments on soliton fission around 1.3 �m were
performed by Beaud et al. �1987� and Schütz et al. �1993�
using 1–3 ps pulses, Gouveia-Neto et al. �1988b� using
90 ps pulses, and around 1.55 �m by Islam et al. �1989a,
1989b� using 14 ps pulses. These results showed that
soliton fission leads to an equivalent form of SC genera-
tion, allowing broadband spectral generation over the
telecommunications wavelength range. Moreover, nu-
merical simulations clarified that the SC generation pro-
cess occurred broadly in three phases: �i� an initial pe-
riod of spectral broadening and temporal compression,
�ii� fission into a series of distinct fundamental soliton
components, and �iii� the continued propagation of these
solitons. This last phase was shown to be associated with
a continuous shift to longer wavelengths through the
Raman soliton self-frequency shift and the generation of
corresponding dispersive waves on the short-wavelength
side of the ZDW. This detailed physical interpretation
was present in the literature by 1989, and the same
mechanisms continue to play dominant roles, even in the
different parameter regime associated with PCF.

Islam et al. �1989a, 1989b� and Nakazawa et al. �1989�
interpreted the soliton fission process in terms of a
modulation instability process on the input pulse enve-
lope. Modulation instability is a phenomenon exhibited

1The literature also uses terms such as N-soliton, breather, or
multisoliton bound state.

2Another “perturbation” that is frequently encountered is in-
sufficient resolution in numerical simulations of the NLSE! In-
deed, checking on the numerical stability of ideal higher-order
solitons provides an important test of simulation fidelity.
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by waves propagating in nonlinear dispersive media, in
which weak amplitude perturbations at different fre-
quencies are subject to gain. As we discuss in Sec. VII,
the development of a temporal modulation on the input
field is associated with the growth of sidebands at char-
acteristic frequencies and can equivalently be inter-
preted in terms of a four-wave-mixing process.

These studies were significant in highlighting the sen-
sitivity of soliton fission to input pulse noise. Because
the nonlinear pulse propagation depends on input
power, fluctuations on the input pulse can lead to jitter
in both the spectral and temporal characteristics. This
has practical consequences in that the actual spectral
characteristics observed are an ensemble average of con-
stituent fundamental solitons that have undergone dif-
ferent frequency shifts. The fact that such jitter could
introduce an effective smoothing of spectral characteris-
tics had, in fact, been previously noted by Beaud et al.
�1987� and by Islam et al. �1989a, 1989b�. This latter
work also reported experimental characterization of
spectral instabilities using cross-correlation between dif-
ferent SC spectral bands to demonstrate that different
output wavelengths were not necessarily simultaneously
present in each individual pulse.

The possibility of generating broadband SC spectra
around 1.3 and 1.55 �m motivated research aimed at
developing multiwavelength sources for wavelength di-
vision multiplexing transmission �Morioka et al., 1993,
1994�. For such applications, the absolute bandwidth re-
quired is relatively low �around 20–40 THz�, but it is
important that the SC source is generated at GHz rep-
etition rates with low noise and with a flat spectrum.

A number of experiments were therefore carried out
to study the instabilities observed during soliton fission
in more detail. Nakazawa et al. �1998� characterized
what they termed coherence degradation by observing
the noise level between longitudinal modes of the
broadened spectrum �see also Kubota et al., 1999�. The
timing jitter of SC pulses was analyzed by Nowak et al.
�1999� using the standard technique of measuring the
energy of a high harmonic of the rf spectrum �von der
Linde, 1986�, and directly using a sampling oscilloscope
by Tamura et al. �2000�. Boyraz et al. �2000� used a dif-
ferent approach by checking that pulse trains carved out
of the SC exhibited the correct behavior with regard to
SPM-induced spectral broadening and mode-beating in-
duced repetition rate multiplication after dispersive
propagation.

Although the majority of SC generation studies in
conventional fiber focused on the regime where pump-
ing used ultrafast pump pulses, the detailed physics un-
derlying SC generation using longer pump pulses or CW
excitation remained a subject of active research. Particu-
larly important work was reported by Golovchenko et al.
�1990, 1991�, where numerical simulations were used to
elucidate the relationship between modulation instabil-
ity, soliton dynamics, and Raman scattering under CW
pump conditions. This work highlighted the fact that the
SC generation in the anomalous GVD regime using CW
pumps also involved soliton dynamics as in the case of

pulsed excitation. Although an important physical in-
sight, the lack of suitable high-power CW sources some-
what limited follow-up experimental studies in this field.

C. Results in photonic crystal fiber

Before discussing SC generation in PCF, we consider
briefly the historical development of the fiber itself, and
explain why its guidance characteristics have had such a
pronounced recent influence on nonlinear fiber optics.

Conventional optical fibers consist typically of two
concentric glass cylinders of differing refractive indices.
If the refractive index of the inner core is higher than
that of the outer cladding, then guidance occurs through
total internal reflection at the core-cladding boundary.
In the majority of conventional fibers, the core-cladding
refractive index difference is small ��0.1% �, and many
of the propagation characteristics are amenable to
analysis �Snyder and Love, 2000�. The possibility to
modify the guidance properties by introducing a micro-
structure in the refractive index profile of optical fibers
was suggested in the 1970s �Kaiser and Astle, 1974�, but
it has been only since the seminal work of Russell and
co-workers in 1996 �Knight et al., 1996� that the fabrica-
tion of such fibers has become technologically common-
place.

Because an important motivation at this time was the
idea to fabricate a fiber in which light was confined and
guided through a photonic band-gap effect �Russell,
1991�, the term photonic crystal fiber was introduced,
and this is the term that we use consistently in this
article.3 However, depending on the particular PCF ge-
ometry, light guidance can occur in one of two ways. In
the case in which the fiber has a hollow core in the cen-
ter of the structure, genuine photonic band-gap guid-
ance can occur, and PCFs of this type have attracted
much interest because of their potential for lossless and
distortion-free transmission, particle trapping, optical
sensing, and for novel applications in nonlinear optics
�Benabid et al., 2002; Knight, 2003; Ouzounov et al.,
2003; Russell, 2003�.

This class of hollow core PCF, however, is not that
used in SC generation experiments. Rather, SC genera-
tion is observed in PCFs having a solid core in the center
of the structure, so that the fiber consists of a region of
solid glass surrounded by an array of airholes running
along its length. In this case, the effective refractive in-
dex of the central region of the PCF is higher than that
of the surrounding air-hole region �often referred to as
the photonic crystal cladding�, and guidance occurs
through modified total internal reflection �Birks et al.,
1997�. Although this is conceptually similar to the guid-
ance mechanism in conventional fibers, the additional
degrees of freedom offered by modifying the hole size
and periodicity in such an index-guiding PCF open up

3Other terms are to be found in the literature. The most com-
mon are holey fiber, microstructure fiber, or even microstruc-
ture optical fiber.
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possibilities to engineer the fiber waveguide properties
in ways that simply do not exist in standard fiber.

In particular, Mogilevtsev et al. �1998� showed that
suitable design of the photonic crystal cladding could
shift the ZDW of a PCF to wavelengths shorter than the
intrinsic ZDW of silica around 1.3 �m. Separately, Bro-
derick et al. �1999� noted that the reduced effective area
of the propagating mode in this type of fiber enhanced
the Kerr nonlinearity relative to standard fiber, leading
to significant new opportunities in nonlinear fiber optics.
The combination of these two effects was then sub-
sequently �and strikingly� demonstrated in two inde-
pendent experiments. Using nanojoule energy pulses
at 770 nm of 100 fs duration from a self-mode-locked
Ti:sapphire laser, Ranka et al. �2000a� were able to gen-
erate a 550 THz bandwidth SC spanning over an octave
from 400 to 1500 nm using only 75 cm of PCF fabricated
to have a ZDW in the region 765–775 nm. Shortly after,
using comparable pump pulse parameters and a similar
PCF fabricated at the University of Bath, Wadsworth et
al. �2000� exploited the fiber’s near-infrared anomalous
GVD to study soliton propagation effects around
850 nm. This latter work also included a brief report of
SC generation from the ultraviolet to the infrared, al-
though the precise extent of the spectral broadening was
not quantitatively reported.

These were dramatic results, because previous work
generating comparably broad spectra in bulk materials
had required significantly more complex sources with
pulse energies at the microjoule level. However, because
the development of dispersion-engineered PCFs oc-
curred at the time when femtosecond Ti:sapphire lasers
were becoming commonplace in ultrafast laboratories, it
was clear that the generation of broadband SC spectra
was now a widely accessible technology. Moreover, an
additional advantage was that the broadband single-
mode guidance properties of the PCF resulted in the
generated SC retaining a uniform spatial profile, in con-
trast to the case often observed in bulk experiments
where SC generation was often associated with filamen-
tation effects.

One application that immediately suggested itself was
in the field of frequency metrology. It had been known
since the pioneering work of Udem et al. �1999� that the
modes of a femtosecond laser pulse train could be used
as a calibrated frequency comb to measure optical fre-
quency intervals between a reference and an unknown
frequency. With PCF-generated SC spectra possessing
bandwidths exceeding an octave, it was possible to mea-
sure and control the absolute position of the frequency
comb using an interferometric technique based on the
beat note from SC components at frequencies f and 2f
�Diddams et al., 2000; Jones et al., 2000�. As a result, it
has been possible to develop stabilized frequency combs
that have opened up new directions in optical frequency
metrology such as the possibility to perform precision
measurements on the stability of fundamental constants
�Udem, Reichert, Holzwarth, Niering, et al., 2000; Holl-
berg et al., 2001; Holzwarth et al., 2001�. In addition,
because stabilization of the frequency comb is equiva-

lent to stabilizing the relative phase between the peak of
the pulse envelope and the underlying electric field car-
rier wave �Jones et al., 2000�, it has also been possible to
study ultrafast optical processes that are directly sensi-
tive to the electric field of each pulse, and not just to the
intensity envelope. This has allowed significant progress
in studying highly nonlinear phenomena such as above-
threshold ionization, strong field photoemission, and the
generation of soft-x-ray attosecond pulses through high
harmonic generation �Udem et al., 2002�.

Even though PCF-generated SCs were finding wide
application, at this stage there was still no quantitative
theory of the physics underlying the spectral broaden-
ing. Nonetheless, the importance of the PCF’s enhanced
nonlinearity and modified dispersion had been stressed
by both Knight et al. �2000� and Ranka et al. �2000b�.
Simultaneously, a number of experiments were explor-
ing the different conditions under which similarly broad
SC could be generated. In one experiment, Birks et al.
�2000� showed that the use of PCF per se was not funda-
mentally necessary, because essentially identical disper-
sion and nonlinearity characteristics could be obtained
simply by an appropriate tapering of standard optical
fiber. By injecting �200 fs pulses of nJ energy into a
9 cm taper of around 2 �m diameter, comparable octave
spanning SCs to those seen with PCF were observed. By
emphasizing the central role played by the dispersion
and nonlinearity characteristics, this experiment was a
crucial step in developing an understanding of the SC
generation process in PCF.4

Other key experiments reported the generation of
broadband SC using nonfemtosecond pulse sources. Us-
ing 0.8 ns duration, 300 nJ energy pulses from a
Q-switched microchip laser at 532 nm, Provino et al.
�2001� were able to generate over 250 THz of SC from
460 to 750 nm in 1.8 m of PCF, through excitation of a
higher-order mode whose ZDW at 580 nm was reached
from the pump wavelength by cascaded Raman scatter-
ing. Parametric gain calculations showed that the SC de-
velopment from this point could be well explained in
terms of four-wave mixing about the ZDW. A similar
combination of Raman scattering and four-wave mixing
was also observed in an experiment by Coen et al.
�2001�, where 60 ps duration, 40 nJ energy pulses at
647 nm generated a 450 THz SC from 400 to 1000 nm in
the fundamental mode using 10 m of PCF with ZDW at
675 nm. This work also reported the first use of a gen-
eralized NLSE including higher-order dispersion and
Raman scattering to model the SC generation process in
PCF, and numerical simulations were shown to quanti-
tatively reproduce the spectral characteristics seen in ex-
periments.

4In fact, the possibility of enhancing the Kerr nonlinear re-
sponse in tapers had been proposed much earlier by Dumais et
al. �1993�. However, the vast potential for SC generation was
left unexplored in this work because the pump wavelength
chosen was far from the taper ZDW.
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Numerical modeling of SC generation in PCF using
femtosecond pulses was initially reported by Husakou
and Herrmann �2001�, and the crucial role of soliton fis-
sion in the spectral broadening process was highlighted
for the first time. However, numerical simulations used
in this work were based on a set of reduced Maxwell
equations in which the Raman effect was neglected, and
much of the detailed structure seen in experimentally
measured spectra was not quantitatively reproduced
�Herrmann et al., 2002�.

In parallel with this work, it was found that the gen-
eralized NLSE approach including higher-order disper-
sion and stimulated Raman scattering was also capable
of accurately modeling SC generation in the femtosec-
ond regime. In one study, Liu et al. �2001� used an ex-
tended NLSE limited to cubic dispersion terms, yet ob-
tained good qualitative agreement between simulations
and experiments modeling spectral generation over
43 THz using tapered PCF pumped around 1.3 �m. Fo-
cusing on the properties of Raman solitons generated
during the SC generation process, Washburn et al. �2001�
used a model incorporating the global PCF dispersion
characteristics, and were able to accurately model ex-
perimental results from a Ti:sapphire-pumped PCF
around 806 nm over a �150 THz frequency span from
700 to 1100 nm.

These results were followed by a number of more
careful comparisons between experiment and simula-
tion, in both the picosecond �Coen, Chau, et al., 2002�
and femtosecond regimes �Dudley, Provino, et al., 2002;
Washburn et al., 2002�. A further important contribution
by Genty et al. �2002� quantitatively studied the femto-
second pump case in the context of the soliton fission
theory of Kodama and Hasegawa �1987�. Other note-
worthy results of a purely experimental or theoretical
nature were also made by Apolonski et al. �2002�, Fe-
dotov et al. �2002�, Husakou and Herrmann �2002�, and
Wadsworth et al. �2002�. Further details of the key ex-
perimental studies into SC generation are given in Secs.
VI and VII for the femtosecond and the picosecond-CW
regimes, respectively.

As a result of this extensive research effort, the domi-
nant spectral broadening mechanisms underlying SC
generation in PCF were clearly identified by 2002. The
physics was interpreted as essentially identical to that
previously encountered in standard optical fibers, with
soliton fission and the Raman self-frequency shift re-
sponsible for the long-wavelength components of the
SC, and dispersive wave generation responsible for the
short-wavelength components.

Of course, research continued in order to improve the
quantitative agreement between experiment and simula-
tion, and to study the detailed SC stability properties.
Early studies had reported significant temporal and
spectral fluctuations on the generated SC �Udem,
Reichert, Holzwarth, Diddams, et al., 2000; Hollberg et
al., 2001; Gu et al., 2002� and this was of particular con-
cern because key applications such as precision optical
frequency metrology or multiwavelength optical sources
require highly coherent SC light with limited pulse-to-

pulse variations and reduced timing jitter. The noise and
spectral structure appeared to be a very sensitive func-
tion of experimental parameters, but there were no clear
guidelines as to why this was the case. At this point,
studies by Dudley and Coen �2002a� and Gaeta �2002�
showed that the spectral and temporal structure of the
SC could exhibit extreme sensitivity to input pulse noise.
This was shown to lead to shot-to-shot intensity fluctua-
tions that could wash out spectral fine structure when
averaged over many shots, and shot-to-shot phase fluc-
tuations that could degrade the SC spectral coherence.5

As shown below, research into SC generation remains
very active, but we have arrived at a natural point at
which to conclude this literature review: the major de-
velopments in both generating and modeling SC genera-
tion in PCF have been surveyed, and the key connec-
tions with the existing nonlinear fiber optics literature
have been made. We now proceed to a more technical
description.

III. SOLID CORE PHOTONIC CRYSTAL FIBERS

In this section, we review the most important guid-
ance properties of solid core PCF that are relevant to
the SC generation process. We begin by showing in Fig.
1 a segment of the PCF used in the SC generation ex-
periments reported by Ranka et al. �2000a�. Figure 1�a�
shows an electron micrograph of the full fiber cross sec-
tion, clearly illustrating the presence of a central micro-
structure of air holes �black� embedded within a pure
silica fiber strand �gray�. Figure 1�b� shows a more de-
tailed view of the central microstructure, and Fig. 1�c�
presents a schematic representation of an ideal hexago-
nal structure with perfect regularity, defining the struc-
tural parameters � �the pitch� and � �the hole diameter�.

Understanding the guidance properties of such a PCF
is straightforward. The fiber consists of a uniform refrac-
tive index material in which a microstructure lattice of
air holes is embedded that runs along the fiber length.
The removal of an air hole in the center introduces a
defect associated with a locally elevated refractive index,
and guided wave propagation within this elevated-index
region occurs through an equivalent total internal reflec-
tion process �Birks et al., 1997�.

The guided mode characteristics for a given PCF
structure can be obtained from the numerical solution of
the vectorial transverse wave equation, and a number of
numerical approaches for this purpose have been devel-
oped. The most general of these is based on the com-
plete finite difference time-domain solution of the wave
equation, but because this is so computationally expen-
sive it is rarely used in practice. Rather, more efficient
techniques such as the multipole method or the imagi-
nary distance beam propagation method are preferred,

5Note that when we discuss the SC coherence in this paper,
we are referring to the stability of the phase at each wave-
length across the SC spectrum. The SC is of course assumed to
be perfectly spatially coherent in all cases considered.
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and a number of open-source and commercial packages
exist for this purpose. More detailed discussions of the
guidance properties of PCF and references to numerical
techniques have been given by Bjarklev et al. �2003�,
Roberts et al. �2005�, and Zolla et al. �2005�.6

A particularly important property of PCF as identified
by Birks et al. �1997� is its ability to exhibit endlessly
single-mode behavior, in which propagation in higher-
order modes is not observed, even at very short wave-
lengths. This is a specific property of PCF that is not
observed in standard circular fibers. However, the class
of PCF that is used in SC generation is generally differ-
ent from this type of endlessly single-mode fiber. End-
lessly single-mode PCFs have a relatively small air-fill
fraction and large core areas, whereas the highly nonlin-
ear PCFs used for SC generation generally have a high-
air-fill fraction, leading to strong confinement and thus
high nonlinearity. As a result, such fibers can exhibit
multimode behavior, but the fundamental mode is nev-
ertheless robust to excitation of higher-order modes due

to the strong wave-vector mismatch between the funda-
mental and higher-order modes. The majority of SC gen-
eration experiments in PCF have been reported in this
regime, with the SC output consistently observed in the
fundamental mode �Ranka et al., 2000a, 2000b�. For this
reason, our numerical modeling presented in the follow-
ing sections assumes propagation in only the fundamen-
tal guided mode of the fiber. Nonetheless, some early
experiments studying SC generation in the nanosecond
regime did report multimode excitation �Provino et al.,
2001�, and the particular conditions under which multi-
mode excitation arises from high power pumping have
recently been considered by Vidne and Rosenbluh
�2005�.

Another parameter that must be considered in any
numerical treatment is possible PCF birefringence. Al-
though Steel et al. �2001� have shown that PCF struc-
tures with perfect rotational symmetry are nonbirefrin-
gent, asymmetries �intentional or otherwise� introduced
during fabrication can yield residual birefringence and
polarization-maintaining behavior. Strong birefringence
would certainly be expected to influence pulse propaga-
tion in PCF, but many reported SC generation experi-
ments have been carried out under conditions in which
birefringence effects were negligible, or by confining
propagation along only one polarization eigenaxis.
In these cases, the essential spectral broadening
mechanisms can be well explained assuming scalar
propagation, and this is therefore the approach we adopt
here. For completeness, an overview of polarization-
dependent effects is given in Sec. VIII.C.

The chromatic dispersion of the fundamental mode
plays a critical role in SC generation because it deter-
mines the extent to which different spectral components
of an ultrashort pulse propagate at different phase ve-
locities in the fiber. Moreover, when coupled with non-
linear effects, a wide variety of different processes can
occur as discussed below. The phase velocity is defined
as vp=� /���� and thus the propagation of an ultra-
short pulse is governed by its range of wave numbers
����. Relative to the pulse central frequency �0, the
wave number at any frequency � can be expanded in a
Taylor series as ����=���0�+�1��0��+ �1/2��2��0��2

+ �1/6��3��0��3+¯, where �k��0�=dk� /d�k��0
and �

=�−�0. In this expansion, the first term simply describes
the effective refractive index of the propagating mode,
the second term is related to the group velocity of the
pulse through vg=�1

−1, and the third term �2 is the GVD.
In nonlinear fiber optics, it is very common to encounter
an alternative GVD parameter D=−�2� c /	2��2. We use
both parameters here as convenient.

The total dispersion in a PCF depends on both mate-
rial and waveguide contributions. The fabrication mate-
rial of standard and photonic crystal fibers is very often
based on fused silica, and thus the material dispersion
contributions are essentially identical in the two cases.
However, PCFs possess a revolutionary advantage com-
pared to standard fibers in that the high-index contrast
between the core material and the air holes leads to a
very strong waveguide contribution that is extremely

6Without expressing any endorsement, we note that our
GVD calculations used the RSoft Photonics CAD Suite 5.1.4
�RSoft Design Group, Inc., NY�, 2003.

FIG. 1. Photonic crystal fiber structure. �a� Electron micro-
graph of the PCF used in the original supercontinuum genera-
tion experiments of Ranka et al. �2000a�. �b� Detail of central
microstructure and �c� ideal hexagonal structure defining pa-
rameters �=1.6 �m �pitch� and �=1.4 �m �hole diameter�.
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sensitive to the geometrical distribution of air holes in
the cladding microstructure.

