
Abstract. Breakthroughs in microstructure-fiber technologies
are pushing the development of a new class of fiber-optic fre-
quency converters, broadband light sources, and short-pulse
lasers. The frequency profile of dispersion and the spatial
profile of electromagnetic field distribution in waveguide
modes of microstructure fibers can be tailored by modifying
the core and cladding design on a micro- and nanoscale, sug-
gesting ways of creating novel fiber-optic devices providing the
highly efficient spectral and temporal transformation of laser
pulses with pulse widths ranging from dozens of nanoseconds to
a few optical cycles (several femtoseconds) within a broad range
of peak powers from hundreds of watts to several gigawatts. In
new fiber lasers, microstructure fibers provide a precise balance
of dispersion within a broad spectral range, allowing the crea-

tion of compact all-fiber sources of high-power ultrashort light
pulses.

1. Introduction

Modern fiber-optic technologies enable the creation of
compact and reliable fiber-format sources and converters of
optical signals intended to solve a broad diversity of funda-
mental and applied problems. Many of the key advantages of
fiber laser systems and nonlinear-optical devices originate
from the fiber geometry of lasing, amplification, and non-
linear-optical transformation of laser radiation [1]. In fiber
lasers, such a geometry provides a high efficiency of pump-to-
radiation energy conversion, favorable conditions for heat
removal, and high quality of a laser beam spatial profile. Due
to large lengths of nonlinear-optical interactions attainable in
the waveguide regime [2], compact and efficient fiber-optic
components for the control and spectral ± temporal transfor-
mation of laser pulses can be created using new technologies.
Some of these devices, such as fiber-optic compressors, as well
as Raman and parametric frequency converters, have already
gained wide acceptance in ultrafast optics.

Optical fibers doped with ytterbium or erbium possess a
gain band that is sufficient for the generation of ultrashort
(femtosecond) laser pulses. However, a number of conceptual
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and technical issues have to be resolved to allow the
development of practical femtosecond fiber laser sources
capable of competing with the available solid-state short-
pulse lasers. One of the most serious difficulties impeding the
generation of high-power ultrashort light pulses in fiber-optic
systems is related to unwanted nonlinear-optical phenomena
such as self- and cross-phase modulation, as well as
stimulated Raman and Brillouin scattering. These effects
induce a nonlinear phase incursion and modify the spectral
and temporal structure of the light field, eventually lowering
the gain and limiting the bandwidth of the laser output field.
The adverse influence of nonlinear-optical effects on the
generation, amplification, and transmission of high-power
ultrashort light pulses can be reduced through the use of the
chirped-pulse amplification (CPA) technique. The CPA
concept, which was originally demonstrated for high-power
solid-state laser systems in the mid-1980s [3], involves the
stretching of a high-power laser pulse before the amplification
stage. This allows the peak power of a laser pulse to be
lowered at the expense of temporal pulse lengthening. As a
result, the influence of nonlinear-optical effects at the
amplification stage is substantially reduced. The chirp that a
light pulse develops in a stretcher can be compensated for
after the amplification with the help of a compressor
delivering a high-peak-power ultrashort light pulse. The
CPA technique offers a route toward the development of
extremely powerful solid-state laser systems [4 ± 6].

The development of fiber laser sources of extremely short
light pulses, on the other hand, calls for the development of
optical fibers that would be capable of precisely balancing the
dispersion introduced by all the other components of the fiber
laser system. Erbium-fiber technologies, as shown in
Refs [7, 8], suggest attractive solutions for the creation of
soliton and stretched-pulse femtosecond all-fiber sources of
radiation centered at a wavelength of 1.55 mm. However, for
fiber laser sources of radiation with wavelengths below
1.3 mm (the wavelength of zero group-velocity dispersion of
fused silica) and fiber sources of ultimately short light pulses,

the dispersion-compensation technique based on standard
fibers fails, necessitating the development of new dispersion-
compensating fibers.

In response to this challenge, optical fibers of a new type
Ðmicrostructure, or photonic-crystal fibers (PCFs) 1 [9 ± 13]
Ð are gaining wider application in optical technologies. In
their structure, mechanisms of waveguiding, and the proper-
ties of guided modes, PCFs differ essentially from standard
optical fibers. In PCFs, radiation can be transmitted through
either a solid (Figs 1a ± 1d) or hollow (Figs 1e, 1f) core
surrounded with a microstructured cladding consisting of an
array of cylindrical air holes running along the fiber axis.
Such a microstructure is usually fabricated by drawing a
preform composed of capillary tubes and solid silica rods.