Of particular interest for SC generation are so-called
highly nonlinear PCF structures, where the guided mode
is tightly confined in the core region through a high air-
fill fraction and a pitch that is comparable to the wave-
length of the modal field. In such cases, the effective
area of the guided mode is typically two orders of mag-
nitude smaller in PCF than in standard fiber, and there is
thus a corresponding enhancement of the nonlinear re-
sponse. In addition, such fibers present dispersion prop-
erties that are simply impossible to obtain with standard
fiber technology.7

Figure 2 shows this explicitly, comparing the GVD
�both �2 and D� of two different PCF structures with
that of standard telecommunications fiber SMF28. In
particular, we see how the parameters �=1.6 �m and
�=1.4 �m as used by Ranka et al. �2000a� shift the zero-
dispersion wavelength from around 1.31 �m in SMF28
to approximately 780 nm in the PCF. Increasing the con-
finement using parameters �=1 �m, �=0.6 �m modi-
fies the dispersion in an even more significant manner,
leading to a local maximum in the GVD curve �plotted
in terms of D� and a second ZDW �Knight et al., 2000�.
In the context of SC generation, it is the first type of
PCF structure that has attracted the most attention, and
that is used in the numerical analysis presented below.
Some interesting properties and applications of PCF
with multiple zero-dispersion wavelengths are discussed
in Sec. VIII.

IV. NUMERICAL MODELING

A. Nonlinear propagation equation

The starting point of any model for optical propaga-
tion is Maxwell’s equations, and as discussed above their

direct numerical solution was used in some of the first
modeling of SC generation in PCF by Husakou and
Herrmann �2001�. However, because this approach ne-
glected stimulated Raman scattering, most subsequent
studies of pulse propagation in PCF have used some
form of nonlinear propagation equation for the pulse
envelope, in which Raman scattering can be straightfor-
wardly included �Agrawal, 2001�.

An added advantage of the envelope-based approach
is that it has been extensively used to model nonlinear
pulse propagation in fibers since the 1970s, and it facili-
tates comparison with results obtained in these many
previous studies. However, compared to previous mod-
eling in standard fibers, the dispersion and nonlinearity
properties of PCF lead to significant quantitative differ-
ences in the extent of the nonlinear spectral broadening
observed, resulting in particular problems in ensuring
accurate simulation results. Moreover, particular physi-
cal processes that can be safely neglected when simulat-
ing pulse propagation in a standard fiber become signifi-
cant in PCF and must be specifically included in any
numerical model.

A propagation equation describing the evolution of
the optical pulse envelope in an optical fiber can be de-
rived from analytic simplification of Maxwell’s equa-
tions. Under the assumption of unidirectional and
single-mode scalar propagation, the work by Kodama
and Hasegawa �1987� provided a comprehensive de-
scription of the procedure involved, with numerous ref-
erences to early derivations of the well-known NLSE
propagation equation. They also developed an impor-
tant generalized nonlinear Schrödinger equation
�GNLSE� to include effects of higher-order dispersion
and stimulated Raman scattering. Blow and Wood
�1989� and Mamyshev and Chernikov �1990� derived
even more general scalar propagation equations, includ-
ing a time-derivative contribution to the nonlinear term
in order to model the frequency dependence of the me-
dium nonlinear response. Complementary work by
François �1991� derived an equivalent propagation equa-
tion that, in contrast to those above, was expressed in
the frequency and not the time domain.

All of these GNLSE approaches involve only the first
derivative with respect to the longitudinal spatial coor-
dinate along the propagation direction, and it is often
assumed that this limits their validity when compared to
Maxwell’s wave equation. A related concern is that the
decomposition of the field in terms of an envelope and a
carrier necessarily introduces a slowly varying envelope
approximation.

An expected consequence of this approximation
would be that envelope-based propagation equations
lose physical validity as the duration of the pulse enve-
lope approaches the carrier oscillation period, or equiva-
lently when the bandwidth of the propagating field ap-
proaches the carrier frequency. A number of studies,
however, have shown that the powerful concept of the
pulse envelope can be extended down to the single op-
tical cycle regime, and that envelope-based propagation
equations can indeed accurately describe single-cycle

7Details of how equivalent nonlinear and dispersive proper-
ties can be obtained with suitable tapering of standard fibers
have been presented by Wadsworth et al. �2002�.

FIG. 2. Calculated GVD parameter �2 �top� and D �bottom�
for PCFs with parameters as shown: �=1 �m, �=0.6 �m;
�=1.6 �m, �=1.4 �m �that used by Ranka et al. �2000a��; and
standard Corning SMF28 single-mode fiber.
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pulse propagation and extreme spectral broadening pro-
cesses such as SC generation.

An important study by Brabec and Krausz �1997� de-
rived a generic three-dimensional nonlinear envelope
equation, and demonstrated its validity down to the
single-cycle regime by direct comparison with the nu-
merical solution of Maxwell’s equations. For the particu-
lar case of propagation in optical fibers, Karasawa et al.
�2001� adopted the same approach, deriving a one-
dimensional few-cycle nonlinear envelope equation that
was essentially identical to that obtained earlier by Blow
and Wood �1989�. The Blow-Wood equation has since
proven to quantitatively describe the characteristics of
SC spectra observed in experiments, and is the basis of
the numerical modeling described here. We note none-
theless that ongoing theoretical work is still pushing the
validity of the nonlinear envelope approach to its limits,
and regimes where it needs possible correction are cur-
rently being discussed �Biancalana et al., 2003; Kolesik et
al., 2004; Tyrrell et al., 2005�.

We now review the use of the scalar GNLSE to model
ultrabroadband pulse propagation in PCF. We concen-
trate on the time-domain formulation, although we note
that the frequency-domain formulation by François
�1991� has also been used in a number of studies �Genty
et al., 2002; Chang et al., 2003�. The frequency-domain
approach does show more directly the frequency depen-
dence of effects such as dispersion, loss, and the effec-
tive mode area, but the time-domain approach has been
preferred in the nonlinear fiber optics literature because
its analytic similarity to the NLSE facilitates the physical
interpretation of results. Moreover, the time-domain for-
mulation has been formally extended to include noise
effects �Drummond and Corney, 2001; Amans et al.,
2005�, and this has proven to be indispensable in model-
ing the coherence and stability properties of SC genera-
tion. Of course, we have carefully checked that for the
parameter regimes considered in this paper both ap-
proaches give identical results.

We define the electric field �linearly polarized along x�
as E�r , t�= �1/2�x�E�x ,y ,z , t�exp�−i�0t�+c.c . �. In the
frequency domain, the Fourier transform of E�x ,y ,z , t�
is Ẽ�x ,y ,z ,��=F�x ,y ,��Ã�z ,�−�0�exp�i�0z�, where

Ã�z ,�� is the complex spectral envelope, while �0 and
�0 are the usual carrier frequency and wave number at
that frequency, respectively. F�x ,y ,�� is the transverse
modal distribution with effective area defined as

Aeff��� =
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�F�x,y,���2dxdy�2
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The time-domain envelope is obtained from A�z , t�
= �1/2���−



 Ã�z ,�−�0�exp�−i��−�0�t�d�, and note that
the amplitude is normalized such that �A�z , t��2 gives the
instantaneous power in watts. With the change of vari-
able T= t−�1z, we transform into a comoving frame at

the envelope group velocity �1
−1, and the corresponding

GNLSE for the evolution of A�z ,T� is
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The left-hand side of Eq. �2� models linear propaga-
tion effects, with � the linear loss and the �k’s the dis-
persion coefficients associated with the Taylor series ex-
pansion of the propagation constant ���� about �0. In
fact, given ���� the dispersion operator can be applied
directly and in an approximation-free manner in the fre-
quency domain through multiplication of the complex

spectral envelope Ã�z ,�� by the operator ����−��1
−�0, and this is the approach to be recommended. Lin-
ear loss can also be straightforwardly included, but in
the interests of clearly isolating the nonlinear and dis-
persive interactions this has been neglected in the simu-
lations presented here.

The right-hand side of Eq. �2� models nonlinear ef-
fects: 
=�0n2��0� /c Aeff��0� is the usual nonlinear coef-
ficient, where n2��0� is the nonlinear refractive index
and Aeff��0� is the mode effective area, both evaluated
at the carrier frequency �0. The response function R�t�
= �1− fR���t�+ fRhR�t� includes both instantaneous elec-
tronic and delayed Raman contributions, with fR=0.18
representing the Raman contribution. For hR, it is com-
mon to use the experimentally determined Raman cross
section �Stolen et al., 1989�, although essentially identical
results can be obtained using the analytic forms in Blow
and Wood �1989� or Hollenbeck and Cantrell �2002�.
The term �R models the effects of spontaneous Raman
noise and is discussed in Sec. IV.D. In simulations where
noise is not included, �R=0.

The time derivative term on the right-hand side of Eq.
�2� models the dispersion of the nonlinearity. This is usu-
ally associated with effects such as self-steepening and
optical shock formation, characterized by a time scale
�shock=�0=1/�0. As shown by Brabec and Krausz �1997�,
this term is, in fact, a key factor in allowing the exten-
sion of the envelope-based GNLSE to the single-cycle
regime.

In the context of fiber propagation, additional disper-
sion of the nonlinearity arises from the frequency de-
pendence of the modal effective area Aeff �Mamyshev
and Chernikov, 1990�. Although some studies of this ef-
fect in PCF have been reported �Iliew and Lederer,
2002; Fang et al., 2003; Kolesik et al., 2004�, it has been
neglected in much previous modeling of SC generation.
However, the frequency dependence of Aeff can be in-
cluded to first order through a simple correction to the
value of �shock in Eq. �2�. The corrected shock time scale
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has been derived by Blow and Wood �1989� and
Karasawa et al. �2001�,

�shock = �0 +
d

d�
�ln	 1

neff���Aeff���
��

�0

= �0 − � 1

neff���
dneff���

d�
�

�0

− � 1

Aeff���
dAeff���

d�
�

�0

. �3�

Calculating the corrected value of �shock requires only
computation of the frequency dependence of Aeff and
the effective index neff���.

Furthermore, the frequency dependence of neff is typi-
cally very small compared to that of the effective area,
so the term in Eq. �3� that is dependent on its frequency
derivative can be neglected. The qualitative effect of the
modified shock term can now be easily seen. Since it is
clear that the effective mode area in a single-mode
waveguide decreases with increasing frequency �shorter
wavelengths�, the derivative term �dAeff��� /d���0

�0.
Quantitatively, the effective area correction therefore in-
creases the shock time scale �shock, which thus leads to a
proportional increase in the dispersion of the nonlinear
response through the time derivative term in Eq. �2�.
Further details can be found in Kibler et al. �2005�. Fi-
nally, we note that this approach implicitly assumes that
the frequency variation of n2 is negligible, but this is
usually a good approximation far from the ultraviolet
resonances in fused silica �Milam, 1998�.

B. Numerical issues

The numerical solution of Eq. �2� is carried out using
an enhanced version of the well-known split-step Fou-
rier scheme �Agrawal, 2001�. In this method, the linear
and nonlinear terms of the right-hand side of Eq. �2� are
integrated separately and the results are combined to
construct the solution to the full problem. The linear
part of the equation is solved in the frequency domain,
but the evaluation of the nonlinear term is less straight-
forward. Following Blow and Wood �1989�, we treat the
time derivative in the nonlinear term as a perturbation
and use a second-order Runge-Kutta method to carry
out the integration of the nonlinear step.8 The convolu-
tion integral between the field intensity and the delayed
Raman response is calculated as a simple product in the
frequency domain. Both real and imaginary parts of the
Raman susceptibility are included.

Although the practical implementation of the split-
step Fourier method is quite straightforward, accurate
results require care in the choice of time-frequency dis-
cretization and in the choice of longitudinal computation

step. For temporal and spectral computation windows
spanning Tspan and Fspan, respectively, the sampling theo-
rem imposes the condition TspanFspan=Np, where Np is
the number of discretization points. For the femtosec-
ond pumping parameters considered here, the broadest
SC typically require Fspan�1000 THz and Tspan�20 ps
so that a very large number of points Np�215 is typically
required. Of course, when equivalent bandwidths are
generated using even longer pulses in the picosecond or
nanosecond regime, the sampling condition implies that
even greater computational effort is required. It is also
important to ensure that the time window is sufficiently
large to avoid cyclic wrapping of the temporal envelope
with propagation, and this can be checked through in-
clusion of an absorbing window together with calcula-
tions to check photon-number conservation during
propagation.

The longitudinal step size used is also of crucial im-
portance, and must be sufficiently small to accurately
model the nonlinear and dispersive interactions as the
field propagates �Agrawal, 2001�. An additional criterion
concerns the need to avoid artifacts arising from numeri-
cal periodicity �Matera et al., 1993�. In this regard, we
note that a recent review of strategies for the appropri-
ate choice of step size in a systems context by Sinkin et
al. �2003� can also be usefully applied to the case of
modeling SC generation. In any case, it is essential al-
ways to test the simulation fidelity through a conver-
gence study. This involves methodically changing the
computational resolution in order to find an optimal
choice that eliminates numerical artifacts while simulta-
neously minimizing computation time.

C. The spectrogram

Numerical integration of Eq. �2� yields the complex
pulse envelope of the SC field, from which we can cal-
culate both the temporal and spectral SC characteristics
for comparison with experiment. In the vast majority of
early experiments, however, the SC at the fiber output
was only partially characterized through measurements
of the optical spectrum. Although comparisons of simu-
lated and measured SC spectra were important in estab-
lishing the validity of numerical models, it is clear that
characterizing the SC field in such an incomplete way
was unsatisfactory.

The problem of how to completely characterize an
ultrafast optical field in both intensity and phase is a
long-standing one, and it was only with the invention of
techniques such as frequency-resolved optical gating
�FROG� in the 1990s that it was solved in a satisfactory
manner �Trebino, 2002�. The FROG technique is based
on the characterization of an ultrafast field through mea-
surement of an optical spectrogram �or short-time Fou-
rier transform�, a function that represents the field in the
time and frequency domains simultaneously. With E�t�
the field to be characterized, the spectrogram is defined
by

8The reader is referred to Cristiani et al. �2004� where a num-
ber of misprints in Blow and Wood �1989� relating to the
Runge-Kutta integration have been corrected.
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���,�� = �
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E�t�g�t − ��e−i�tdt�2

, �4�

with g�t−�� a variable-delay gate function with delay
value �. Physically, the spectrogram describes the set of
spectra of time-gated portions of E�t�, and provides a
highly intuitive display of any waveform. In particular,
the spectrogram allows direct visual inspection of the
nature of the field spectral phase properties, and conve-
nient identification of correlated temporal and spectral
features �Treacy, 1971; Cohen, 1989�. From an experi-
mental point of view, although directly measuring E�t�
on femtosecond time scales is not possible, measuring its
spectrogram is relatively straightforward. Moreover, us-
ing phase retrieval techniques it is possible to effectively
invert the spectrogram to obtain the corresponding E�t�,
allowing the complete characterization of the incident
field �Trebino, 2002�.

In the context of SC generation, experimental spec-
trogram measurements have been made by gating a rep-
lica of the input pulse to the PCF �g�t�� with the output
SC field �E�t�� through cross correlation in a ��2� crystal
phase-matched for sum-frequency generation. The spec-
tral resolution of the sum-frequency field as a function
of delay yields the spectrogram defined in Eq. �4�, which
is often referred to as the cross-correlation FROG trace
�Linden et al., 1998�. It is interesting to remark here that
although cross-correlation FROG was initially devel-
oped for experimental applications, it has subsequently
initiated much interest in the theoretical representation
of complex pulse propagation dynamics.9 It is primarily
in this context that we shall be using the spectrogram
representation here, in order to more clearly illustrate
the femtosecond dynamics of SC generation.

D. Inclusion of noise

Noise effects during SC generation can be rigorously
modeled within the GNLSE framework through the in-
clusion of appropriate stochastic variables to model
quantum-limited shot noise on the injected input field
and spontaneous Raman fluctuations along the length of
the fiber �Drummond and Corney, 2001�. The effect of
spontaneous Raman scattering during propagation ap-
pears explicitly through the multiplicative stochastic
variable �R shown in Eq. �2�. In particular, this noise
term has frequency-domain correlations given by

��R��,z��R
* ���,z���

=
2fR � �0



�Im�hR������nth����� + U�− ���

���z − z����� − ��� . �5�

Here �=�−�0, the thermal Bose distribution nth���
= �exp��� /kBT�−1�−1, and U is the Heaviside step func-
tion. All other symbols have their usual meaning. The
inclusion of the stochastic Raman term in the simula-
tions was carefully checked against known analytic pre-
dictions for the relative spontaneous growth of the
Raman-Stokes and anti-Stokes peaks under CW pump-
ing conditions.

In addition to spontaneous Raman scattering, input
pulse shot noise is modeled semiclassically through the
addition of a noise seed of one photon per mode with
random phase on each spectral discretization bin. An
equivalent approach in the time domain involves adding
a stochastic variation in the input field amplitude in each
temporal discretization bin whose standard deviation is
equal to the square root of the number of photons in the
bin. Although the presence of linear loss during propa-
gation can contribute an additional stochastic noise term
to Eq. �2�, this term has been neglected here.

Performing numerical simulations in the presence of
noise allows us to investigate how fluctuations on the
input pulse or during propagation influence the intensity
and phase stability characteristics of the output SC. The
approach that we use is based on performing multiple
simulations in the presence of different random noise
seeds to generate an ensemble of output SC fields. Sta-
tistical analysis over this ensemble can then conveniently
yield different physical quantities for direct comparison
with experiment. Specifically, we are able to examine
how the presence of noise induces shot-to-shot fluctua-
tions in both the temporal and spectral intensity distri-
butions, and we can calculate mean temporal and spec-
tral profiles for comparison with experiments. This
simple calculation allows us to understand why fine
structure in the spectral characteristics obtained from
simulations is often unobserved in experiments that use
optical spectral analyzers with limited spectral resolu-
tion and long integration times.

More quantitative insight is obtained by examining
the wavelength dependence of the intensity and phase
fluctuations across the SC spectrum. To characterize
fluctuations in spectral phase across the SC, it is natural
to think of an interferometric measure of the relative
coherence between successive SC spectra generated in a
multishot experiment. In this context, we note that stud-
ies of SC generation in bulk media have demonstrated a
convenient experimental technique for characterizing
SC coherence using a modified Young’s two-source ex-
periment �Bellini and Hänsch, 2000�. Here, the two spa-
tially separated sources that interfere are independently
generated SC that yields a polychromatic interference
pattern when combined in the far field. The spectral
resolution of this pattern revealed distinct fringes at
each wavelength in the spectrum, and the wavelength
dependence of the fringe visibility provides a rigorous
measure of the local coherence properties, since it is
equal to the modulus of the complex degree of �mutual�
coherence between the independent SC.

As shown by Dudley and Coen �2002a, 2002b�, this
measure of SC phase stability can be calculated from

9See, e.g., Dudley, Gu, et al. �2002�, Genty et al. �2002�, Efi-
mov et al. �2004b�, Genty, Lehtonen, and Ludvigsen �2004�,
Hilligsøe et al. �2004�, Hori et al. �2004�, Frosz et al. �2005�,
Schreiber et al. �2005�.
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numerical simulations. Quantitatively, the modulus of
the complex degree of first-order coherence is defined at
each wavelength in the SC by

�g12
�1��	,t1 − t2�� = � �E1

*�	,t1�E2�	,t2��
���E1�	,t1��2���E2�	,t2��2�

� . �6�

Here the angular brackets denote an ensemble average
over independently generated pairs of SC spectra
�E1�	 , t� ,E2�	 , t�� obtained from a large number of simu-
lations, and t is the time measured at the scale of the
temporal resolution of the spectrometer used to resolve
these spectra. Also, since we are mainly interested in the
wavelength dependence of the coherence, we can calcu-
late the modulus �g12

�1�� at t1− t2=0, which corresponds to
the fringe visibility at zero path difference in Young’s
two-source experiment described above.

It is useful to introduce a spectrally averaged coher-
ence ��g12

�1� � �=��g12
�1��	 ,0� � �E�	��2d	 /��E�	��2d	 in order to

quantify the overall coherence across the SC spectrum.
�g12

�1�� is a positive number that lies in the interval �0;1�,
with a value of 1 denoting perfect coherence. The value
of �g12

�1�� is primarily a measure of phase stability, because
two fields that have perfect phase coherence but whose
intensities are completely uncorrelated still yield a high
fringe contrast. For example, �g12

�1� � =0.75 for field of uni-
formly distributed random amplitude and perfect phase
stability. It is also important to note that �g12

�1�� is calcu-
lated over a finite bandwidth at each wavelength in the
SC, fixed by the resolution of the simulations. When
considering typical mode-locked sources with repetition
rates around 80 MHz, such a simulation bandwidth is
much greater than the longitudinal mode separation,
and thus �g12

�1�� should be considered an effective average
coherence over a large number of longitudinal modes.
We must note as well that, in this limit, the average spec-
tral density of the pulse train Savg as measured, e.g., by a
typical optical spectrum analyzer that does not resolve
the individual modes, is simply given by the average of
the spectral densities obtained from each individual
simulation, i.e., Savg= ��E�	��2�.

Wavelength-dependent intensity fluctuations can be
quantified through the relative intensity noise �RIN�.
This is calculated from the rf noise spectrum measured
within a particular optical bandwidth at each wavelength
across the SC �von der Linde, 1986�. The RIN �with
units of dBc/Hz� is specified at a particular rf frequency
and yields the noise power within a 1 Hz electrical band-
width relative to the rf carrier. In the optical domain, the
RIN is also equal to the variance of the intensity fluc-
tuations at a particular frequency over the square of the
average intensity and is directly related to the percent-
age of pulse-to-pulse amplitude jitter. The RIN is
straightforward to calculate from an ensemble of simu-
lations by analyzing the rf noise spectra assuming a
given repetition rate of the SC spectra generated. Natu-
rally, it is important that such a numerical analysis repro-
duces all relevant experimental conditions, but this

model has been successfully tested against accurate ex-
periments �Corwin et al., 2003a, 2003b�.

Although the modulus of the complex degree of first-
order coherence �g12

�1�� and the RIN characterize different
things, i.e., phase and intensity fluctuations, respectively,
SC spectra that exhibit strong phase fluctuations also
exhibit strong intensity fluctuations. Hence, the depen-
dence of these two parameters on the pumping condi-
tions follows similar trends. Because the first-order co-
herence �g12

�1�� has a more straightforward interpretation
in terms of classical optics, we will mainly use this pa-
rameter to discuss noise-related issues in this review. We
also point out that our discussion is focused on the fun-
damental broadband noise component due to shot noise
and spontaneous Raman scattering. We therefore do not
consider explicitly the large-amplitude noise component
at low frequencies that results from technical noise, i.e.,
fluctuations in the laser input power that are in excess of
shot noise �Newbury et al., 2003�. This can in principle
be reduced by using a highly stabilized laser. In contrast,
the broadband noise component discussed here will al-
ways be present since it results from intrinsic quantum
fluctuations.

V. SUPERCONTINUUM GENERATION IN THE
FEMTOSECOND REGIME: SOLITON DYNAMICS
DECONSTRUCTED

In this section, we present results from numerical
simulations to illustrate the SC generation process when
pumping using femtosecond pulses in the anomalous
GVD regime of the fiber. We discuss this in particular
detail because it corresponds to the case in which the
first results were obtained by Ranka et al. �2000a�, and
because it forms the basis of important applications in
optical frequency metrology.

Many of the spectral broadening effects in this regime
are dominated by soliton-related dynamics, and as will
be clear from Sec. II these have been studied in other
contexts since the early days of nonlinear fiber optics.
Nonetheless, our objective here is to present a useful
and synthetic treatment for the nonspecialist, isolating
as much as possible distinct signatures of particular
physical processes that occur during propagation. More
detailed discussion of particular dependences on input
pulse wavelength and duration for the femtosecond re-
gime is considered in Sec. VI. SC dynamics for longer
pulses are discussed in Sec. VII.

A. Basic numerical results

We first present numerical results obtained using typi-
cal experimental parameters with anomalous GVD re-
gime pumping. We use the full GNLSE in Eq. �2�, and
consider a 15 cm length of a highly nonlinear PCF struc-
ture as shown in Fig. 1 with hole diameter �=1.4 �m,
pitch �=1.6 �m, and ZDW around 780 nm. We assume
a pump wavelength of 835 nm where the nonlinear pa-
rameter 
=0.11 W−1 m−1. Although we use the global
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PCF dispersion characteristics in our simulations, Table
I provides the terms of a corresponding Taylor series
expansion truncated at �10 that yields near-identical re-
sults.

The initial injected pulse used in the simulations has a
hyperbolic secant field profile A�0,T�=�P0 sech�T /T0�,
where T0=28.4 fs and the peak power is P0=10 kW.
Note that hyperbolic secant input pulses are assumed for
all other simulation results presented. The correspond-
ing intensity full width at half maximum �FWHM� is
��=2 ln�1+�2�T0=1.763T0=50 fs. The parameter �shock
=0.56 fs, which was calculated including the frequency
dependence of the guided mode in the fiber using Eq.
�3�, as described above.

This choice of fiber and input pulse parameters allows
us to investigate the SC generation process under condi-
tions typical of many experiments in the literature.
Noise sources as described in Sec. IV have been in-
cluded so that initial evolution dynamics are accurately
modeled, but results from only single simulations are
presented; the statistical effects of noise are treated in
detail in Sec. VI.D.

The first results we present illustrate the dynamics of
the spectral and temporal evolution that can be exam-
ined through the numerical solution of Eq. �2�. Figure 3
presents results for propagation over the 15 cm length of
PCF. In Figs. 3�a� and 3�b�, we plot spectral and tempo-
ral slices at representative propagation distances as
shown. The SC spectra are shown on a logarithmic scale
to illustrate the fine structure of the spectrum generated,
and to show its continuity over an octave at the −20 dB
level over 550–1100 nm at the fiber output.

The output spectral structure seen in the simulations
qualitatively reproduces the SC characteristics seen in a
number of experimental studies �Ranka et al., 2000a;
Dudley, Provino, et al., 2002; Genty et al., 2002; Herr-
mann et al., 2002; Washburn et al., 2002�. Understanding
the underlying physics, however, requires consideration
of the dynamical evolution of the initial pulse toward the
output SC, and it can be seen clearly that this is very
complex. In fact, the use of discrete slices as in Fig. 3
only partially captures the richness of these dynamics,
and significant additional insight is provided using a den-

sity plot representation as shown in the bottom subfig-
ures. Here we represent both the spectral and temporal
intensity using a logarithmic density scale truncated at
−40 dB relative to the maximum value. This representa-
tion is particularly useful in showing the generation and
evolution of low-amplitude temporal and spectral com-
ponents.

We are now in a position to begin the development of
an accurate description of the SC generation process.
We first note that the initial stage of propagation is
dominated by approximately symmetrical spectral
broadening, most of which occurs within the first 0.5 cm.
Strong temporal compression also occurs over this range
but, after around 1 cm, the spectral broadening becomes
strongly asymmetric with the development of distinct
spectral peaks on both the short- and long-wavelength
sides of the injected pump. This is associated with the
development of distinct temporal peaks that sit upon a
broader low-amplitude background. This temporal
background is particularly apparent on the logarithmic
density plot.

Although the majority of spectral broadening occurs
within the initial stages of propagation, further propaga-

TABLE I. Taylor series expansion coefficients at 835 nm for
the GVD of the PCF used in the simulations. The structure has
�=1.4 �m and �=1.6 �m. The full GVD curve is shown in
Fig. 2.

�2=−11.830 ps2 /km
�3=8.1038�10−2 ps3 /km

�4=−9.5205�10−5 ps4 /km
�5=2.0737�10−7 ps5 /km
�6=−5.3943�10−10 ps6 /km
�7=1.3486�10−12 ps7 /km
�8=−2.5495�10−15 ps8 /km
�9=3.0524�10−18 ps9 /km
�10=−1.7140�10−21 ps10/km

FIG. 3. �Color online� Results from numerical simulations
showing �a� spectral and �b� temporal evolution for selected
propagation distances. The input sech2 input pulse at 835 nm
has 10 kW peak power and 50 fs FWHM. Fiber parameters are
given in the text. Bottom curves show the advantage of repre-
senting these results as �logarithmic� density plots. Unless oth-
erwise stated, the 40 dB dynamic range density scale shown
applies to all density plots.
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tion is associated with a clear continuous redshift of the
long-wavelength components and the temporal separa-
tion of distinct peaks in the time domain. In contrast to
this continuous shift to longer wavelengths, however, the
short-wavelength edge of the SC does not undergo fur-
ther extension with propagation.

Additional insight is obtained by plotting the output
pulse characteristics in more detail as shown in Fig. 4. In
particular, using numerical filtering we can readily corre-
late prominent features in the temporal intensity profile
and the spectrum. For example, we can relate the dis-
tinct temporal peaks labeled A and B with the corre-
sponding peaks on the long-wavelength side of the out-
put spectrum, and we can correlate the strong normal
GVD regime peak C around 550 nm with the broad low-
amplitude pedestal on the trailing edge of the highest-
amplitude temporal peak. The figure also shows other
complex structure such as ultrafast oscillations on the
temporal intensity profile that are shown on an ex-
panded timebase.

A complete physical description of the SC generation
process must be capable of explaining all of these char-
acteristics. Of course, it is equally clear that a straight-
forward and intuitive explanation for such complex dy-
namics is not immediately apparent. Nonetheless, as we
shall see, the essential features of the SC evolution seen
in the preceding figures can be readily appreciated in
terms of well-known aspects of soliton propagation dy-
namics. To do this, however, it is necessary to simplify
the propagation problem and consider the major nonlin-
ear processes individually.

B. Deconstructing the dynamics

1. Soliton fission

Supercontinuum generation with anomalous GVD re-
gime pumping is dominated by soliton-related propaga-
tion effects. The most important of these in the initial

stages is the soliton fission process alluded to in Sec.
II.B, whereby a pulse with sufficient peak power to con-
stitute a higher-order soliton is perturbed and breaks up
into a series of lower-amplitude subpulses.

The soliton order of the input pulse N is determined
by both pulse and fiber parameters through N2

=LD /LNL. Here LD=T0
2 / ��2� and LNL=1/
P0 are the

characteristic dispersive and nonlinear length scales, re-
spectively. For the pulse and fiber parameters given in
the preceding section, N�8.5. Although the signatures
of pulse break up and decay are certainly apparent with
such a high value of N, the underlying physics can be
illustrated more clearly using a lower soliton order. We
choose N=3, which corresponds to a peak power of P0
=1.25 kW with the other parameters as above.

To discuss the soliton fission process in detail, we be-
gin by considering the propagation characteristics of an
ideal higher-order soliton where propagation is de-
scribed by the standard NLSE. This corresponds to ne-
glecting all higher-order nonlinear and dispersive effects
�and all noise sources� in Eq. �2�.10 In this case, an in-
jected higher-order soliton shows periodic spectral and
temporal evolution over a soliton period zsol= �� /2�LD.
For our parameters, LD=6.8 cm and zsol=10.6 cm.
These ideal periodic propagation characteristics are
shown in Fig. 5, which plots the higher-order soliton evo-
lution over two soliton periods.

In the femtosecond regime, higher-order dispersion
and Raman scattering are the two most significant ef-
fects that can perturb such ideal periodic evolution and
induce pulse breakup through soliton fission. Which of
the two effects dominates depends primarily on the in-
put pulse duration. For input pulses of durations exceed-
ing 200 fs, the input pulse bandwidth is sufficiently low
that the Raman perturbation generally dominates,
whereas for pulses of duration less than 20 fs, it is the

10Specifically, we consider only �2 in Table I; we take fR=0,
�shock=0, and turn off all noise sources in Eq. �2�.

FIG. 4. Detailed view of output �a� temporal and �b� spectral
characteristics. The labels A, B, and C show correlated tempo-
ral and spectral features.

FIG. 5. �Color online� Periodic evolution of the spectral and
temporal characteristics of the higher-order N=3 soliton as de-
scribed in the text. The propagation distance is in units of the
soliton period, which for these parameters is zsol=10.6 cm.
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dispersive perturbation that induces the pulse breakup.
For pulses of intermediate duration such as those that
we consider here �recall that ��=50 fs�, Raman and
higher-order dispersion introduce comparable perturba-
tion. However, to isolate the fission process from other
dispersion-related effects discussed in the next section, it
is convenient to consider only Raman-induced
perturbations.11

The Raman perturbation of periodic higher-order
soliton evolution is shown in the numerical results of
Fig. 6. In particular, we see how the injected pulse un-
dergoes an initial phase of temporal compression and
spectral broadening but, instead of periodically recover-
ing to its initial state after zsol=10.6 cm, the pulse breaks
up into a train of individual pulses. Each of these pulses
is, in fact, a constituent fundamental soliton and the
number of pulses is equal to the incident pulse soliton
order N.

The individual solitons are ejected from the input
pulse in an ordered fashion one by one. The ejected
solitons are arranged by peak power with the highest
peak power �shortest� solitons exhibiting the largest
group velocity difference relative to the pump wave-
length. Explicit expressions for the constituent funda-
mental soliton amplitude and width in terms of the pa-
rameters of the injected N soliton have been obtained
theoretically by Kodama and Hasegawa �1987�. These
are Aj�z ,T�=�Pjsech�T /Tj� for j=1, . . . ,N, where Pj
=P0�2N−2j+1�2 /N2 and Tj=T0 / �2N−2j+1�. Solitons
that are ejected earlier have higher amplitudes, shorter
durations, and propagate with faster group velocities.
For the first �highest amplitude� ejected soliton, good

agreement between theory and simulation can be ob-
tained even after a relatively short propagation distance.
Figure 7 presents an exploded view of the soliton fission
process onset, comparing the intensity profile of the j
=1 ejected soliton �FWHM 10 fs� from simulations �solid
line� with that expected from the soliton fission theory
�open circles�.

The distance at which fission occurs generally corre-
sponds to the point at which the injected higher-order
soliton attains its maximum bandwidth. A number of
empirical expressions for this characteristic distance
have been obtained in the context of soliton-effect com-
pression �Dianov et al., 1986; Chen and Kelley, 2002�,
but for our purposes we have found that this fission dis-
tance can be usefully �and simply� defined as Lfiss
�LD /N. For our parameters we have LD /N�2.3 cm,
which agrees well with the numerical results shown in
Fig. 7. After the initial fission, each constituent soliton
experiences a continuous shift to longer wavelengths
from the soliton self-frequency shift because the indi-
vidual soliton bandwidths overlap the Raman gain. As
shown by Gordon �1986a�, the dynamics of the fre-
quency shift �R can be expressed as d�R /dz� ��2 � /T0

4. A
consequence of this is that the shorter-duration solitons
that are ejected earlier in the fission process experience
greater self-frequency downshifts and walkoff propor-
tionally faster from the input pump wavelength. This
can, in fact, be clearly seen in Fig. 6.

The pulses eventually separate so that the individual
fundamental solitons are seen distinctly at the fiber out-
put. We have found that soliton separation begins to
become apparent in the temporal and spectral character-
istics after a propagation distance of typically �5LD.
However, observing distinct signatures of all N solitons
in both time and frequency domains can require signifi-
cantly further propagation. For our parameters 5LD
�34 cm, and indeed we see from Fig. 6 that soliton
separation is apparent at this stage. At intermediate

11Specifically, we consider only �2 in Table I; we take fR
=0.18, �shock=0, and turn off all noise sources in Eq. �2�.

FIG. 6. �Color online� Results from numerical simulations
showing �a� spectral and �b� temporal evolution for Raman-
induced fission of an incident N=3 soliton as described in the
text. Top curves show the output profiles after 0.5 m propaga-
tion.

FIG. 7. �Color online� Soliton fission detail. Left: The initial
soliton fission process in the presence of only Raman scatter-
ing for N=3. In particular, we note the onset of soliton fission
around LD /N�2.3 cm. Right: The intensity profile of the first
ejected soliton �solid line� compared with that predicted from
Kodama and Hasegawa �1987� �circles�.
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propagation distances, the figure also shows that the
spectral and temporal characteristics are more complex.
The spectrum in particular shows a strong modulation
behavior for distances less than 20 cm, but this is simply
understood as due to the linear spectral interference of
the different solitons whose bandwidths still overlap at
this stage.

2. Dispersive wave generation

The results in Figs. 6 and 7 clearly facilitate the physi-
cal interpretation of the full SC evolution shown in Fig.
3. In particular, the initial evolution is qualitatively simi-
lar in the two cases, highlighting the fundamental impor-
tance of higher-order soliton dynamics that leads to an
initial stage of spectral broadening and temporal com-
pression. After this initial propagation, the temporal
pulse break up and the generation of distinct spectral
peaks in the anomalous GVD regime can be clearly
identified as due to soliton fission and the Raman self-
frequency shift of ejected constituent fundamental soli-
tons.

On the other hand, the soliton-fission dynamics alone
does not reproduce the normal GVD regime spectral
structure or the low-amplitude temporal background
that are clearly seen in the full SC generation case. In-
deed, the simulations in Fig. 6 for ideal soliton fission
show that ejected solitons propagate unperturbed even
in the presence of the continuous shift to longer wave-
lengths. This ideal case, however, has neglected the ef-
fect of higher-order dispersion on the propagating soli-
tons, and we now discuss this in detail.

The presence of higher-order dispersion modifies soli-
ton fission in two main ways. First, as an ejected funda-
mental soliton shifts to longer wavelengths through the
Raman effect, it encounters a varying local value of �2,
and its temporal width and peak power adjust them-
selves to conserve a unit soliton number during
propagation.12 Second, the presence of higher-order dis-
persion can also lead to the transfer of energy from the
soliton to a narrow-band resonance in the normal GVD
regime, and the associated development of a low-
amplitude temporal pedestal �Wai et al., 1986�. The po-
sition of this resonance can be readily obtained from a
phase-matching argument involving the soliton linear
and nonlinear phase and the linear phase of a continu-
ous wave at a different frequency �Akhmediev and
Karlsson, 1995�. In particular, for a soliton of peak
power Ps at frequency �s, a dispersive wave is generated
at a frequency �DW where ���s�−�s /vg,s+ �1− fR�
Ps
=���DW�−�DW/vg,s, with vg,s the soliton group velocity
at �s. Later work has also examined the structure of the
perturbed soliton and pedestal in more detail �Elgin et
al., 1995�. The study by Akhmediev and Karlsson �1995�
is also noteworthy for establishing that the emission of

the dispersive wave is equivalent to a Cherenkov radia-
tion process in the frame of reference defined by comov-
ing time T and the propagation direction z.

In SC generation, the particular fundamental solitons
that stimulate the dispersive wave radiation are those
that are successively ejected from the input pulse during
its fission. Moreover, the initial emission of dispersive
radiation is primarily from the first ejected soliton that
possesses the broadest bandwidth and thus has maxi-
mum overlap with the dispersive wave resonance. To
consider this process in more detail, the results in Fig. 8
isolate the dispersive wave generation process for the
first ejected soliton from the fission process described
above and seen in Figs. 6 and 7. Specifically, we consider
the propagation of the j=1 ejected fundamental soliton
above, with peak power P0=3.48 kW and FWHM 10 fs
�T0=5.67 fs� at 835 nm, and we examine how its charac-
teristics are modified in the presence of the full PCF
dispersion curve. We recall that the ZDW of this fiber is
at 780 nm.

To isolate the process even further, the first simulation
in Fig. 8�a� shows propagation in the absence of Raman
scattering. We note both the perturbation of the ex-
pected stable solitonic propagation and the clear spec-
tral and temporal signatures of the dispersive wave gen-
eration. However, under these conditions the soliton
frequency variation with propagation is negligible.
These dynamics are of course significantly modified un-

12In fact, this is equivalent to conserving the soliton pulse
area �=�P0T0 since the soliton order can be expressed as N
=��
 / ��2 � �1/2.

FIG. 8. �Color online� Results from numerical simulations
showing the spectral �left� and temporal �right� signatures of
dispersive-wave generation from a fundamental soliton �a� in
the absence of and �b� in the presence of Raman scattering.
The fundamental soliton parameters correspond to the first
ejected soliton from the fission process shown in Fig. 7. Here
P0=3.48 kW and FWHM 10 fs at 835 nm.
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der the realistic conditions where the Raman effect is
present. This is shown in Fig. 8�b�, where the continuous
shift to longer wavelength due to the self-frequency shift
is apparent.

The particular influence on the dispersive wave gen-
eration is shown more clearly in Fig. 9, where we show
�a� the evolution of the mean soliton frequency for the
two cases and �b� the corresponding integrated energy
under the dispersive wave frequency component. We see
that the continuous shift to longer wavelengths due to
the self-frequency shift means that the resonant energy
transfer occurs efficiently only during the initial propa-
gation phase. Thus, although the visual dynamics in Figs.
8�a� and 8�b� are similar, the results in Fig. 9 show that
the energy transferred to the dispersive wave is signifi-
cantly reduced in the presence of Raman scattering.

We can now interpret the short-wavelength features in
the SC spectra shown in Fig. 3 as due to dispersive wave
generation seeded from the initial soliton fission process.
The abrupt short-wavelength edge seen on the SC can
be understood as arising from the intrinsically narrow-
band nature of the dispersive wave resonance. Although
the resonance position can be determined using a phase-
matching condition as discussed above, describing the
growth dynamics and spectral structure of the dispersive
wave component in detail is significantly more complex,
depending on factors such as the particular dispersion
properties of the PCF used and the wavelength of the
pump radiation relative to the fiber ZDW. Indeed, a
quantitative description generally requires a numerical
approach, and detailed studies based on the full PCF
dispersion profile have been reported by Herrmann et al.
�2002�, Hilligsøe et al. �2003�, and Cristiani et al. �2004�.
Some additional insight can also be obtained from ear-
lier theoretical studies of perturbed soliton propagation
�Elgin et al., 1995; Gölles et al., 1997; Horikis and Elgin,
2001�.

These results also illustrate the significance of the mu-
tual interaction between stimulated Raman scattering

and dispersive wave generation. The presence of higher-
order dispersion modifies the evolution of the propagat-
ing Raman soliton and reduces the magnitude of the
soliton self-frequency shift �compare Figs. 6 and 8�b��,
and the Raman scattering itself imposes a fundamental
restriction on the propagation distance over which
soliton-induced dispersive wave generation occurs.
From a practical point of view, although these interac-
tions are unavoidable, they could be considered delete-
rious because they reduce the SC bandwidth from that
expected if it were possible to excite these processes in
isolation. However, as shown by Genty, Lehtonen, and
Ludvigsen �2004�, the generated Raman soliton and dis-
persive waves can couple through XPM to generate ad-
ditional frequency components that increase the overall
bandwidth.