Along with conventional waveguide regimes provided
by total internal reflection, PCFs under certain conditions
can support guided modes of electromagnetic radiation due
to the high reflectivity of their cladding within photonic band
gaps (PBGs) [14 ± 20]. Such regimes of waveguiding can be
supported by fibers with a hollow [14 ± 18] or solid [19] core
and a two-dimensionally periodic (photonic-crystal) clad-
ding. The high reflectivity provided by the PBGs in the
transmission of such a cladding confines radiation in a
hollow core, substantially reducing the loss, which is typical
of hollow-core-guided modes in conventional, capillary type
hollow waveguides and which rapidly grow [21, 22] with a
decrease in the diameter of the hollow core.

1 Strictly speaking, formany of the widely employedmicrostructure fibers,

the periodicity of the cladding and its photonic band gap are unnecessary

for the confinement of guided modes in the fiber core. Such fibers may

have a nonperiodic cladding exhibiting no photonic band gap. Periodicity

of the cladding and photonic band gaps are indeed involved in waveguid-

ing only for a specific class of microstructure fibers. Microstructure fibers

could have been thus understood as a broader class of fibers, including

PCFs as a subclass. However, according to the tradition arising from to

the pioneering work on microstructure fibers [9], motivated by the

development of new photonic-crystal structures, the terms `microstruc-

ture fibers' and `photonic-crystal fibers' are understood here as identical.
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Figure 1.Cross-section images of photonic-crystal fibers: (a ± c) fibers with a high optical nonlinearity provided by a small fiber core and a high refractive-

index contrast between the core and the cladding, (d) large-mode-area PCF, and (e, f) hollow-core PCFs.
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The key advantages of PCFs for optical technologies and
fiber laser systems are associated with the unique possibility
of tailoring the frequency profile of dispersion of waveguide
modes in such fibers bymodifying the fiber structure [23 ± 26].
This allows complicated dispersion profiles unattainable with
standard optical fibers to be implemented [26, 27]. As a result,
PCFs help in observing novel nonlinear-optical phenomena
and new regimes of spectral and temporal transformation of
ultrashort laser pulses [27, 28]. Figures 1a ± 1c display cross-
section images of PCFs with a large difference between the
refractive index of the fiber core and the effective index of the
fiber cladding. Such a high step of refractive index is induced
by a high air-filling fraction of the fiber cladding. Fibers of
this type can strongly confine the electromagnetic field in the
fiber core, providing high optical nonlinearities, thus radi-
cally enhancing nonlinear-optical interactions of light fields
at a given peak power of the laser pulse. Highly efficient fiber-
format frequency converters of ultrashort light pulses [29] and
PCF supercontinuum sources [30 ± 34] based on highly non-
linear PCFs (Figs 1a ± 1c) are at the heart of advanced systems
used in optical metrology [35 ± 38], ultrafast optical science
[39, 40], laser biomedicine [41], nonlinear spectroscopy [42,
43], and nonlinear microscopy [44 ± 46].

The possibility of dispersion tailoring makes PCFs
valuable components for dispersion balance and dispersion
compensation in fiber-optic laser oscillators intended to
generate ultrashort light pulses with a high quality of
temporal envelope. Lim et al. [47] have demonstrated an
ytterbium-fiber laser source of 100-fs pulses with an energy of
about 1 nJ with dispersion compensation based on a PCF
instead of free-space diffraction gratings. A highly birefrin-
gent hollow-core PCF [48] provides a robust polarization-
maintained generation of 70-fs laser pulses with an energy of
about 1 nJ in a fiber laser system [49]. IsomaÈ ki and
Okhotnikov [50] have achieved dispersion balance in an
ytterbium femtosecond fiber laser using an all-solid PBG
fiber [19]. In contrast to silica ± air index-guiding microstruc-
ture fibers, including silica and air holes, an all-solid PBG
fiber guides light along a silica core surrounded with a two-
dimensional periodic lattice of high-index glass inclusions.
Dispersion tailoring and a high nonlinearity of small-core
PCFs, on the other hand, allow efficient optical parametric
oscillation and amplification due to the third-order optical
nonlinearity of the fiber material [51 ± 53]. Optical parametric
oscillators based on PCFs can serve as efficient sources of
correlated photon pairs [54, 55].

The maximum laser fluence in an optical system is limited
by the laser damage to thematerial of optical components. An
increase in a fiber cross section is a standard strategy for
increasing the energy of laser pulses delivered by fiber lasers. 2

Standard large-core-area fibers are, however, multimode [22],
making it difficult to achieve a high quality of the transverse
intensity profile. This difficulty can also be resolved by using
PCFs with small-diameter air holes in the cladding, which
filter out high-order waveguide modes [11, 56]. This strategy

can provide single-mode waveguiding even for large-core-
area fibers [57, 58] (Fig. 1d). A dual-clad PCF design helps to
confine the pump field in the microstructured cladding and to
optimize a spatial overlap between the pump field and laser
radiation. In this type of PCFs, the microstructured part of
the fiber is isolated from the cladding by an array of large-
diameter air holes (Fig. 1d). Large-mode-area ytterbium-
doped PCFs [59, 60] are employed for the creation of high-
power lasers [58, 61, 62]. Large-mode-area silica PCFs are
also used for the compression of high-power subpicosecond
laser pulses [63] and the generation of a supercontinuum with
an energy in excess of 1 mJ [64, 65].