At this point, recall that the soliton-related dynamics
discussed above have been considered in PCF structures
with only one ZDW, typical of most reported SC gen-
eration experiments. However, as seen in Fig. 2, an ap-
propriate choice of the PCF structural parameters can
lead to a fiber with two ZDWs—a large region of
anomalous GVD centrally located between two regions
of normal GVD. In this case, soliton injection in the
central anomalous GVD region can lead to dispersive
wave generation and energy transfer across both ZDWs,
but with qualitatively different dynamics because of the
dispersion curve with different slopes at each point of
zero dispersion. Detailed theoretical and experimental
studies of these processes have been carried out by Skry-
abin et al. �2003�, Efimov et al. �2004b�, Genty et al.
�2004�, and Hilligsøe et al. �2004�. This is revisited in Sec.
VIII.A.

C. Interpretation using the spectrogram

We are now in a position to reinterpret the temporal
and spectral evolution plots shown in Fig. 3 for the case
of SC generation when all relevant physical processes
are included in the modeling. It is apparent that the full
SC generation process is significantly more complex
than the two isolated physical processes considered
above. Nonetheless, a comparison of Fig. 3 with Figs. 6
and 8 reveals the clear signatures of both �i� soliton fis-
sion followed by the Raman shifting of constituent
ejected solitons and �ii� the associated generation of dis-
persive waves from each ejected fundamental soliton
due to the effect of higher-order dispersion. When ex-
amined in this way, the physical origin of the complex
structure of the SC spectrum takes on a more straight-
forward physical interpretation in terms of effects well
known from previous studies of nonlinear pulse propa-
gation in optical fibers.

Even more insight into the SC generation process can
be obtained by considering the spectrogram of the SC
output. To this end, Fig. 10 plots the calculated spectro-
gram �from Eq. �4�� where E�t� is the SC field and the
gate function g�t� is the 50 fs input pulse, and we project
the time-frequency structure of the spectrogram onto

FIG. 9. Simulation results illustrating the influence of Raman
scattering on dispersive-wave dynamics showing the evolution
with distance of �a� the mean soliton frequency �left axis� and
wavelength �right axis� and �b� the relative energy radiated to
the dispersive wave.

1152 Dudley, Genty, and Coen: Supercontinuum generation in photonic …

Rev. Mod. Phys., Vol. 78, No. 4, October–December 2006



the output temporal intensity �bottom axis� and spec-
trum �right axis�.

The advantages of the spectrogram for interpreting
the different SC features can be clearly seen from this
figure. For example, simple visual inspection of the spec-
trogram allows the particular time and frequency do-
main signatures of the dispersive wave and Raman soli-
ton components to be immediately identified and
correlated. In addition, the parabolic group delay varia-
tion with wavelength �related to the dispersive charac-
teristics of the fiber� is immediately apparent. Even
more significantly, since the portion of the temporal in-
tensity profile that has developed ultrafast oscillations is
seen to be associated with two distinct spectrogram
wavelength components separated by 165 THz, the ori-
gin of the ultrafast modulation can be physically inter-
preted as a result of the beating between these compo-
nents. Significantly, the spectrogram allows the origin of
this modulation to be readily identified in a way not
possible from examining the separate intensity and spec-
tral measurements.

For the purposes of developing an intuitive apprecia-
tion of the dynamics of SC generation, we have found it
instructive to animate the evolution of the temporal in-
tensity, spectrum, and spectrogram as a function of
propagation distance in the fiber �Dudley, Gu, et al.,
2002; Genty et al., 2002�. For such an animation corre-
sponding to Fig. 10, refer to the EPAPS Document cited

in the Reference section. The animation clearly shows
how the onset of pulse breakup and the formation of
Raman solitons are associated with the development of
distinct peaks in the spectrum and, in addition, how the
generation of energy in the dispersive wave occurs
within the initial stages of propagation. From a theoret-
ical viewpoint, the spectrogram provides a natural way
to interpret and correlate complex features in the tem-
poral and spectral domains, and we suggest that its use
becomes standard practice in nonlinear fiber optics for
analyzing complex pulse propagation dynamics.

D. Comparison with experimental results

In this section, we present some key experimental re-
sults that highlight the success of the numerical model-
ing in reproducing experimentally observed features. A
more complete survey of the experimental literature for
the femtosecond regime is given in Sec. VI.E.

We begin by showing results of a study reported by
Corwin et al. �2003a, 2003b� where careful experimental
measurements were made of the SC spectral character-
istics. In these experiments, an argon-ion laser-pumped
femtosecond Ti:sapphire laser was used as a source of
pulses with a typical bandwidth of �45 nm FWHM cen-
tered at 810 nm, and at a 100 MHz repetition rate. A
double-pass fused-silica prism pair could control the
chirp on the laser pulses, and interferometric autocorre-
lation measurements were used to infer both the input-
pulse duration and pulse chirp. With the system config-
ured to produce near Fourier transform limited pulses of
22 fs FWHM, pulses of energy 0.9 nJ were injected into
a 15 cm long microstructure fiber having characteristics
similar to those described above, but with a ZDW
around 770 nm. In this case, Fig. 11 compares the ex-
perimentally measured spectrum �top� with that ob-
tained from numerical simulations using the GNLSE
model above �bottom�. Simulations reproduce the over-
all spectral width �more than 400 THz at the −20 dB
level�, as well as the position of the Raman soliton and
dispersive wave peaks. Simulations do exhibit fine spec-
tral structure that is not observed in experiments be-

FIG. 10. �Color online� Simulated supercontinuum spectro-
gram projected onto the temporal intensity and spectrum for
input pulses at 835 nm of 10 kW peak power and 50 fs FWHM
propagating in 15 cm of PCF. The gate function used is the
50 fs input pulse. An animation of the evolution over the
15 cm propagation length is available as an EPAPS Document
cited in the Reference section.

FIG. 11. Comparison between experimental and simulations
corresponding to the output SC spectra obtained using �22 fs
�FWHM� pulses of energy 0.9 nJ injected into 15 cm of PCF.
Adapted from Corwin et al., 2003b.
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cause of the finite spectrometer resolution ��2.5 nm�,
but it is clear that there is extremely good correspon-
dence nonetheless.

Simulations of the SC generation process have also
proven extremely valuable to assist in the physical inter-
pretation of the complex structure of SC spectrogram
measurements made using cross-correlation FROG.
Spectrogram measurements of SC generation had been
reported as early as 2001 by Xu et al. �2001�, and clearly
showed that the generated SC possessed very complex
spectrotemporal structure. Numerical simulations were
then used to interpret these experimental data by pro-
jecting the time-frequency structure of the spectrogram
onto the experimentally measured temporal and spectral
intensity distribution.

Specifically, Fig. 12 shows the experimental results re-
ported by Dudley, Gu, et al. �2002� for a SC generated in
a 16 cm length of PCF using 25 fs pulses at 800 nm with
energy around 1 nJ. Because of uncertainties in the fiber
parameters in these experiments, it was not possible to
perform a meaningful quantitative comparison with nu-
merical simulations, but it is nonetheless clear that the
experimental spectrogram shows many of the features
seen in the simulation results in Fig. 10. As with simula-
tions, the spectrogram representation clearly facilitates
the physical interpretation of the temporal and spectral
characteristics of the SC in a way that is not possible
with separate time-domain and frequency-domain mea-
surements.

VI. SUPERCONTINUUM GENERATION IN THE
FEMTOSECOND REGIME: GENERAL FEATURES

The preceding section considered the dynamical fea-
tures of femtosecond SC generation for the particular
case in which signatures of soliton-related spectral
broadening processes are clear and unambiguous. Al-
though this regime corresponds to that studied in the
initial SC generation experiments in PCF �Ranka et al.,
2000a�, subsequent studies by many different groups
have shown that the SC characteristics can vary signifi-
cantly with the particular combination of pulse and fiber
parameters that are used, especially the position of the
input pulse wavelength relative to the fiber ZDW.

Because there is little physical insight to be gained by
considering every possible pump and fiber parameter
combination, our aim is to emphasize the major SC dy-
namical regimes that depend particularly on the input
pulse wavelength and duration. Although many experi-
ments have reported SC generation using pulses of dif-
ferent peak power, we do not explicitly consider this de-
pendence, as it is evident that increased input power
impacts directly on the magnitude of the observed spec-
tral broadening. We consider a fixed 15 cm length of the
same fiber type as in the preceding section, but our focus
on discussing the dynamics readily allows the SC depen-
dence on propagation distance �thus fiber length� to be
seen. We also stress that the simulation parameters cho-
sen are intermediate between the extremes that have
been reported in the literature, and allow us to discuss
all important features that have been experimentally ob-
served.

A. Dependence on input pulse wavelength

Our objective in this section is to examine the depen-
dence of the SC characteristics on pump wavelength,
and to discuss the particular dynamical differences ob-
served as the input wavelength is tuned across the ZDW.
An important motivation here is to address a common
misconception that the dramatic SC generation results in
PCF have been obtained primarily because of the en-
hanced nonlinearity of the fiber. In fact, the position of
the input pulse relative to the fiber ZDW is as critical to
the SC generation process as is the enhanced nonlinear-
ity. This is because the dispersion characteristics influ-
ence the fundamental nature �nonsolitonic or solitonic�
of the propagation dynamics, as well as phase-matching
criteria associated with processes such as dispersive
wave generation. It is therefore more correct to say that
the dramatic SC results in PCF have been obtained be-
cause of the combination of enhanced nonlinearity with
the ability to engineer the dispersion properties of PCF
relative to the emission wavelengths of available mode-
locked lasers.

In our simulations, we consider an identical 15 cm fi-
ber segment to that in the preceding section, and use the
same input pulse peak power �10 kW� and duration
�T0=28.4 fs,��=50 fs�. Maintaining constant peak
power and duration in these simulations illustrates the

FIG. 12. �Color online� Experimentally measured spectrogram
of a SC generated in a 16 cm length of PCF using 25 fs pulses
at 800 nm with energy around 1 nJ. Adapted from Dudley, Gu,
et al., 2002.
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importance of dispersion �rather than nonlinearity� in
influencing the dynamics.

Figure 13 summarizes the results obtained, showing
the fiber output characteristics for selected pump wave-
lengths as indicated. The dashed line in the spectral
plots shows the PCF ZDW. From the figure it is possible
to broadly identify three different regimes of spectral
broadening. For a normal GVD pump wavelength of
600 nm far from the ZDW, SPM is the dominant nonlin-
ear process, and the approximately symmetric temporal
and spectral properties are typical of those expected
from the interaction of SPM and the normal GVD of the
fiber �Agrawal, 2001�. As the pump wavelength ap-
proaches the ZDW but still lies within the normal GVD
regime, the initial spectral broadening due to SPM trans-
fers spectral content into the vicinity of the ZDW and
across into the anomalous GVD regime. This can be
seen to some extent for a 650 nm pump, but is more
apparent for a 700 nm pump. For pump wavelengths ex-
ceeding 780 nm, the energy transferred into the anoma-
lous GVD regime increases, and soliton dynamics play
an increasingly important role. Specifically, the spectral
and temporal SC characteristics exhibit clear signatures
of soliton fission and dispersive wave generation as seen
above.

Although normal GVD propagation characteristics
are well known, and the soliton propagation dynamics

have been considered above, certain aspects of the
wavelength-dependent behavior seen in Fig. 13 merit
further discussion. We first consider the transition from
nonsoliton to soliton dynamics over the range
650–780 nm. To this end, Fig. 14 shows the detailed
spectral and temporal evolution of the input pulses
along the fiber at selected wavelengths of �a� 650, �b�
700, and �c� 780 nm. For corresponding spectrogram ani-
mations, refer to the EPAPS Document cited in the Ref-
erence section. The gate pulse used in the spectrogram
calculations had FWHM 50 fs.

For the 650 nm case in Fig. 14�a�, the initial dynamics
are dominated by the interaction of SPM and normal
GVD. Because this leads to significant temporal broad-
ening and rapid decrease of peak power over the first
few centimeters of propagation, the extent of nonlinear
spectral broadening is necessarily limited. Nonetheless,
the spectral broadening that does occur is sufficient to

FIG. 13. Results from numerical simulations showing the spec-
tral and temporal SC characteristics observed for selected
pump wavelengths as indicated. The input pulse peak power is
10 kW and duration �FWHM� is 50 fs. The dashed line shows
the fiber ZDW. Spectrogram animations for the 650, 700, and
780 nm cases are available as an EPAPS Document cited in the
Reference section.

FIG. 14. �Color online� Results from numerical simulations
showing density plots of the spectral and temporal evolution of
supercontinua generated by pulses with wavelengths of �a� 650,
�b� 700, and �c� 780 nm. The input pulse peak power is 10 kW
and duration �FWHM� is 50 fs. The dashed line shows the fiber
ZDW.
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transfer energy in the vicinity of the ZDW �Yanovsky
and Wise, 1994�, leading to characteristic temporal oscil-
lations on the pulse envelope �Dudley et al., 1997�.
These ultrafast oscillations are, in fact, seen in Fig. 13 on
the leading edge of the pulse temporal intensity profile
for the 650 nm case. Dispersion of the nonlinearity and
Raman effects also plays a role in modifying the spectral
structure, and both phase and group velocity matching
criteria can be significant �Boyer, 1999�.

As the pump wavelength further approaches the
ZDW, the energy transferred into the anomalous GVD
regime increases, and we observe mixed normal GVD
and soliton dynamics. This is illustrated in Fig. 14�b� for
a 700 nm pump, and is particularly clear in the spectral
evolution, where we see that the SPM-dominated broad-
ening in the normal GVD regime is accompanied by the
development of Raman soliton components in the
anomalous GVD regime. We also see corresponding
perturbations of the short-wavelength spectral structure.
Processes such as dispersive wave generation and XPM
between the soliton and nonsoliton field components are
expected to contribute to the detailed structure ob-
served, but their effects are difficult to isolate directly in
the spectrum. The reader is encouraged to examine the
spectrogram animations referred to above in order to
obtain a clearer view of these dynamical processes. With
further wavelength tuning such that excitation occurs di-
rectly at the ZDW as shown in Fig. 14�c�, it is clear that
the soliton dynamics become significantly more domi-
nant.

We now consider the variation in the SC characteris-
tics as the pump wavelength increases from 800 to
900 nm in the anomalous GVD regime. Spectrogram
animations are not explicitly shown for these wave-
lengths as they are qualitatively very similar to the
835 nm case referred to above.

From the results in Fig. 13, we note that an increase in
pump wavelength clearly leads to an increased spectral
width and more distinct soliton peaks appearing in both
the spectral and the temporal intensity. At first glance
this is perhaps surprising because the strong wavelength
dependence of the GVD reduces the input soliton order
N= �
P0T0

2 / ��2 � �1/2 for longer wavelengths �see Fig. 2�,
and thus might be expected similarly to reduce the ex-
tent of soliton-related spectral broadening. This behav-
ior, however, illustrates a number of subtleties in the SC
generation process that require more careful consider-
ation.

First, when interpreting these results we must con-
sider not only the value of N at any particular wave-
length, but also the corresponding characteristic propa-
gation distance ��5LD� over which constituent ejected
solitons begin to separate. Specifically, considering the
pump wavelength of 800 nm, �2=−4.259 ps2 /km, which
yields N�14.4 and 5LD�94 cm. Although the input
soliton order is high in this case, the relatively short
propagation distance of 15 cm compared to 5LD results
in only one clearly separated soliton peak in the tempo-
ral intensity. A related consequence is that a large frac-
tion of the input pump energy remains concentrated in

the vicinity of the pump wavelength, resulting in a rela-
tively uniform SC spectrum. On the other hand, at a
longer pump wavelength of 900 nm, �2=−26.48 ps2 /km,
N�5.5, and 5LD�15 cm. In this case, the characteristic
soliton separation distance is comparable to the fiber
length. A greater number of ejected solitons, therefore,
appear distinctly in both the time and frequency do-
mains, and we see a significant depletion of spectral en-
ergy in the vicinity of the pump.

Second, although plotting the SC output spectra in
Figs. 13 and 14 in terms of wavelength is convenient for
comparison with experimental, interpreting the exact
magnitude of the spectral broadening relative to the
pump is difficult. To this end, Fig. 15 presents additional
numerical results showing the output spectra in a density
plot representation plotted �a� against wavelength and
�b� against the frequency offset from the pump. The
spectra are obtained for different input pump wave-
lengths in the range 800–950 nm, which defines the ver-
tical axis.

Figure 15 is very useful in highlighting the physical
origin of the observed spectral broadening for different
pump wavelengths. For example, because we see from
Fig. 15�b� that the Raman frequency downshift remains
approximately constant �in fact it slightly decreases�
around −90 THz over this range of pump wavelengths,
we can interpret the observed increase in the long-
wavelength edge of the SC spectra as due to the increase
in the pump wavelength used. In contrast, however, the
shift in the dispersive wave position is manifested in
terms of both wavelength and frequency, which arises
because longer pump wavelengths are increasingly de-
tuned from the ZDW, leading to a corresponding in-
crease in the position of the phase-matched dispersive
wave. We also note that the increased detuning from the
ZDW at pump wavelengths greater than 900 nm results
in a gap in the SC spectra between the dispersive wave
and distinct Raman soliton components.

FIG. 15. �Color online� The variation in SC spectral density
with pump wavelength �left axis� shown in density plot repre-
sentation. The input pulse peak power is 10 kW and duration
�FWHM� is 50 fs for all cases. The SC spectra are plotted as a
function of �a� wavelength and �b� relative frequency. To facili-
tate comparison between these curves, the frequency axis in
�b� is reversed. The dashed line in �a� shows the ZDW.
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B. Dependence on input pulse duration

In this section, we consider impact of input pulse du-
ration on SC evolution in the range 20–500 fs �FWHM�.
We restrict our discussion to the anomalous GVD
pumping regime where dynamical differences are more
significant. We consider the same fiber parameters as
above, and identical input pump wavelength and peak
power of 835 nm and 10 kW, respectively, for all simu-
lations. Maintaining the peak power constant in these
simulations means that the input pulse energy and input
soliton number N both increase directly proportional to
the input pulse duration.

Typical simulation results are shown in Fig. 16 for
pulse durations �FWHM� of 20, 100, and 500 fs. For cor-
responding spectrogram animations, refer to the EPAPS
Document cited in the Reference section.13 For the 20
and 100 fs input pulses, we see clear spectral and tem-
poral signatures of soliton and dispersive wave dynamics
as discussed above. To interpret these results we note
that shorter input pulses are associated with a lower soli-
ton order N and input energy, which leads to a smaller
overall spectral width at the fiber output. On the other
hand, shorter pulses are associated with a reduced value
for the characteristic separation distance 5LD, so that a
more distinct soliton structure is apparent at the fiber
output. More quantitatively, an input 20 fs pulse is asso-
ciated with N�3.4 and 5LD�5.4 cm, whereas for a
100 fs pulse we have N�17 and 5LD�1.4 m.

For the 500 fs case, signatures of soliton dynamics are
less clear, and the SC spectral and temporal characteris-
tics appear even more complex. To illustrate this further,

Fig. 17 compares density plots of the spectral and tem-
poral evolution along the fiber length for �a� 100 fs and
�b� 500 fs input pulses. The key difference between the
evolution in these two cases is the initial spectral broad-
ening phase. First, we note that the extent of initial
broadening is reduced for the 500 fs pulse case. Of more
significance, however, is that the initial spectral content
in this case actually develops spontaneously from noise
at frequencies that do not overlap with the broadened
bandwidth of the propagating pulse. This is apparent
from Fig. 17�a� after �1 cm of propagation. In fact, the
earliest stage of broadening is associated with the devel-
opment of sideband structure around the pump �at �700
and �1000 nm�, and this is shown particularly in the
spectrogram animation. This evolution for the 500 fs
pulse is in contrast to the dynamics with the 100 fs pulse,
where generation of both long- and short-wavelength
components in the SC spectrum is seeded by the spectral
broadening phase of soliton fission evolution. In this
context, the reader is also referred to the density plot
shown in Fig. 3 for a 50 fs input pulse.

These results are important because they illustrate the
onset of a different dynamical regime where initial spec-
tral broadening is more usefully described in terms of
four-wave mixing or modulation instability processes. In
this case, the breakup of the pulse temporal envelope
into subpulses arises from modulation instability effects,
and the fact that this is seeded from noise has dramatic
consequences for SC coherence. Soliton and dispersive
wave dynamics do play a role in modifying the subse-

13The gate function used in the spectrogram calculations was
identical to the input pulse for the 20 and 100 fs cases. To
better illustrate the temporal fine structure in the spectrogram
for the 500 fs case, a gate of 50 fs FWHM was used.

FIG. 16. Spectral and temporal characteristics for SC gener-
ated with pulse durations in the 20–500 fs range as indicated.
The input pulse peak power is 10 kW and the wavelength is
835 nm. For spectrogram animations, see the EPAPS Docu-
ment cited in the Reference section.

FIG. 17. �Color online� Results from numerical simulations
showing density plots of the SC spectral and temporal evolu-
tion generated by pulses with duration �FWHM� of �a� 100 and
�b� 500 fs. The input pulse peak power is 10 kW and wave-
length is 835 nm. The dashed line shows the fiber ZDW.
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quent evolution of the subpulses, however, and this is
also seen in the spectrogram animation. These aspects
are discussed further in the noise section below, and in
Sec. VII in the context of picosecond pulse SC genera-
tion.

C. Dependence on input pulse chirp

A related question that it is appropriate to consider
concerns the dependence of the SC characteristics on
input pulse chirp, as this would be expected to influence
the soliton fission dynamics in a significant way �Krylov
et al., 1999�.

Specific numerical studies for PCF have been carried
out for two different cases, both considering anomalous
GVD regime pumping under typical femtosecond
pumping conditions. In the first, Corwin et al. �2003b�
examined the effect of a linear chirp obtained by impos-
ing a quadratic spectral phase on the input pulses while
maintaining constant pulse bandwidth. In this case, the
pulse energy remains fixed, but increased chirp is asso-
ciated with an increased pulse duration and reduced
peak power. Simulations showed that the maximum gen-
erated SC bandwidth was obtained near zero pulse chirp
corresponding to the case of maximum input peak
power. In the second case, Zhu and Brown �2004a� ex-
amined the effects of a linear chirp imposed by a phase
modulation of the input pulse while maintaining con-
stant pulse duration. Here, the pulse peak power and
energy remain fixed but the pulse bandwidth increases
with added chirp. The effect of both positive and nega-
tive chirp on the pulse evolution was considered. The
key result obtained was that a positive chirp increases
the output bandwidth because of a modified initial com-
pression phase prior to the soliton fission point. The pos-
sibility that the results obtained were simply due to the
modified bandwidth was eliminated by showing that sig-
nificantly different SCs were obtained with pulses having
identical spectra yet differing signs of input chirp. Re-
lated numerical studies were also reported by Fu et al.
�2004� and Tianprateep et al. �2005�.

D. Effects of input pulse noise

As discussed in Sec. II, the sensitivity to noise of SC
generation in both conventional fiber and PCF has been
reported by a number of authors. Our objective in this
section is to discuss the physics that underlies the devel-
opment of unstable SC spectra, and to identify regimes
in which these instabilities can be minimized. We con-
centrate here on the case of SC generation in the fem-
tosecond regime. Noise-related issues for longer pump
pulses will be discussed in Sec. VII.D.

1. Introduction

So far, all results presented have been obtained by
performing single-shot simulations, i.e., by performing a
single simulation for each set of numerical parameters.
However, because our model includes stochastic contri-

butions from Raman scattering and input pulse shot
noise, simulations with identical input pulse and fiber
parameters yet different noise seeds can lead to differ-
ent results. As we shall see, depending on the parameter
regime considered these differences may be barely de-
tectable or, in the extreme cases, can lead to strong shot-
to-shot variations in the output SC. We stress that this
phenomenon is not a numerical artifact. It is the expres-
sion of the sensitivity of the spectral broadening mecha-
nisms �and of the soliton fission process in particular� to
precise input pulse conditions.

We begin by considering SC generation seeded by
sech2 pulses of duration �FWHM� ��=150 fs and 10 kW
peak power at a pump wavelength of 835 nm. We model
propagation in an identical PCF to that used in simula-
tions above, but examine results over a shorter propaga-
tion distance of 10 cm. Figures 18�a� and 18�b� present
the spectral and temporal output characteristics ob-
tained for five numerical simulations performed with dif-
ferent random noise seeds. These figures clearly show
shot-to-shot variations in both the spectral and temporal
intensity of the output SC. The significant jitter in the
temporal position of generated Raman solitons is par-
ticularly apparent, associated with shifts in the wave-
lengths of the corresponding peaks in the spectrum.

The bottom curve of Fig. 18�a� shows the mean spec-
trum calculated over an ensemble of 20 simulations. It is
clear that there is significant averaging of the fine struc-
ture that is apparent in single-shot simulations. These

FIG. 18. Simulation results illustrating noise sensitivity. �a�
Spectral and �b� temporal intensities for five simulations using
10 kW peak power 150 fs pulses at a wavelength of 835 nm
injected into 10 cm of PCF. Bottom curve in �a� shows the
averaged spectrum. �d� The spectral phase at the pump wave-
length evolving along the fiber length for 20 simulations. �c�
The degree of coherence �g12

�1�� calculated over that ensemble of
simulations.
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results are consistent with previous results obtained in
conventional fibers by Islam et al. �1989a, 1989b�. In ad-
dition to intensity fluctuations, the spectral and temporal
phase of the propagating pulses also suffers from these
shot-to-shot variations. This is illustrated in Fig. 18�d�,
where we show the evolution with distance of the phase
of the SC spectrum at the central pump wavelength of
835 nm, plotting results from 20 different simulations.
Following an initial common evolution �related to the
well-behaved initial higher-order soliton evolution of the
injected pump pulse�, the phase at 835 nm in different
simulations branches off and follows individual random
trajectories. At the fiber output, the phase is spread on
an interval larger than 4�. As discussed below, the point
where different trajectories branch off can be associated
with the occurrence of soliton fission.

As discussed in Sec. IV.D, these fluctuations can be
characterized in several different ways. Here we have
chosen to use the spectrally resolved modulus of the
complex degree of first-order coherence at zero path dif-
ference, �g12

�1��	 , t1− t2=0�� �see Eq. �6��. This parameter
has been calculated from an ensemble average on the
results of 20 simulations which yielded 200 pairs of SC
obtained from input pulses with different random quan-
tum noise. The results are plotted in Fig. 18�c�. We see
that the output spectrum exhibits only any significant
degree of coherence around the pump wavelength, while
the main part of the spectral bandwidth of the generated
SC is almost completely incoherent. This is consistent
with Figs. 18�a�, 18�b�, and 18�d�. Significantly setting the
Raman gain to zero and repeating these simulations
yielded similar coherence properties, implying that it is
the sensitivity to input shot noise and not spontaneous
Raman scattering that is the primary cause of coherence
degradation in our conditions.

2. Mechanism of decoherence

Insight into the mechanism of this decoherence is ob-
tained from previous telecommunication-related studies
discussed in Sec. II.B. Of particular relevance is the
work by Nakazawa et al. �1998�, who showed that ampli-
fied spontaneous emission present on higher-order soli-
tons injected into conventional fibers could strongly per-
turb the soliton fission process through modulation
instability �see Sec. VII.A�. Specifically it was shown that
modulation instability can amplify low level noise at the
input, resulting in large fluctuations in the amplitude
�and duration� of subsequently generated fundamental
solitons. These fluctuations are then converted into
wavelength fluctuations through the soliton self-
frequency shift, which in turn leads to significant tempo-
ral jitter through the effect of chromatic dispersion.

Kubota et al. �1999� gave direct numerical proof of
this mechanism by showing that an optical filter at the
fiber input that suppressed amplified spontaneous emis-
sion in the vicinity of the modulation instability gain
maxima led to a strong improvement in the SC coher-
ence. This work, as well as that by Nakazawa et al.
�1998�, also suggested various other ways to maintain the

coherence of the pump beam during the SC generation
process by using a dispersion-decreasing fiber and the
adiabatic soliton compression of N=1 fundamental soli-
tons rather than high-order soliton pump pulses, or by
pumping the fiber in the normal GVD regime where
modulation instability does not occur. Both cases avoid
the soliton fission process altogether. Similarly, Nowak et
al. �1999� proposed a scheme based on a very short fiber
length in which pump pulses only propagate over a frac-
tion of a soliton period in such a way that the spectral
broadening process is interrupted when the soliton has
maximum bandwidth but before fission can occur. In
fact, this distance corresponds to the fission distance
�Lfiss�LD /N� as discussed in Sec. V.B.

These ideas directly apply to the case of SC genera-
tion in PCFs. The only differences are that pump laser
shot noise replaces amplified spontaneous emission as
the input noise seed, and that the very high nonlinearity
of PCFs makes coherence degradation effects more dra-
matic. Of course recall that the presence of any signifi-
cant technical noise would only degrade the SC coher-
ence even further, but we restrict our discussion to shot-
noise limited input pulses.

An important consequence of this model of coherence
degradation is that it suggests that superior coherence
properties would be expected for SC generated with
shorter input pulses, where self-phase modulation plays
a more significant role in spectral broadening, and the
effects of modulation instability are reduced. This is con-
firmed in Fig. 19, which compares simulation results for
150 fs input pulses with those obtained for shorter input
pulse durations �FWHM� of 100 and 50 fs. The wave-
length and peak power were maintained at 835 nm and
10 kW, respectively. It is clear that, although the spectral
broadening in all cases is comparable, the coherence
properties improve significantly as the input pulse dura-
tion is decreased, and indeed �g12

�1� � �1 over more than an

FIG. 19. Output temporal intensity profile from one simula-
tion, mean spectrum, and degree of coherence �from top to
bottom� obtained with 10 kW pulses at 835 nm for the differ-
ent input pulse durations �FWHM� shown. Results correspond
to propagation in 10 cm of PCF.
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octave for the shortest input pulses of 50 fs.
Further insight into the decoherence mechanism can

be obtained by studying how decoherence is correlated
with the spectral evolution of injected pump pulses. To
this end, Fig. 20 presents density plots showing the evo-
lution along the fiber length of the spectral intensity for
one particular simulation �left, logarithmic scale� in par-
allel with the associated degree of coherence calculated
over an ensemble of 20 simulations �right�. The figure
compares results for �a� 100 fs and �b� 150 fs pump
pulses.14

Although we observe the generation of comparable
spectral bandwidths in the two cases, the coherence evo-
lution is significantly different. In particular, we note
that the initial spectral broadening �over the 1–2 cm
range� in the 100 fs case is coherent, with near unity
coherence ��g12

�1� � �1� over the major part of the SC from
500 to 1200 nm. For the 150 fs case, however, even
though a comparable bandwidth is generated after 2 cm
of propagation, a high degree of coherence is only main-
tained in the immediate vicinity of the broadened pump
around 750–900 nm. The spectral components gener-
ated far from the pump wavelength in this case are in-
coherent. For both pulse durations, subsequent propaga-
tion is associated with continued coherence degradation
such that �g12

�1� � �1 over most of the SC spectrum at the
fiber output.

The differences in the coherence evolution seen in
Fig. 20 can be understood by noting that, at constant
peak power, high-order solitons of shorter duration
evolve more rapidly and reach their maximal spectral
extent over a shorter distance �recall that Lfiss�LD /N
�T0�. As a result, the spectral extent of shorter pulses
can overlap with the frequencies of maximum modula-
tion instability gain before significant amplification of
the noise background has taken place, resulting in a co-
herent seeding of the modulation instability gain band-
width. In this case, subsequent soliton fission �induced
by higher-order dispersion, for example� will occur in a
more deterministic manner, and will result in improved
overall coherence. In contrast, the reduced initial spec-
tral broadening associated with longer pulses means that
the modulation instability amplified noise background
becomes a dominant feature of the propagation dynam-
ics. Note that we have already discussed aspects of this
process when considering the spectral and temporal
characteristics of longer input pulses shown in Fig. 17.

The key point in understanding the coherence proper-
ties for longer pulses is that the amplified noise is ran-
dom or, equivalently, that the modulation instability fre-
quency components are not coherent with the pump. As
a result, the noise itself on the pulse envelope can break
the symmetry of higher-order soliton propagation and

induce soliton fission before other perturbations such as
higher-order dispersion or Raman scattering become
significant. In this case, fission occurs randomly, and fis-
sion products are completely incoherent. Indeed, it is
perhaps more meaningful to describe the process as a
modulation instability-induced breakup of the pump
pulse envelope, as this better emphasizes the role of
modulation instability in the propagation dynamics �Na-
kazawa et al., 1989; Kutz et al., 2005�.

3. Wavelength dependence of the coherence

The dependence of the SC coherence on the pump
wavelength can be similarly interpreted in terms of a
competition between soliton fission and modulation in-
stability. In Fig. 21�a�, we have plotted the average co-
herence ��g12

�1� � � integrated over the SC spectrum �see
Sec. IV.D� as a function of pump wavelength for the case
of 150 fs pulses of 4 kW peak power. For completeness,

14Results for the 50 fs pulse are not shown because the initial
spectral and coherence evolution is essentially identical to the
100 fs case. In contrast, however, the SC generated with the
50 fs pulse maintains its initial near-perfect coherence with
subsequent propagation.

FIG. 20. �Color online� Evolution along the fiber length of the
spectrum of one particular simulation �left� and of the corre-
sponding degree of coherence �right� for supercontinuum gen-
eration obtained with 10 kW peak power pulses of �a� 100 and
�b� 150 fs duration at a 835 nm pump wavelength.
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the graph also shows the 20 dB spectral width of the
generated SC �right axis�.

As can be seen, the generated SC is essentially per-
fectly coherent when the fiber is pumped in the normal
GVD regime at wavelengths �760 nm. This is not sur-
prising since modulation instability and soliton-related
effects are completely inhibited in this case �in a scalar
approximation�. Pumping a PCF in the normal GVD re-
gime is thus a simple method to ensure coherent SC
generation. However, as was pointed out by Nakazawa
et al. �1998�, the drawback is that the SC spectral width is
comparatively much smaller due to the rapid initial tem-
poral spreading of the pump pulses; see also Fig. 14�a�.

When approaching the ZDW and moving to the
anomalous GVD regime, the SC spectral width in-
creases at the expense of the degree of coherence, which
drops dramatically due to the increased influence of
modulation instability. On the other hand, when pump-
ing deep in the anomalous GVD regime above 880 nm,
coherence is restored. This effect is perhaps surprising,
but it has been reported experimentally by Lu and Knox
�2004�.

This effect can be understood in a straightforward
way by considering the relative distance scales associ-
ated with the processes of modulation instability and
soliton fission. Specifically the characteristic gain length
for modulation instability is proportional to the nonlin-
ear length only �Agrawal, 2001�, and thus varies only
negligibly over the wavelength range considered. On the
other hand, the increased value of the dispersion ���2 � �
at longer wavelengths results in a decrease in the char-
acteristic fission length, so that soliton fission can occur

before the input pulse noise is significantly amplified by
modulation instability.

Additional results are provided in Fig. 21�b�, which
uses a density plot to show how the average coherence
varies as a function of both pump wavelength and pump
pulse duration. From this graph, we see that the behav-
ior discussed for the specific 150 fs case is actually quite
general for pulse durations in the 50–200 fs range. In
addition, we note that similar curves are obtained irre-
spective of the particular peak power used. Significantly,
these results show that it is only for pulses �50 fs that
coherence is maintained in all cases independent of the
particular wavelength range considered, explaining why
it was found necessary to use such short pulses in fre-
quency metrology experiments that required such high
coherence.

A general conclusion from this section is that SC co-
herence depends in a complex way on the relative im-
portance of soliton fission and modulation instability
processes. It is therefore natural to suppose that the gen-
eration of a coherent SC would require that the charac-
teristic soliton fission distance �Lfiss�LD /N� be signifi-
cantly less than the distance over which modulation
instability has amplified any input noise to a level where
it can significantly impact on the evolution dynamics. By
adapting criteria discussed by Smith �1972� �see also
Agrawal �2001��, we can estimate such a characteristic
distance for modulation instability as LMI�16LNL. This
suggests, in fact, that the condition N�16 might repre-
sent a general condition on the soliton number that en-
sures a high level of SC coherence.

We have carried out extensive simulations to test this
for pulses of different wavelengths in the range
790–900 nm, different pulse durations in the range
30–200 fs, and different peak powers in the range
3–30 kW. For each set of input pulse parameters, the
average SC coherence is calculated and plotted against
the input pulse soliton order, and Fig. 22 is a scatter plot
of all results obtained. Although from this graph it is not
possible to identify one unique scaling law in terms of N
that universally applies to any arbitrary combination of
initial conditions, it appears that input pulses where
N�10 possess high coherence, and input pulses where
N�30 possess low coherence.

FIG. 21. �Color online� Wavelength dependence of coherence
characteristics. �a� Dependence of the average coherence
��g12

�1� � � on pump wavelength �left axis� for SC obtained with
150 fs pulses of 4 kW peak power for 10 cm of PCF. Right axis
shows the corresponding −20 dB SC spectral width. �b� Aver-
age coherence shown in a density plot representation as a func-
tion of both pump wavelength and pump pulse duration for a
fixed peak power of 4 kW. The dashed line indicates the posi-
tion of the ZDW.

FIG. 22. Average coherence of the SC versus soliton order N
calculated for pump wavelengths in the range 790–900 nm,
pulse durations in the range 30–200 fs, and peak powers in the
range 3–30 kW. Propagation in 10 cm of PCF is considered.
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We propose that these criteria are useful guidelines
when considering the design of particular SC generation
experiments, but stress that a precise evaluation of the
expected coherence for any particular set of experimen-
tal conditions needs to be carefully checked using spe-
cific numerical simulations. Specifically, it is important to
verify that the high coherence is obtained while gener-
ating a bandwidth sufficient for the particular applica-
tion in question.

E. Review of experimental results

The literature review in Sec. II has discussed some
early experimental studies of SC generation that imme-
diately followed the initial demonstration by Ranka et
al. �2000a�. Some specific comparisons between numeri-
cal modeling and experiments have also been presented
in Sec. V.D. The objective of this section is to provide a
more complete review of the experimental literature,
and focus in particular on experimental observations of
the various dynamical aspects of SC generation that
have been discussed above.

The first attempt to quantitatively analyze SC genera-
tion in PCF in terms of soliton fission was reported by
Herrmann et al. �2002�, and a comparison was presented
between experiment and simulation using nanojoule
pulses at 807 and 850 nm. At both pump wavelengths,
pulses with durations of 29 and 100 fs were injected into
40 cm of PCF. Two different PCFs with ZDWs of 670
and 790 nm were used. These experiments allowed
studying the SC generation process over a wide param-
eter regime, and spectral measurements clearly showed
soliton and dispersive wave signatures. Nonetheless, the
detailed spectral structure seen in experiments was not
reproduced in numerical simulations because the under-
lying theoretical model neglected stimulated Raman
scattering.

The importance of Raman scattering on the long-
wavelength structure of SC generation in PCF had, how-
ever, been previously discussed by Washburn et al.
�2001�. Using an extended GNLSE equation model in-
cluding the Raman response of fused silica, excellent
agreement between simulation and experiment was re-
ported. However, the results were not interpreted in
terms of soliton fission. Later research by Washburn et
al. �2002� reported SC generation experiments in 1.7 m
of PCF with ZDW at 767 nm. Using 110 fs pulses of
76 W peak power, experiments studied the SC spectral
characteristics as the input wavelength varied from 770
to 820 nm in the anomalous GVD regime. Numerical
simulations using the same GNLSE-based model were
shown to yield results in excellent agreement with ex-
periment, and a brief discussion of the results in terms of
soliton fission was also given.

A further detailed comparison between experiments
and GNLSE simulations was provided by Genty et al.
�2002�. Pulses of 100 fs duration at 804 nm were injected
into 5 m of PCF with ZDW at 650 nm at peak powers
up to �7 kW. A detailed analysis of the experimental

soliton and dispersive wave structure was given both us-
ing numerical simulations and through a comparison
with the theoretical model of Kodama and Hasegawa
�1987�. Particular studies on the dependence of the Ra-
man soliton self-frequency shift with varying peak power
were also presented. Additional experiments using 14 m
of PCF with ZDW at 950 nm studied spectral broaden-
ing with normal GVD dynamics. At a pump wavelength
of 746 nm, the results showed primarily the effects of
spectral broadening due to SPM, but with a pump at
807 nm closer to the ZDW, energy transfer into the
anomalous GVD regime resulted in soliton fission dy-
namics. These results were also interpreted using nu-
merical simulations. The results by Genty et al. �2002�
can be well understood in terms of the processes shown
in Figs. 13 and 14.

Similar studies were reported by Ortigosa-Blanch et
al. �2002� using 200 fs kW peak power pulses injected
into 16 m of PCF with ZDW at 806 nm. Experiments at
pump wavelengths over the range 817–870 nm, and at
753 nm, allowed both anomalous and normal GVD dy-
namics to be observed. The same group subsequently
reported a similar study using a wider range of different
PCFs and, significantly, several fiber tapers �Wadsworth
et al., 2002�. Only spectral data were reported, but using
�20 kW peak power 200 fs pulses at 850 nm, compa-
rable spectral bandwidths and structure were reported
when pumping relatively short 9 cm lengths of PCF and
tapered fiber with comparable dispersion characteristics
�specifically a ZDW around 750 nm�. Related experi-
mental studies of the anomalous GVD regime and soli-
ton fission dynamics include the reports by Akimov et al.
�2001�, Apolonski et al. �2002�, Fedotov et al. �2002�,
Price et al. �2002a�, and Sakamaki et al. �2004�. Reeves et
al. �2003� also highlighted the key role of the PCF dis-
persion characteristics by injecting nanojoule energy
100 fs pulses at 1550 nm into 1 m lengths of different
PCFs with relatively uniform tailored normal and
anomalous GVD in this wavelength range. The expected
signatures of anomalous and normal GVD propagation
were reported in the pulse spectra.

Extending the short-wavelength edge of the SC spec-
trum is of interest for many applications, and a number
of experiments have therefore focused on the dispersive
wave dynamics observed during SC generation. Using
100 fs pulses with �10 pJ energy at pump wavelengths
over the range 710–941 nm, Hilligsøe et al. �2003� stud-
ied the initial appearance of dispersive wave compo-
nents around 400 nm after propagation in 75 cm of PCF
with ZDW at 660 nm. Similar results were reported by
Tartara et al. �2003�. Cristiani et al. �2004� using autocor-
relation measurements after �33 cm of propagation in
PCF demonstrated that the dispersive wave components
were of picosecond duration. The mutual interaction be-
tween the generated dispersive waves and Raman soli-
tons present in a SC were investigated experimentally
and numerically by Genty, Lehtonen, and Ludvigsen
�2004�. Cross phase modulation was shown to play a cru-
cial role in extending the SC toward shorter wave-
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lengths, and experimental observations using sub-30-fs
pump pulses were confirmed through numerical simula-
tions.

An interesting approach to achieve precise control
over the soliton fission and dispersive wave generation
process has been reported by Lu and Knox �2005� and
Lu et al. �2005�. Here, a short ��cm� length segment of
PCF is tapered so that its core diameter �and thus its
GVD properties� continuously changes along the fiber
length. In this way, it is possible to micromanage the
propagation dynamics to enhance particular nonlinear
processes. This was used to improve the efficiency of
dispersive wave generation, and a detailed comparison
with results obtained using untapered PCF or tapered
standard fiber also showed advantage in the microman-
agement technique in yielding SC with improved coher-
ence.

As discussed in Sec. V.D, the FROG experiments and
analysis reported by Xu et al. �2001�, Dudley, Gu, et al.
�2002�, and Gu et al. �2002� allowed direct measurement
of the temporal structure of soliton and dispersive wave
signatures in SC generation. Follow-up experiments by
Cao et al. �2003� characterized the onset of the soliton
fission process after only 8 mm of propagation in a PCF
with zero dispersion at 780 nm. These experiments used
40 fs input pulses with 2 nJ energy at 816 nm, and the
results clearly showed the expected temporal breakup
into subpulses with temporal structure on the 10 fs scale.
Numerical simulations were also shown to be in good
qualitative agreement. Kano and Hamaguchi �2003�
used FROG measurements in a polarization-gating ge-
ometry to analyze selected visible spectral components
of the SC, and also reported evidence for pulse splitting
and rapid spectral broadening during the initial propa-
gation phase. Subsequent uses of FROG to study SC
generation over a wider range of experimental param-
eters includes work by Efimov et al. �2004b� and Kono-
rov et al. �2004�.

A small number of experiments have also studied the
influence of the input pulse chirp on the SC generation
dynamics. Cormack et al. �2002� used a dispersive prism
delay line to manipulate the chirp of �nJ energy pulses
at 810 nm with the aim of generating tunable Raman
solitons in PCF. The minimum pulse duration launched
was 69 fs and the maximum pulse duration for positive
�negative� chirp was 136 �176� fs. Chirp control was ob-
served to lead to tunable Raman soliton generation over
a 60–100 THz frequency range.

Corwin et al. �2003a, 2003b� used a comparable ex-
perimental setup to carry out a detailed analysis on the
chirp dependence of both the SC bandwidth and noise
properties. �More details of these particular experiments
are also given in the following paragraphs.� A detailed
study reported by Xu et al. �2004� used a spatial light
modulator to modify the spectral phase of 800 nm �nJ
energy pulses with a transform-limited pulse duration
�FWHM� of 30 fs. Using 70 cm of PCF with ZDW at
760 nm, the output SC characteristics were shown to be
strongly dependent on both the duration and temporal
symmetry of input pulses. In addition, a genetic algo-

rithm was used to adaptively modify the imposed spec-
tral phase to optimize the overall SC spectral bandwidth
and wavelengths of particular generated Raman soli-
tons. Related work �but using standard optical fibers�
was also reported by Efimov et al. �2004a�. Finally, we
note that studies of SC generation in optical fiber tapers
by Türke et al. �2006� have shown that linear and non-
linear chirp accumulated in the input untapered pigtail
segment can also modify the SC dynamics and reduce
the observed spectral broadening. However, the use of a
spatial light modulator pulse shaper before injection in
the fiber taper was shown to be an effective solution to
precompensate for any deleterious effects.

The SC intensity and phase stability properties in Sec.
VI.D have been the subject of significant interest. The
presence of intensity fluctuations on PCF-generated SC
was first noticed in the context of frequency metrology
experiments, where broadband �white� amplitude noise
at rf frequencies was observed to interfere with the pre-
cision of optical clockworks �Udem, Reichert,
Holzwarth, Diddams, et al., 2000; Hollberg et al., 2001�.
Noise was observed to extend well beyond the fre-
quency rolloff of any laser technical noise �Ivanov et al.,
2001� and, although empirical techniques were devel-
oped to reduce the noise to acceptable levels for metrol-
ogy, it appeared nonetheless to represent a fundamental
limit to applying PCF-generated SC to optical frequency
metrology. Important insight into the origin of this noise
was then provided by Gu et al. �2002�, who demon-
strated the presence of large shot-to-shot fluctuations in
the SC spectrum on the basis of both integrated multi-
shot and single-shot measurements.

A detailed experimental and numerical study into the
SC intensity noise characteristics was carried out by Cor-
win et al. �2003a, 2003b�. These experiments used pulses
at 810 nm of 45 nm bandwidth, and a dispersive delay
line modified their spectral phase so that positively and
negatively linearly chirped pulses in the range 20–90 fs
could be used to excite the SC generation process. In
15 cm of PCF with a ZDW at 780 nm, the RIN was mea-
sured at different wavelengths across the SC as a func-
tion of input pulse chirp. The measured RIN exhibited a
complex wavelength-dependent structure, but a useful
figure of merit for the overall SC stability was found to
be the median RIN calculated across the extreme
−20 dB points of the SC spectrum. The median RIN was
observed to increase with input pulse chirp and dura-
tion, and attained its minimum value when the input
pulses were transform-limited around 22 fs duration.
Significantly, the median RIN of −130 dBc/Hz and the
spectral width of �450 THz under these conditions
would allow such SC to be used for frequency metrol-
ogy. Experimental results obtained were compared with
the results of stochastic numerical simulations in Sec.
VI.D, and shown to be in very good quantitative agree-
ment. A parallel experimental study of the rf noise prop-
erties was reported by Ames et al. �2003�, and a similar
dependence of the SC stability on pulse duration was
observed. Quantitative characterization of the SC stabil-
ity dependence on laser technical noise was reported by
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Haverkamp and Telle �2004�, where 30 fs pulses from a
mode-locked Ti:sapphire laser were intensity modulated
using an acousto-optic modulator before being coupled
into a PCF for SC generation. The intensity and phase
modulation in the spectrally broadened SC output were
characterized as a function of wavelength, allowing an
effective complex intensity modulation transfer function
of the SC to be extracted. A related �although numeri-
cal� study of the noise scaling properties of SC genera-
tion was also given by Washburn and Newbury �2004�.

As well as measurements of the intensity noise char-
acteristics, experiments have also studied the SC phase
stability through interferometric measurements of the
wavelength-dependent mutual coherence function in
Sec. VI.D. The first results in PCF were reported by Gu
et al. �2003�. In these experiments, 60 fs pulses at 800 nm
were injected into two 18 cm segments of PCF with
ZDW at 760 nm, and the wavelength-dependent inter-
ference pattern between the two SCs was used to extract
the mutual degree of coherence. The average coherence
integrated over the SC spectrum was relatively low at
��g12

�1� � ��0.5, attributed to both technical noise and dif-
ferent pulse energies �0.25 and 0.57 nJ� injected into
each segment. A careful study by Lu and Knox �2004�
used a 6 cm tapered fiber with ZDW at 820 nm, and a
delayed pulse �Mach-Zehnder� technique to measure
the mutual coherence between SC generated from suc-
cessive incident pulses. Using �0.4 nJ energy 100 fs
pulses, coherence properties were studied over an input
wavelength range of 780–920 nm. Clear degradation in
SC coherence was measured as the pump wavelength
was tuned from the normal to the anomalous GVD re-
gime. However, experiments recorded that coherence
passed through a minimum value of ��g12

�1� � ��0.15 at
860 nm, recovering as the input wavelength was tuned
further into the anomalous GVD regime and reaching a
value of ��g12

�1� � ��0.7 at 900 nm. The experimental be-
havior observed in this study is in good qualitative
agreement with the wavelength-dependent behavior ex-
pected from the numerical results presented in Fig. 21.

A similar experimental configuration based on an
asymmetric Michelson interferometer was used by
Kobtsev et al. �2005� to study the coherence properties
of SC generated in PCF, with a major result being the
observation of particularly high coherence across the
Raman soliton components of the generated SC. Finally,
we note that a novel dual pulse pumping spectral inter-
ferometry technique developed by Zeylikovich et al.
�2005� has also been used to characterize SC coherence,
with results in good qualitative agreement with the be-
havior expected based on the discussions above.

Complementary studies on SC stability were also car-
ried in the context of pulse compression, since it had
been suggested by Husakou and Herrmann �2001� that
the SC with bandwidths spanning 100’s of THz band-
width could, in principle, be used to generate sub-10-fs
ultrashort pulses with appropriate flattening of the SC
spectral phase. Although the SC compression properties
were studied in a number of experiments, the reported

minimum achievable pulse durations appeared to be
limited to the range 20–25 fs �Lakó et al., 2003, Druon
and Georges, 2004; McConnell and Riis, 2004�. In paral-
lel, numerical studies by Chang et al. �2003� pointed out
a number of difficulties with the practical implementa-
tion of a SC compression scheme due to shot-to-shot
fluctuations in the spectral amplitude and phase. In re-
lated numerical work, Dudley and Coen �2004� dis-
cussed how the generation of a SC that was compress-
ible was equivalent to the generation of one that was
coherent. In a sense this is an obvious connection to
make, because experimental spectral phase compensa-
tion techniques would only work effectively if the spec-
tral phase remained constant from shot to shot. An ad-
ditional factor identified in this work as being crucial to
the success of compression was the need to use spectral
phase compensation at the scale of the smallest spectral
structure present on the SC.

With appropriate consideration of these stability cri-
teria, successful compression to the 5 fs regime has now
been reported. The experimental technique used in-
volves adaptive phase compensation through a spatial
light modulator-based pulse shaper technology. In one
experiment, Schenkel et al. �2005� reported compressed
pulses of 5.5 fs, using relatively short initial pulses of
15 fs duration, a 5 mm length of PCF, and pumping with
normal GVD, where improved spectral coherence is ex-
pected. A study by Adachi et al. �2005� reported similar
results for normal GVD pumping using a 2 mm length
of PCF. In addition, these latter authors also reported
compression to 4.8 fs with anomalous GVD regime
pumping, but by carrying out filtering and selective com-
pression only over the fraction of the SC spectral band-
width with the highest coherence.

For completeness, we also mention here some experi-
mental work that has been performed with new glasses
and other special fiber types, including HNLFs, as this
opens a wide range of unexplored possibilities. In par-
ticular, Kumar et al. �2002� and Hundertmark et al.
�2003� have fabricated PCFs made of SF6 glass. This
glass exhibits a tenfold increase in nonlinearity in com-
parison with silica, and this has readily led to the dem-
onstration of an ultra-broadband continuum from 350 to
2200 nm in 75 cm of fiber with 100 fs pulses at 1.55 �m.
In parallel, Nicholson et al. �2004a, 2004b� have at-
tempted to modify the properties of silica-based PCFs
by irradiating the fiber with UV light, resulting in an
enhancement of the blue side of SC. Non-PCF structures
such as HNLFs have also been studied. HNLFs are usu-
ally pumped in the 1.3–1.5 �m region, and SC genera-
tion in those fibers has been shown to be particularly
attractive for wavelength division multiplexing applica-
tions �Hori et al., 2004� as well as for generating long-
wavelength continua. In this context, Thomann et al.
�2003� have demonstrated a SC source extending from
1000 to 2200 nm using 30 fs pulses from a Cr:forsterite
laser, while Shirakawa et al. �2005� have further pushed
the red edge of the continuum into the infrared, gener-
ating a spectrum spanning the 1000–2500 nm range
from 100 fs pulses at 1560 nm. Other ultrahigh
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numerical-aperture fibers with a pure GeO2 core have
also been explored �Marks et al., 2002�.

VII. SUPERCONTINUUM GENERATION FOR LONGER
PULSES: FROM THE PICOSECOND TO THE CW
REGIME

The preceding section has considered the processes
underlying SC generation for femtosecond pump pulses
at both normal and anomalous GVD wavelengths. In
the normal GVD regime, spectral broadening is domi-
nated by SPM, whereas in the anomalous GVD regime
the SC characteristics are well explained as a result of
soliton fission and related processes.

Although the use of kW peak power femtosecond
pulses permits efficient SC generation in centimeter
lengths of fiber, other studies have demonstrated broad-
band SC spectra using what we refer to as longer pulses,
in the picosecond, nanosecond, and even the
continuous-wave regimes �Coen et al., 2001; Provino et
al., 2001; Avdokhin et al., 2003; Schreiber et al., 2003;
Wadsworth et al., 2004�. These results, however, cannot
be explained simply in terms of SPM or soliton fission.
First, SPM-induced spectral broadening is inversely pro-
portional to the pulse duration and, for picosecond or
longer pulses, is orders of magnitude below experimen-
tally observed SC bandwidths �Coen, Chau, et al., 2002�.
On the other hand, even though long pulses in the
anomalous GVD regime could be interpreted as solitons
of high order �N�T0�, the characteristic fission length
also increases with the input pulse duration �Lfiss
�LD /N�T0�, typically far exceeding the fiber lengths
used in experiments. Moreover, some of these experi-
ments have also been carried out with normal-GVD
pumping �Coen et al., 2001; Provino et al., 2001�. Clearly,
other mechanisms must be involved.

The objective in this section is to identify and discuss
those mechanisms in detail, and to show how they relate
to the femtosecond dynamics described above. As with
femtosecond pulses, our aim is to emphasize the major
dynamical regimes that depend on the input pulse wave-
length and duration. The obvious dependence on peak
power is not explicitly treated, while the dependence on
fiber length is considered implicitly by considering the
evolution dynamics. We also examine the SC noise prop-
erties, and conclude this section with a detailed review
of the experimental literature.

A. Spectral broadening mechanisms for longer pulses

1. Introduction

We begin by considering the spectral broadening
mechanisms for anomalous GVD regime pumping.
When considering femtosecond SC generation in this re-
gime, we briefly discussed how modulation instability
and four-wave-mixing processes play an increasingly im-
portant role in the initial dynamics as the pulse duration
increases into the 150–500 fs range �refer to Sec. VI.B
and VI.D�. In the time domain, these processes induce a

fast modulation of the pump envelope which can subse-
quently break up and evolve into a train of femtosecond
solitonlike pulses with sufficient distance. Although this
process is similar to �femtosecond� soliton fission in the
end result, the fact that the initial dynamics are seeded
from noise led us to refer to the process as modulation
instability-induced breakup.

Recent numerical studies by Mussot et al. �2004�,
Kobtsev and Smirnov �2005�, Kutz et al. �2005�, and Van-
holsbeeck et al. �2005�, have provided further insight
into this dynamics, explicitly demonstrating that the ef-
fects of the Raman soliton self-frequency shift and dis-
persive wave generation are also present for such
instability-generated solitons. Several of these authors
have also provided experimental evidence of these
mechanisms. It is therefore correct to say that SC gen-
eration with long pulses in the anomalous GVD regime
involves similar soliton-related dynamics as in the fem-
tosecond regime. However, in contrast to the femtosec-
ond case, solitons play a relatively minor role during the
first step of propagation.

Of course, as this femtosecond soliton structure is
generated from noise, the generated SC suffers from sig-
nificant shot-to-shot fluctuations as discussed in Sec.
VII.D. The reason why four-wave mixing and/or Raman
scattering dominate the initial steps of SC generation
with long pulses simply arises because the characteristic
length scale of these processes is shorter than the fission
length of the incident pump pulse. This condition im-
plies, in fact, that the temporal scale of any structure
that appears on the pulse envelope as a result of four-
wave mixing and Raman interactions will be significantly
shorter than the envelope duration itself. Indeed, this
criterion is itself a useful working definition of what we
mean by long pulses, and as discussed in Sec. VI.D also
defines the boundary between the generation of coher-
ent and incoherent SC. Moreover, under this condition,
the dynamics can be well described using a CW theoret-
ical treatment, where pulse broadening and temporal
walkoff effects are neglected. A summary of the CW
theory of four-wave mixing and modulation instability is
presented in the next section.

2. Four-wave mixing and modulation instability

Four-wave mixing between CW waves is one of the
most fundamental processes in nonlinear optics, and has
been the subject of extensive study �Stolen and
Bjorkholm, 1982; Agrawal, 2001�. Many of the key fea-
tures of four-wave mixing are seen in the degenerate
case in which two pump waves are at the same fre-
quency, and the nonlinear interaction involves the con-
version of the pump into a pair of parametric sidebands
that are frequency downshifted �Stokes� and upshifted
�anti-Stokes� relative to the pump. In the undepleted
pump approximation �and for pump power P0�, the side-
bands grow exponentially with a parametric �amplitude�
gain g �units of m−1� given by g= ��
P0�2− �� /2�2�1/2. For
single-mode fibers, the phase mismatch term � is given
by �=2
P0+2
m=1


 ��2m / �2m� ! ��2m, where � is the an-
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gular frequency shift from the pump and the �2m terms
represent the different even-order dispersion coeffi-
cients of the propagation mode considered at the pump
wavelength.

In the absence of any initial seeding, four-wave mixing
corresponds to an instability of the propagating CW
pump and the growth from noise of sidebands symmet-
ric in frequency about the pump. The maximum growth
rate occurs at frequencies satisfying the phase-matching
condition �=0, and the maximum amplitude gain is
gmax=
P0=1/LNL. In the time domain, this leads to the
development of an associated ultrafast temporal modu-
lation with a period equal to the reciprocal of the side-
band spacing, and the process is referred to as a modu-
lation instability. Of course, four-wave mixing and
modulation instability are simply frequency-domain and
time-domain descriptions of the same physics and, as
pointed out by Stolen et al. �1989�, one can argue that
any stimulated parametric process in the frequency do-
main is a modulation instability in the time domain, and
vice versa. While this may be true in the initial stages of
evolution, a disadvantage of the classic four-wave-
mixing formalism is that it does not �by definition� de-
scribe the generation of additional higher-order side-
bands that develop as the modulation develops �see, e.g.,
Hart et al. �1998� and Van Simaeys et al. �2002��. None-
theless, the respective frequency-domain and time-
domain pictures are useful for explaining different as-
pects of field evolution, and both terms are often
encountered in the literature.

In most conventional optical fibers, summation over
the Taylor series in the expression for � can be truncated
at the group velocity dispersion term �2. In this case,
satisfying the phase-matching condition requires that
�2�0, giving rise to the widespread belief that such
four-wave mixing and modulation instabilities are only
possible with a pump in the anomalous GVD regime.
Although this is certainly true in the majority of cases,
calculation of the phase-matching condition in fibers
with significant higher-order dispersive terms requires
using all dispersion orders, opening up new windows for
four-wave mixing and modulation instability gain. This
has, in fact, been known from theoretical and numerical
studies for some time �Cavalcanti et al., 1991; Abdullaev
et al., 1994�. Experimental observation of parametric
sidebands pumping in the normal GVD regime has been
reported using both standard dispersion shifted fiber �Pi-
tois and Millot, 2003� and PCF �Harvey et al., 2003�.
Additional discussion of the characteristics of the novel
gain windows that can arise due to the higher-order dis-
persion of PCF has also considered by Reeves et al.
�2003�, while some numerical simulations have been pre-
sented by Demircan and Bandelow �2005�.

To illustrate these phase-matching conditions explic-
itly for PCF, it is convenient to plot the calculated para-
metric gain in a density representation as shown in Fig.
23�a�. Considering the same PCF structure as in the pre-
ceding sections, the gain is plotted against the frequency
offset from the pump �horizontal axis� for a range of
pump wavelengths �vertical axis�. We assume a CW

pump peak power of 500 W, chosen for consistency with
the numerical simulation parameters below. The hori-
zontal dashed line indicates the zero-dispersion wave-
length. Although parametric gain bands exist when
pumping in both the anomalous and normal GVD re-
gimes, there are clear qualitative differences in the gain
spectra. These are illustrated by plotting details of the
gain curves at 800 and 750 nm in Fig. 23�b�, and note
that the vertical axis actually shows the power gain 2g.
We see that the gain spectrum for anomalous GVD re-
gime pumping at 800 nm consists of gain bands that de-
velop immediately from the pump frequency, and have a
relatively broad ��20 THz� gain bandwidth. This con-
trasts with the gain spectrum observed with a 750 nm
pump in the normal GVD regime, where gain bands
consist of narrow-band peaks significantly displaced
from the pump frequency. Both of these features will be
shown in our numerical simulations. We also point out
that a large frequency separation between the four-
wave-mixing sidebands usually corresponds to a large
group-velocity mismatch, resulting in the rapid walkoff
of amplified waves. This in turn reduces the efficiency of
the four-wave-mixing process as temporal overlap be-
tween various frequency components is needed for en-
ergy transfer to occur �Stolen and Bjorkholm, 1982;
Agrawal, 2001; Chen et al., 2005�. This effect is particu-
larly important for SC generation in the normal GVD
regime �see also Coen, Chau, et al. �2002��.

3. Raman effects

In addition to four-wave mixing, Raman scattering
also plays a central role in SC generation with long
pulses or CW radiation �Shen and Bloembergen, 1965;
Stolen et al., 1984; Agrawal, 2001�. However, since the
spectral bandwidth of pulses with duration exceeding
several picoseconds is much smaller than the −13.2 THz
Raman frequency shift in fused silica, pump pulses do

FIG. 23. �Color online� Parametric gain as a function of fre-
quency offset from the pump � /2� �in THz�. �a� Linear den-
sity plot representation for different pump wavelengths �verti-
cal axis�. �b� Specific gain curves at two particular wavelengths
as indicated. The dashed line in �a� is the ZDW, and calcula-
tions assume a CW pump power of 500 W.
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not suffer significantly from intrapulse Raman scattering
as in the femtosecond case. Neither is Raman-induced
fission significant since, as we have discussed, fission
does not occur with the pulse durations considered here.
Rather, the effect of Raman scattering is manifested by
amplification from noise of a −13.2 THz frequency
downshifted �Stokes� sideband from the pump. This
Stokes wave is exponentially amplified by copropagating
with the pump, and can seed the generation of addi-
tional downshifted Raman orders through a cascading
process �Stolen et al., 1984�.

The maximum Raman gain is significantly smaller
than the gain for phase-matched four-wave mixing �typi-
cally about one-quarter of it�, and so the signature of a
discrete Raman cascade is only observed when the effi-
ciency of four-wave mixing is reduced because of large
phase mismatches or large walkoff effects. Because this
generally occurs in the normal GVD regime, it allows us
to identify Raman scattering as the dominant spectral
broadening process for longer pulses with normal GVD
pumping. In the time domain, temporal modulation and
breakup into ultrashort pulses can also be observed as
shown numerically by Golovchenko et al. �1990, 1991�.
At high pump power, the spectrum of the Raman cas-
cade may extend across the ZDW, and the discrete Ra-
man orders will then typically fuse in a continuum spec-
trum �Stolen et al., 1984�. This occurs because the
powerful Stokes bands generated from noise in the
anomalous GVD region get converted into a random
sequence of ultrashort solitons that suffer from various
amounts of self-frequency shift, as discussed above for
the case of femtosecond dynamics �Golovchenko et al.,
1991�.

In contrast to four-wave mixing, the Raman gain is
antisymmetric so that frequency components on the
anti-Stokes side of the pump are in principle absorbed.
However, coupling between Raman and parametric gain
can nonetheless lead to the emergence of strong Raman
anti-Stokes peaks, even under non-phase-matched con-
ditions �Bloembergen and Shen, 1964; Coen, Wardle,
and Harvey, 2002�. Additionally, under conditions where
four-wave-mixing sidebands are phase matched within
the Raman bandwidth, the Raman gain can be either
suppressed or enhanced up to a level close to that of the
parametric gain �Golovchenko et al., 1990; Vanholsbeeck
et al., 2003�.

B. Dependence on input pulse wavelength

The manner in which Raman and parametric effects
combine to generate a broadband continuum can be
seen through the use of simulations to examine the de-
pendence of the output SC characteristics on input pulse
wavelength. Here, we consider 500 W peak power sech2

input pulses of 20 ps duration �FWHM� injected into
2 m of PCF with the same fiber parameters as previously
considered. These pumping parameters are intermediate
between those reported in experimental studies �see,
e.g., Coen et al. �2001� and Rulkov et al. �2005��, and
illustrate all important underlying physics. Note that, be-

cause of the greater temporal window required in the
simulations, typically Np�217 time- and frequency-
domain grid points were used. The results below corre-
spond to single-shot simulations, although noise at the
quantum level is, of course, included so that the broad-
ening dynamics are correctly reproduced. Figure 24
shows the results obtained. The dashed line in the spec-
tral plots shows the ZDW. It is instructive to compare
these with results for the femtosecond regime in Fig. 13.

We first consider the results at 650 and 700 nm which
illustrate pumping far from the ZDW in the normal
GVD regime. For these cases, four-wave mixing does
not play any significant role in the early stages of propa-
gation because the phase-matched parametric sidebands
are shifted by more than 200 THz from the pump and
suffer from a large group-velocity mismatch. Rather,
spectral broadening is dominated by the development of
a stimulated Raman cascade on the long-wavelength
side of the pump. During the initial evolution phase, the
various Raman orders appear distinctly in the pulse
spectrum separated by 13.2 THz, but they merge to form
a continuous spectrum with sufficient propagation dis-
tance due to the combined effects of SPM and XPM. A
corresponding temporal modulation is also seen on the
output 20 ps pulse envelope.

For the case of the 700 nm pump, the evolution from
discrete to cascaded Raman structure in the spectrum
can be seen in more detail from Fig. 25�a�, where we plot

FIG. 24. Results from numerical simulations showing the spec-
tral and temporal characteristics of picosecond supercontinua
generated by selected pump wavelengths as indicated in 2 m of
PCF. The input pulse peak power is 500 W and duration
�FWHM� is 20 ps. Dashed line shows the fiber ZDW.
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the spectral characteristics at selected propagation dis-
tances. Note that the fine spectral structure observed
when longer pump pulses are used makes it more con-
venient to examine this evolution using line plots rather
than a density plot representation. For propagation dis-
tances less than 1 m, clear Raman orders can be seen,
and the effect of non-phase-matched parametric ampli-
fication also leads to strong distinct Raman anti-Stokes
peaks �Coen, Wardle, and Harvey, 2002�. However, after
a distance of 2 m, these sidebands have broadened and
merged, and indeed some energy transfer into the
anomalous GVD regime is also observed. However, no
particular signatures of solitonlike effects are observed,
thus spectral broadening for this range of pump wave-
lengths remains dominated by normal GVD propaga-
tion dynamics.

At a pump wavelength of 750 nm, the output spec-
trum in Fig. 24 shows significantly different spectral
structure. Here we see not only distinct broadening
around the pump wavelength, but also the appearance
of far-detuned spectral structure at wavelengths in both
the normal and anomalous GVD regimes. The physical
origin of this structure becomes apparent upon examin-
ing the corresponding evolution in Fig. 25�b�. The far-
detuned spectral peaks appear distinctly after only
20 cm of propagation at 527 and 1298 nm, wavelengths
that are symmetrically shifted by ±169 THz relative to
the pump. These are precisely the phase-matched fre-
quencies shown in Fig. 23�b� for this pump wavelength,
allowing us to interpret these peaks as arising from
higher-order dispersion phase-matched four-wave mix-
ing. The fact that they appear in the spectrum before
any significant Raman structure closer to the pump field
is because of the greater relative gain of the parametric
process relative to Raman scattering.

With further propagation, a broadband structure does
appear around the pump �due to Raman and XPM� but
significant spectral broadening also appears around the
four-wave-mixing sideband in the anomalous GVD re-
gime. This structure arises from soliton-fission-like dy-

namics, and Fig. 24 clearly shows the distinct temporal
soliton signatures that appear at about 100 ps delay. In
some cases, the four-wave-mixing sidebands may be suf-
ficiently close to the pump wavelength or broaden suffi-
ciently to merge with the central broadband Raman
structure, and this provides an alternative route to SC
generation which has been investigated in detail by Ni-
kolov et al. �2003�. We point out, however, that phase-
matched parametric amplification of narrow-band side-
bands far detuned from the pump can be highly sensitive
to structural irregularities of the fiber along its length
�Stolen, 1975; Karlsson, 1998; Kibler et al., 2004; Wong et
al., 2005�. This most likely explains why this scenario has
not been widely reported experimentally so far �see, e.g.,
Coen, Chau, et al. �2002��.

From Fig. 24, we see that pumping at the ZDW or in
the anomalous GVD regime over the range 780–900 nm
results in broadband SC with increased uniformity. The
evolution dynamics for 780 and 900 nm pumps are
shown in Figs. 26�a� and 26�b�, and we can see how the
initial spectral broadening arises from phase-matched
four-wave mixing and leads to symmetric appearance of
sideband structure about the pump after 20 cm of propa-
gation in both cases.

Although parametric four-wave mixing plays a critical
role during the initial propagation phase, additional ef-
fects are responsible for increased spectral broadening
during subsequent propagation. In fact, this is evident by
examining the spectral and temporal characteristics at
the fiber output shown in Fig. 24. In particular, for
pumping at both 780 and 900 nm, we see distinct soliton-
like structure in both the time and frequency domains
arising from the generation of significant spectral con-
tent in the anomalous GVD regime.

The subsequent propagation of these solitons results
in an increase in the overall spectral width due to con-
tributions from dispersive wave generation, XPM, and
the Raman self-frequency shift. Figure 24 shows that
maximum spectral broadening for these parameters is
observed when pumping slightly in the anomalous GVD
regime at 800 nm. In contrast to the femtosecond regime

FIG. 25. Results from numerical simulations showing the spec-
tral evolution at propagation distances as indicated for pump
wavelengths of �a� 700 and �b� 750 nm. The input pulse peak
power is 500 W and duration �FWHM� is 20 ps.

FIG. 26. Results from numerical simulations showing the spec-
tral evolution at propagation distances as indicated for pump
wavelengths of �a� 780 and �b� 900 nm.
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results in Fig. 13, however, pumping further in the
anomalous GVD regime results in reduced spectral
broadening because the initial spectral broadening does
not generate sufficient bandwidth to efficiently seed dis-
persive wave transfer into the normal GVD regime.

C. Dependence on input pulse duration

Some dependence on the output SC characteristics
with pulse duration can also be observed in the long
pulse regime. Figure 27 shows simulation results for
spectral and temporal characteristics for pulses in the
range 10–500 ps. As above, the pulse peak power is
500 W and the fiber length is 2 m. The pump wavelength
used here is 800 nm corresponding to where maximum
spectral broadening was observed in the results above.

Although the physical mechanisms underlying the
spectral broadening do not differ over this range, some
differences in the spectral and temporal characteristics
can nonetheless be observed. In particular, for shorter
input pulses, separated solitons are more distinctly ob-
served both in the temporal trace and in the spectrum. It
is easy to see from Fig. 27 how noise and smoothing
effects would be expected to become more prominent
for longer pulses. Moreover, the transition from the pi-
cosecond to the ideal CW excitation case would be ex-
pected to exhibit a number of interesting aspects of
soliton-related dynamics �Kutz et al., 2005�, but it is be-
yond the scope of this review to consider these in detail.

D. Effects of input pulse noise

The discussion above should have made clear that SC
generation with long pulses begins with a fast modula-
tion of the pump pulse envelope due to stimulated Ra-

man scattering and/or four-wave mixing. It is also clear
that this modulation arises spontaneously from noise at
frequencies that do not overlap with the bandwidth of
the pump. Following our discussion on the noise charac-
teristics of femtosecond continua where modulation in-
stability is the principal cause of coherence degradation
�Sec. VI.D�, this suggests that SCs generated with long
pump pulses or in the CW regime are, generally, inco-
herent.

This is illustrated explicitly in Fig. 28. Here we have
evaluated the noise properties of a picosecond SC by
performing 20 identical simulations �apart for the ran-
dom noise components� at an 800 nm pump wavelength
and with all other parameters identical to those of Figs.
24–26, i.e., 20 ps pulses of 500 W peak power. For clarity
of presentation, the fiber length has been limited to
50 cm. However, no additional information about the
coherence properties is obtained for longer propagation
distances.

Clearly, the degree of coherence �g12
�1�� �Fig. 28�b�� is

nearly zero at all wavelengths across the output spec-
trum except in the immediate vicinity of the pump wave-
length �i.e., within a few nanometers�. By looking at the
evolution of the spectrally resolved degree of coherence
along the fiber length �Fig. 28�d��, we observe that this
does not result from a progressive coherence degrada-
tion during propagation. As a matter of fact, no gener-
ated spectral components are at any stage coherent with
the pump wave. The spectral broadening is seeded inco-
herently from noise to start with, and different parts of

FIG. 27. Spectral and temporal characteristics for SC gener-
ated in 2 m of PCF with pump pulse durations in the
10–500 ps range as indicated. Simulations were carried out for
pulses at 800 nm with peak power of 500 W. Note the different
time scale that has been used to display the temporal results
for the 500 ps case.

FIG. 28. �Color online� Evolution of spectrum and coherence.
�a� Average spectrum and �b� degree of first-order coherence
�g12

�1�� of a SC obtained with 20 ps pulses of 500 W peak power
at a 800 nm pump wavelength in a 50-cm-long fiber. �c� Evolu-
tion of the spectrum along the fiber �logarithmic scale, clipped
here at −80 dB for clarity� and �d� corresponding evolution of
the coherence.
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the spectrum stay uncorrelated with the pump all along
the fiber. In this regard, we have also checked that a
similar trend is observed with normal GVD pumping
where cascaded Raman generation is responsible for the
SC spectra observed. Also, by comparing Figs. 28�a� and
28�b� with Fig. 20 obtained with 100 and 150 fs pulses,
we see that what we observe here in the picosecond re-
gime constitutes a natural extension of the way the co-
herence properties of femtosecond SC varies with pump
pulse duration. Accordingly, even though we have not
performed specific coherence calculations in the nano-
second and CW regimes, there are strong reasons to be-
lieve that continua generated with these pumps are in-
coherent as well.

As done at several points in this article, we stress that
these results are by no means restricted to PCF. Indeed,
the early coherence degradation experiments by Islam et
al. �1989a, 1989b� and Nakazawa et al. �1998� in conven-
tional fibers were actually performed in the picosecond
regime, and constitute an excellent illustration of what
we discuss here. Additionally, we note that the above
conclusions do not imply that a coherent picosecond SC
source is unattainable. Under the right conditions, e.g.,
by taking advantage of adiabatic soliton compression of
fundamental solitons in dispersion decreasing fibers, co-
herent picosecond SC sources have been demonstrated
�Nakazawa et al., 1998; Nowak et al., 1999; Boyraz et al.,
2000; Tamura et al., 2000�. It is clear, however, that the
necessity to avoid modulation instability and stimulated
Raman scattering limits the maximum spectral width
that can be achieved. Also, we do not expect these tech-
niques to be applicable to pump pulses much longer
than 10–20 ps as this would require unrealistic fiber
lengths.

Another important feature which can be observed
from Fig. 28�a� is that the averaged output spectrum of
our 20 ps SC appears continuous and smooth. Specifi-
cally, the highly contrasted spectral structure seen in the
single-shot simulations of Figs. 24–26 as well as in the
evolution plot shown in Fig. 28�b� is completely
smoothed out over many pulses. This is similar to what
occurs in the femtosecond regime �see, e.g., Fig. 18 as
well as Gaeta �2002� and Gu et al. �2002��, and is not
particularly surprising. It simply results from the fact
that the fine details of the SC spectrum depend critically
on the input pulse noise, as discussed before.

More importantly, we point out that on a larger scale
the overall structure of the generated spectrum is rather
uniform, smooth, and largely featureless, with no visible
signatures of underlying femtosecond solitons and asso-
ciated dispersive waves. This is in sharp contrast with
what is typically observed in the femtosecond regime, as
presented, e.g, in Fig. 13. Such smooth spectra have
been observed for all reported long pulse SC experi-
ments �Coen et al., 2001; Coen, Chau, et al., 2002; Wad-
sworth et al., 2004� and are particularly striking in CW
experiments �including some in HNLF� �Avdokhin et al.,
2003; González-Herráez et al., 2003; Nicholson et al.,
2003; Abeeluck and Headley, 2004, 2005�.

To understand this aspect, we recall that in the long
pulse regime the initial step of the SC generation pro-
cess is the modulation-instability induced breakup of the
broad pump into solitonlike pulses and, of course, the
number of subpulses generated increases with the pump
pulse duration. In the anomalous GVD regime, we can
actually use the soliton order of the pump pulse N as an
estimate of the number of subpulses generated as it can
be interpreted as the number of modulation instability
periods that fit within the pump pulse envelope. For the
parameters considered in our simulations above N
�1000, which is typically several orders of magnitude
larger than in the femtosecond regime. Accordingly,
each SC pulse is actually made up of hundreds of soli-
tons, all with different random durations, powers, and
wavelengths, interacting randomly, and coupled to a
whole set of dispersive waves. Moreover, since they
originate from noise, each of these components is mostly
incoherent with each other and they do not interfere.
Rather, the overall spectrum of the SC is a simple super-
position of the spectral densities of each of these com-
ponents. The absence of any signature of soliton-related
dynamics and the smoothness of the overall SC spec-
trum, therefore, simply results from a massive averaging
of these components. Under these conditions, the ob-
served overall spectral structure of the generated SC can
be interpreted as the envelope of the statistical distribu-
tion of all underlying solitonlike pulses �Kobtsev and
Smirnov, 2005; Vanholsbeeck et al., 2005�.

Early observations by Islam et al. �1989a, 1989b�
showing that different spectral parts of their picosecond
SC were not present simultaneously in every single out-
put pulse support this interpretation. It is in the CW
regime, however, that it reaches its full complexity.
Here, the partial coherence of the pump starts to play a
dominant role as it can be associated with an initial ran-
dom modulation of the phase and/or intensity of the
pump beam, which can seed efficiently modulation insta-
bility and Raman scattering �Vanholsbeeck et al., 2005�.
This ultimately increases the randomness of the SC
structure, and hence its spectral smoothness, to the det-
riment of its coherence properties. As an example, we
consider experiments performed in the CW regime
which are mainly based on relatively poorly coherent
pump lasers such as cascaded Raman fiber lasers. Such
lasers typically exhibit a spectral bandwidth larger than
100 GHz, i.e., their output essentially corresponds to a
continuous random sequence of about 10 ps pulses or
shorter with varying amplitude and durations. During
the SC generation process, each of these pulses or parts
of the CW pump beam will eventually break up under
the influence of random local noise into their own com-
plex superposition of subpulses and they will then all
interact with each other in various ways due to group-
velocity walkoff. Clearly, it is hard to imagine a more
complex light beam, but that is the price to pay for a
smooth SC spectra. Of course, as long as they are not
critically sensitive to the fine temporal structure of the
SC, many applications will still find tremendous advan-
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tages in those light sources given their high bandwidths
and power densities.

E. Review of experimental results

The literature review in Sec. II has described how the
initial demonstration of SC generation by Ranka et al.
�2000a� was followed by experiments using much longer
60 ps �Coen et al., 2001� and 0.8 ns pulses �Provino et al.,
2001�. Both of these experiments used normal GVD re-
gime pumping, and the dynamics were dominated by the
initial growth of cascaded Raman components and the
subsequent contribution of four-wave mixing once the
pump energy had been shifted in the vicinity of the
ZDW. Numerical simulations and/or calculations of the
gain curves for the contributing four-wave-mixing pro-
cesses reinforced these observations �see also Coen,
Chau, et al. �2002� and Dudley, Provino, et al. �2002��.

These studies were complemented by experiments in
which a selection of 2–3 m length PCFs was pumped
using different nanosecond sources with kW peak pow-
ers operating at �770 and �1060 nm �Champert et al.,
2002a, 2002b�. The PCFs were pumped in the anomalous
GVD regime far from the fiber ZDW, so that the gener-
ated SC mostly extended on the red side of the pump
because of cascaded Raman effects in this regime. A
particular significance of this work was that the pump
sources operated at MHz repetition rates so that the
generated SC possessed multiwatt average power.

Further experiments considered pump wavelengths
closer to the ZDW. This was first investigated in the
picosecond regime by Seefeldt et al. �2003� when inject-
ing 10 ps pulses of a few kW peak power at 1064 nm into
1–5 m long PCFs with ZDWs in the range
975–1065 nm. The resulting SC extended from 500 to
1600 nm, and the importance of modulation instability
in the initial spectral broadening was emphasized.
Shortly afterward, Schreiber et al. �2003� reported de-
tailed experimental and numerical results under similar
conditions, and provided important evidence �for the
first time in the long pulse regime� of the important role
of solitons and associated dispersive waves. Following
this, Rulkov et al. �2005� used �3 ps pulses with 10’s of
kW peak power at 1060 nm to study SCs in 5–65 m
lengths of PCF with ZDW at 1040 nm. Under optimal
conditions, SCs spanning the 500–1800 nm range were
obtained at watt-level average power. A significant char-
acteristic of these high average power SC sources is that
their spectral power densities are typically �mW/nm,
compared to �100 �W/nm obtained using femtosecond
pulse sources. Using an identical pumping scheme,
Travers, Popov, and Taylor �2005� managed to extend
further the blue edge of the continuum down to 350 nm
by combining multiple PCFs with sequentially decreas-
ing ZDWs. In this way, advantageous phase matching is
obtained over a larger region of the visible spectrum
while simultaneously allowing for the efficient genera-
tion of long-wavelength Raman solitons.

The pump wavelength dependence of SC generated in
the nanosecond regime was investigated by Wadsworth
et al. �2004�. The study was performed with 0.8 ns pulses
with a microchip laser at 1064 nm and PCFs with ZDWs
in the range 1040–1100 nm. Fiber lengths in the
1–100 m range were used in the experiments. For large
normal GVD, cascaded Raman generation was observed
to lead to a one-sided SC extending solely toward infra-
red wavelengths while the spectrum was dominated by
four-wave-mixing sidebands as the pump was moved
closer to the ZDW. Pumping into the anomalous GVD
regime revealed cascaded four-wave mixing with the
multiple sidebands eventually merging into a broad and
extremely flat SC with further propagation. These obser-
vations are consistent with the analysis developed in Sec.
VII.B. This study also identifies optimal parameters for
the design of a low-cost, compact, nanosecond SC
source extending from 500 to beyond 1750 nm. The use
of frequency-doubled microchip lasers running at
532 nm and fiber tapers or PCFs with submicron diam-
eter core allows the extension of this scheme for optimal
generation of visible light �Leon-Saval et al., 2004�. Fur-
ther discussion of the nanosecond normal GVD dynam-
ics was also provided by Genty et al. �2005� when they
injected 3 ns pulses into 90–100 m long large-mode area
PCFs. In particular, the study showed how the blue edge
of the continuum evolves as a function of the pump
wavelength and pointed out the role of XPM in this evo-
lution.

Other experiments of interest include those by Town
et al. �2003�, who used a PCF with a random distribution
of air holes pumped by 42 ns pulses and by Travers,
Kennedy, et al. �2005� in low-water-loss PCFs in the CW
regime. Also, Yamamoto et al. �2003� generated a con-
tinuum with 2.2 ps pulses at a 40 GHz repetition rate in
a dispersion-flattened polarization maintaining PCF in
the 1.55 �m region. The spectrum had a relatively nar-
row 40 nm width, but might be suitable for wavelength-
division multiplexing applications.

Genuine CW SC generation has also been reported
using both PCFs and HNLFs. In one experiment, Av-
dokhin et al. �2003� used a 100 m long PCF pumped at
1065 nm. With a CW pump power as low as 8.7 W �to be
compared to the 0.1–10 kW power levels typical of long
pulse experiments�, a 3.8 W single-mode SC spanning
the 1065–1375 nm wavelength range was generated with
a power density as high as 12 mW/nm. The redshifted
continuum mainly resulted from cascaded Raman scat-
tering, but later experiments performed closer to the
ZDW �González-Herráez et al., 2003; Nicholson et al.,
2003; Abeeluck et al., 2004� using cascaded Raman fiber
lasers and km lengths of HLNF identified the impor-
tance of modulation instability and four-wave-mixing
processes. The case of normal GVD CW pumping was
also investigated by Nicholson et al. �2003� and Abee-
luck and Headley �2005� in HNLF, and revealed the
usual combined Raman and four-wave-mixing scenario.

The physical processes underlying SC generation in
the CW pumping regime are similar to those involved in
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the nanosecond-femtosecond regimes. Of particular sig-
nificance when using a CW pump, however, is the par-
tially coherent nature of the CW pump beam, which can
have a significant influence on the initial spectral broad-
ening dynamics �Mussot et al. �2004��. This was further
stressed by Abeeluck and Headley �2004�, who used a
5 W low-coherence laser diode as a pump source and
interpreted the broad bandwidth of the generated con-
tinuum �1.2–1.8 �m� as due to the efficient seeding of
modulation instability by the large level of phase and
amplitude noise present in the incoherent pump beam.
Subsequent numerical results partly support these ideas
�Kobtsev and Smirnov, 2005; Vanholsbeeck et al., 2005�.

From the discussion in the preceding section, the gen-
erated SC spectra in the CW and longer pulse regimes
would be expected to be highly unstable from shot to
shot, and possess very low spectral coherence. This has
been confirmed in the picosecond pump regime using
delayed pulse measurements of the mutual coherence
function by Nicholson and Yan �2004� using SC gener-
ated in HNLF and by Türke et al. �2005� using SC gen-
erated in tapered fibers.

VIII. OTHER ISSUES

Although we have concentrated on the properties of
SC generation under the most commonly encountered
experimental conditions, a number of closely related re-
search areas deserve additional discussion.

A. Fibers with multiple zero-dispersion wavelengths

Although most studies of SC generation have used
fibers with only one ZDW, we have seen in Fig. 2 that it
is possible to design PCFs with a second ZDW further in
the infrared. In fact, this is also possible with an equiva-
lent small-diameter taper and, indeed, has also been
demonstrated earlier in specialty dispersion-shifted stan-
dard fiber �Mamyshev et al., 1993�. In the vicinity of the
second ZDW, the slope of the GVD parameter D when
plotted in terms of wavelength is negative, i.e., dD /d	
�0, and such a fiber is often described as having a nega-
tive dispersion slope in this region. Interestingly, this
condition also corresponds to �3�0 so that the same
terminology applies irrespective of the definition of the
dispersion parameter used.

A number of novel SC and pulse propagation effects
have been studied in such fibers. For example, Gaeta
�2002� pointed out that such a negative dispersion slope
coupled with anomalous GVD would significantly
modify the SC generation process through the genera-
tion of redshifted dispersive waves, allowing SC genera-
tion to be extended further into the infrared.

Surprisingly �perhaps due to limited fiber availability�,
there have been relatively few experimental studies.
However, the potential for extended infrared SC genera-
tion was demonstrated by Harbold et al. �2002� using
80 fs pulses launched into a 1 �m diameter tapered fiber
designed to have the second ZDW at the center laser

wavelength of 1260 nm. For pulse energies of 1 nJ, a SC
from 1000 to 1700 nm was generated. Subsequently, Hil-
ligsøe et al. �2004� studied spectral broadening in a fiber
with two closely lying ZDWs at 780 and 945 nm when it
was pumped at 790 nm in the anomalous GVD regime
between the two points of zero dispersion. In this case,
using 0.7 nJ energy pulses with 40 fs FWHM, the output
SC consisted of two peaks in the two normal GVD re-
gions, while there was almost complete depletion in the
central anomalous GVD region. Although these fea-
tures are consistent with four-wave-mixing effects
�Andersen et al., 2004�, the mechanism responsible for
the double-peaked SC structure was later clarified as
arising from pump energy transfer to both redshifted
and blueshifted dispersive waves �Falk et al., 2005; Frosz
et al., 2005�.

A further important feature of the SC dynamics in
such PCFs pointed out by Genty, Lehtonen, Ludvigsen,
and Kaivola �2004� was the interaction between the red-
shifted and blueshifted dispersive-wave components and
the fundamental solitons generated from the fission of
the incident pump pulse. Related theoretical and nu-
merical studies considered the more general way in
which a negative dispersion slope could influence soliton
propagation dynamics, and a number of novel effects
were identified. In particular, Skryabin et al. �2003� and
Biancalana et al. �2004� showed how the transfer of en-
ergy from a soliton to a redshifted dispersive wave re-
sults in a spectral recoil effect that can stabilize the soli-
ton frequency against the Raman self-frequency shift,
even as it continues to lose energy. New wave-mixing
phenomena involving solitons, continuous-wave beams,
and soliton-soliton interactions have also been the sub-
ject of both theoretical and numerical studies �Yulin et
al., 2004; Frosz et al., 2005; Skryabin and Yulin, 2005�.
Comprehensive experimental studies of these effects us-
ing cross-correlation FROG have been reported by Efi-
mov et al. �2004b, 2005�, and the results were found to be
in good agreement with GNLSE-based numerical simu-
lations. Interestingly, although motivated by interest in
negative GVD slope dynamics, some of the interaction
and wave-mixing effects can in fact occur irrespective of
the sign of the dispersion slope. The reader is referred to
the original references for details.

The critical design criterion leading to multiple disper-
sion zeros in PCFs or tapered fibers is the reduction of
the effective core region diameter; in the experiments
above, this diameter was typically �1 �m. However, ex-
periments have also studied nonlinear propagation ef-
fects in tapered fibers and tapered PCF structures with
transverse dimensions of the order of, or smaller than,
an optical wavelength �Foster and Gaeta, 2004; Leon-
Saval et al., 2004�. Under these conditions, it is not only
the GVD characteristics that modify the propagation dy-
namics, but also the enhanced nonlinearity arising from
the very tight confinement. In fact, at the subwavelength
level the tradeoff between power localization in the core
and cladding regions results in an optimal waveguide
dimension that maximizes the nonlinear interaction
�Zheltikov, 2003; Foster et al., 2004�. With the appropri-
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ate choice of waveguide dimensions, however, the
threshold for octave-spanning SC generation can be re-
duced significantly below that required when using stan-
dard untapered PCF �Foster and Gaeta, 2004�. Accurate
modeling of the SC generation process in such structures
can still be carried out using a GNLSE approach �Foster,
Dudley, et al., 2005�, although care must be taken to
include the longitudinal dependence of fiber guidance
properties along the taper, as well as wavelength-
dependent modal attenuation effects �Finazzi et al.,
2003; Nguyen et al., 2005�. Finally, we note that by ex-
ploiting only the initial higher-order soliton effect com-
pression phase of SC generation such subwavelength
waveguides have also been successfully used for pulse
compression down to the few-cycle regime �Foster, Ga-
eta, et al., 2005�.

B. Supercontinuum generation with multiple pumps

Using a fiber with only one ZDW yet with two differ-
ent pump wavelengths has been a subject of recent in-
terest. A novel experiment reported by Champert et al.
�2004� and Couderc et al. �2005� used two injected
quasi-CW pumps at different wavelengths on either side
of the zero-dispersion point. In particular, pulses at 1064
and 532 nm from the fundamental and second harmonic
of a passively Q-switched Nd3+:YAG nanosecond laser
were injected into different PCFs with ZDWs in the
range 790–870 nm. In the absence of the infrared pump,
a series of distinct Raman Stokes peaks were observed
from 532 to 650 nm, as expected for SC generation with
a normal GVD pump �see Fig. 24�. The addition of suf-
ficient power in the infrared pump, however, signifi-
cantly modified the observed spectral broadening and
resulted in uniform and symmetrical spectral broadening
about the 532 nm pump. In particular, for a peak power
of 770 W at 1064 nm, and 300 W at 532 nm, a uniform
visible SC from 400 to 700 nm was generated.

Although the particular spectral broadening mecha-
nisms responsible for this effect were not examined
quantitatively, the results are consistent with the excita-
tion of a two-color modulation-instability process with
two pumps in different regimes of group velocity disper-
sion �Schadt and Jaskorzynska, 1987; Gouveia-Neto et
al., 1988a; Yu et al., 1993�. In this case, it would be the
XPM between the two pumps that is responsible for
phase matching the instability, although the dynamics
would be expected to be significantly modified by modu-
lation instability of the infrared pump itself. In particu-
lar, it might be expected that solitons generated from the
infrared pump modulation instability could modify any
components generated in the normal GVD regime
through XPM effects as discussed by Genty, Lehtonen,
and Ludvigsen �2004�. Additional work is required to
clarify the detailed interactions between these effects.

In the femtosecond regime, it is not possible to con-
sider the mutual interaction between copropagating
pulses in terms of a quasi-CW modulation instability.
Nonetheless, the effect of XPM between two copropa-
gating pulses on either side of the ZDW can also lead to

significant modification of the spectral broadening pro-
cesses. In the context of SC generation in PCFs, Genty,
Lehtonen, and Ludvigsen �2005� have numerically stud-
ied the effect of XPM from a femtosecond soliton pump
pulse in the anomalous GVD regime onto a copropagat-
ing longer signal pulse in the normal GVD regime. The
major result obtained was that XPM from the femtosec-
ond soliton can result in a significant extension of the
signal spectrum to both shorter or longer wavelengths
depending on the initial delay between the two pulses.
Experimental confirmation of these numerical predic-
tions has been provided by Konorov et al. �2005� and
Schreiber et al. �2005�.

C. Polarization effects

In order to highlight the essential features of the non-
linear and dispersive interactions that underlie SC gen-
eration, we have focused on a scalar treatment and ne-
glected polarization-related effects during propagation.
Of course this is a simplified view that neglects a number
of both linear and nonlinear polarization-dependent
processes. In this section, we present a brief review of
the literature dealing with these aspects and point out
some possible directions for future investigation. It is
not possible, however, to provide a comprehensive de-
scription of the polarization dynamics of SC generation,
which is still to a great extent unexplored.

The dynamics of light polarization in PCFs is related
to the presence �or absence� of birefringence in the fiber
structure. Even though progress in manufacturing tech-
nologies has led to the fabrication of PCFs with a micro-
structure lattice of nearly perfect symmetry �Steel et al.,
2001; Ritari et al., 2003�, the cross section of narrow-core
PCFs often exhibits imperfections occurring in the fiber
drawing stage. Naturally, intentional birefringence may
also be introduced �Ortigosa-Blanch et al., 2000; Hansen
et al., 2001�.

Injection along an identified principal polarization
axis is therefore often necessary to optimize the SC out-
put. This was, in fact, reported in a number of early
publications �see, e.g. Apolonski et al., 2002; Coen,
Chau, et al., 2002; Ortigosa-Blanch et al., 2002; Price et
al., 2002b�. Although the precise mechanisms involved
were not clearly elucidated at that time, these experi-
ments reported the clear dependence of the generated
SC spectrum on the orientation of the input polariza-
tion. Indeed, Coen, Chau, et al. �2002� even presented
numerical modeling of SC generation in birefringent
PCFs.

Most early experiments used fibers where the birefrin-
gence was accidental and/or of the same magnitude as
conventional step-index polarization maintaining fibers
�Agrawal, 2001�. However, the design flexibility of PCFs
allows the production of fibers with birefringence that is
orders of magnitude higher than that of standard fibers.
This feature of PCFs is particularly interesting in the
context of SC generation, because it yields strongly
polarization-maintaining behavior that results in all fre-
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quency components of the SC generated in a single state
of polarization at the fiber output.

This was demonstrated by Lehtonen et al. �2003� who
injected pulses with an input state of polarization
aligned with the principal polarization axis of a highly
birefringent PCF. They showed that the pump pulses
maintain their linear polarization, and that additional
frequency components created in the SC generation pro-
cess also have a polarization aligned with that of the
pump. The experimental SC spectra obtained with each
principal axis can be readily interpreted in terms of soli-
ton and dispersive-wave dynamics as in the scalar case,
and differences between them are due to the different
dispersion characteristics of the two axes �see also
Kalashnikov et al. �2003��. Lehtonen et al. �2003� also
showed that the SC obtained by tuning the polarization
of the input pulse at 45° between the principal polariza-
tion axes results from a linear superposition of the dif-
ferent SC obtained independently on the two axes with
half of the total input power. Indeed, in these highly
birefringent fibers, the different group delay associated
with each polarization axis results in a relatively short
walkoff distance between frequency components gener-
ated on each principal axis �on the order of few millime-
ters for 100 fs pulses�. Therefore, these orthogonally po-
larized components do not interact with each other after
this short distance. This finding is supported by addi-
tional experiments performed by Proulx et al. �2003�.

Supercontinuum generation in PCFs with low bire-
fringence has also been investigated. In particular, Zhu
and Brown �2004c� analyzed the polarization evolution
of the spectral SC content along the fiber length through
numerical simulations and revealed complex dynamics.
Through the inclusion of random noise and using a pro-
cedure similar to that described in Sec. IV.D, they also
studied the polarization stability properties of the SC by
introducing a spectrally resolved polarization coherence
function. Typically, the stability of the polarization state
is relatively good for the dispersive wave and the soliton
components, whereas it is degraded around the pump
wavelength, though improved polarization coherence
can be obtained by using shorter pump pulses or fibers
with higher birefringence. The same authors confirmed
their findings in subsequent experiments �Zhu and
Brown, 2004b� and interpreted them as resulting from
the noise sensitivity of vectorial modulation instabilities.
A related numerical comparison of the polarization de-
pendence on the spectral and temporal SC properties
�although not the related coherence properties� for both
low- and high-birefringence fibers has also been re-
ported by Tianprateep et al. �2005�.

Further insight was provided by Lu et al. �2004�, who
carried out experimental and numerical studies on the
vectorial dependence of soliton fission itself. This work
revealed that, even in an isotropic fiber, multiple solitons
generated through the fission of a higher-order soliton
have a vectorial character and exhibit different states of
elliptical polarization while they emit dispersive waves
with complicated polarization features. As the concept
of soliton fission plays a central role in the interpretation

of PCF-generated SC, we expect this approach to pro-
vide a powerful framework for further studies on the
polarization dynamics of SC generation. In particular,
recent findings on intensity-induced nonlinear birefrin-
gence �Fortier et al., 2004� and the behavior of self-
frequency-shifted solitons in birefringent PCFs �Kobtsev
et al., 2005� could be interpreted in this manner.

As a final point in our discussion of vectorial propa-
gation effects, we note that the high-index contrast in
PCFs means that they are strongly guiding, and thus
guided mode solutions possess a significant nonzero lon-
gitudinal field component �Steel, 2004�. Although the ef-
fect of such hybrid mode characteristics on nonlinear
pulse propagation in PCFs has not yet been considered
in detail, it raises the possibility of observing coupled
spatiotemporal nonlinear guided wave dynamics at high
powers. This is an intriguing subject for further study.

D. Other nonlinear frequency conversion processes

Although white-light SC generation is perhaps the
most spectacular manifestation of nonlinear optical
propagation effects in PCFs, other frequency-conversion
processes have also been a subject of much interest. An
important experiment by Sharping et al. �2001� reported
the use of PCFs in a straightforward four-wave-mixing
experiment. A major motivation for this work was quan-
tum optics applications, and subsequent work has since
demonstrated soliton squeezing �Fiorentino et al., 2002�
and the generation of correlated photon pairs �Fan et al.,
2005; Rarity et al., 2005; Vidne and Rosenbluh, 2005�.
Related research has developed optical parametric am-
plifiers and oscillators, with results obtained from the
CW to the femtosecond regime �Sharping et al., 2002;
Lasri et al., 2003; de Matos et al., 2004; Deng et al., 2005;
Wong et al., 2005�. Work has also been carried out on the
use of PCFs in a wide range of telecommunications ap-
plications, including thresholding �Lee et al., 2002�,
wavelength conversion �Lee et al., 2003�, and Raman
amplification �Yusoff et al., 2002; Varshney et al., 2005�.

Another interesting class of nonlinearity reported in
experiments involves multimode phase-matched har-
monic generation. This has been applied to the case of
UV generation �Omenetto et al., 2001; Efimov et al.,
2003; Price et al., 2003�. A recent development in this
area has also reported UV generation in an extended
planar waveguide whose fabrication was possible
through the application of PCF technologies �Joly et al.,
2005�.

IX. CONCLUSIONS

A. Choosing a continuum

Supercontinuum generation is a complex process, and
any quantitative explanation of the underlying physics
must take into account a number of different fiber and
pulse parameters. Nonetheless, from an applications
perspective, the physics underlying the SC generation
process is often less important than knowing how to ef-
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ficiently choose a pump source and fiber type in order to
generate a SC with particular desired properties. Based
on the results and discussions presented, we are now in a
position to provide some relatively straightforward prac-
tical guidelines to assist experimental design. Discus-
sions of more specific applications have been given by
Hansen �2005� and Smirnov et al. �2006�.

Perhaps the most important consideration relates to
the coherence and stability of the desired SC, as this
impacts directly on the type of pump source required.
For applications such as frequency metrology, telecom-
munications, pulse compression, and coherent spectros-
copy, generating a phase-stable continuum is essential.
This implies some kind of femtosecond pulse source. If
octave-spanning bandwidths are critical, then nanojoule
energy sub-50-fs pulses from a stabilized source are re-
quired. With a pump wavelength slightly in the anoma-
lous GVD regime of a highly nonlinear PCF with one
ZDW, good results would be expected. Ideally, one
would like to use the minimum length of fiber necessary,
and a useful guideline is to inject pulses with sufficient
peak power so that the required bandwidth is achieved
with a fiber length around the characteristic fission
length. Because of experimental uncertainties, it is of
course advisable to start with a longer length and suc-
cessively cut back to achieve optimal SC characteristics.

With this configuration, the generated SC will typi-
cally possess significant spectral fine structure, although
this may not always be an important consideration. For
some applications, however, achieving spectral flatness,
or strong spectral content in particular wavelength
ranges �e.g., toward the blue or red edges of the SC�, can
be desirable. In this case, careful selection of the PCF
type is required, and it may be necessary to exploit more
complex dynamical processes such as soliton–dispersive-
wave cross-phase modulation or simultaneous blue-
shifted and redshifted dispersive-wave generation in a
fiber with two ZDWs. Provided stabilized sub-50-fs
pulses are used, however, good coherence would still be
expected.

Pumping in the normal GVD regime of a PCF will
also yield good coherence properties, but at the expense
of a reduced bandwidth. An advantage of normal GVD
pumping, however, is that the SC spectrum generated
will generally be free of fine structure, and this may be a
preferred solution in a pulse compression or telecommu-
nications context. Moreover, it may be the only possibil-
ity to generate a highly coherent SC in cases where only
longer pulses in the 100–200 fs range are available.

For applications in which coherence properties are
unimportant, the utility of the SC source resides in its
high brightness and broad bandwidth. In this case, any
conveniently available high power source in the femto-
second to the CW regime can in principle be combined
with an appropriate PCF, with the SC bandwidth gener-
ated critically dependent on the proximity of the pump
wavelength to the fiber ZDW. Optimal bandwidth and
spectral flatness would be expected pumping close to the
ZDW.

B. Next steps

The initial surprise associated with SC generation in
PCFs has now passed, and extensive research has al-
lowed the physics of the underlying spectral broadening
processes to be well understood. Experimentally, SC
generation in PCFs is now routine, and research is in-
creasingly focusing on applications rather than the fun-
damental physics. So, what next?

An immediate answer to this question is found in the
topics outlined in Sec. VIII, because research in these
areas is at a relatively early stage. The study of vectorial
propagation effects is one that we anticipate will un-
dergo significant further development, and a greater
number of careful experimental studies would be par-
ticularly welcome. It is very easy to list other keywords
and phrases that will attract much interest as areas of
future study: nonlinear effects in multiple core PCFs,
nonlinear propagation in hollow-core photonic band-gap
fiber, sonic band gaps, surface modes, microfluidics, and
many more.

Another answer to the question involves a more gen-
eral issue. The photonic crystal fiber has challenged
much of the received wisdom of linear guided wave op-
tics, and the study of SC generation has certainly made
researchers in nonlinear optics think hard. Currently, en-
velope equations such as the GNLSE appear to describe
satisfactorily the nonlinear propagation effects that have
been observed, but perhaps PCF gives experimentalists
the chance to search actively for regimes where enve-
lope approaches fail. Understanding the physics under
such conditions would represent a significant new chal-
lenge in nonlinear guided wave optics, but it would un-
doubtedly present many opportunities to discover even
more surprises. Irrespective of the precise nature of any
new developments that might occur, we sincerely hope
that they will be as enriching as those that have occurred
in the past.
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