The photonic-crystal fiber design presented in Fig. 1a is of
special interest for the development of novel fiber-optic
sensors [66 ± 68]. In sensors of this type, excitation radiation
is delivered to an object along the fiber core. The inner part of
the microstructured cladding features micrometer-diameter
air holes and serves as a high-numerical-aperture collection of
the scattered or fluorescent signal from the object, as well as
the fiber delivery of this signal to a detector. With such a
scheme of sensing, a detector can be placed alongside a
radiation source [67, 68]. This fiber design is advantageous
for sensing chemical and biological samples by means of one-
and two-photon luminescence. Amicrostructured cladding of
PCF can also be conveniently filled with a liquid-phase
analyte. Radiation propagating along the fiber core will
then induce luminescence of the analyte, allowing the
detection of specific types of molecules from the minimal
amount of analyte [68]. Such fiber sensors can be integrated
into chemical and biological data libraries and data analyzers,
including biochips, suggesting an attractive format for the
readout and processing of the data stored in such devices.

The energy of laser pulses in fiber-optic devices can be
radically increased through the use of hollow-core fibers. For
standard, capillary type fibers, however, the loss rapidly
grows (as aÿ3) with a decrease in the core radius a [22, 69].
Because of this problem, such fibers cannot provide single-
mode guiding or help to achieve high intensities for pulses
with moderate peak powers [18]. The loss of core-guided
modes in hollow fibers can be radically reduced if the fiber has
a two-dimensionally periodic (photonic-crystal) cladding [11,
15, 17] (Figs 1e, 1f). A strong coupling of incident and
reflected waves, occurring within a limited frequency range
called a photonic band gap, leads to a high reflectivity of a
periodically structured cladding, allowing low-loss guiding of
light in a hollow fiber core. 3 Hollow PCF compressors in
fiber-laser systems [70, 71] allow the generation of output
light pulses with a pulse width on the order of 100 fs in the
megawatt range of peak powers.

Thus, PCFs play the key role in the development of novel
fiber-laser sources of ultrashort light pulses and the creation
of fiber-format components for the control of such pulses.
Here, we review the approaches and methods for dispersion
engineering of PCFs intended for use in fiber-optic sources of
ultrashort light pulses and discuss experiments that demon-
strate the potential of PCFs for the highly efficient spectral
and temporal transformation of electromagnetic fields with2 We distinguish between the geometric area of fiber cross section, viz.

Sg � pr 2core ;

where rcore is the core radius, and the effective area of a waveguide mode,

which is defined as [2]

Seff �
� �1
ÿ1

�1
ÿ1

���F �x; y����2 dx dy�2� �1
ÿ1

�1
ÿ1

���F �x; y����4 dx dy�ÿ1;
where F �x; y� is the transverse spatial field profile in the waveguide mode.

3 For hollow PCFs with a large number of periods in the photonic-crystal

lattice in the fiber cladding, the properties of core-guided modes are often

largely determined by a few lattice cells that are adjacent to the fiber core.

The hollow core does not necessarily have to be at the center of the

structure then, suggesting a way of creating fibers with multiple hollow

cores.
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input pulse widths from dozens of nanoseconds to a few field
cycles, and input peak powers ranging fromhundreds ofwatts
to several gigawatts.

2. Photonic-crystal fibers for dispersion
and nonlinear-phase-shift compensation
in fiber-optic sources of ultrashort light pulses

In this section, we examine the potential of PCFs as
components providing dispersion balance in fiber systems
intended for the generation of high-power ultrashort light
pulses, including CPA-based fiber systems. Such systems
typically require an accurate compensation for a strong
dispersion introduced by a pulse compressor. We demon-
strate below in this section that fibers with an unusual
dispersion profile are necessary to balance the dispersion
introduced by a pulse compressor. It will be shown that the
required dispersion profile can be engineered by using PCF
technologies.

2.1 Designing photonic-crystal fibers for dispersion
compensation in a broad spectral range
The group delay Gc�o� introduced by a light pulse compres-
sor can be represented as a Taylor series about the point o0

corresponding to the central frequency of the laser pulse
delivered by the fiber system:

Gc�o� � qjc�o�
qo

� y1 � y2�oÿ o0�

� y3
2
�oÿ o0�2 � y4

6
�oÿ o0�3 � . . . ; �1�

where jc is the phase shift introduced by the compressor, and
yk � �q kjc=qo

k���o0
.

A fiber-optic stretcher should be designed in such a way as
to compensate for the group delay (1) within a broad range of
frequencies o, covering the spectrum of an ultrashort laser
pulse delivered by the fiber system. Mathematically, this
requirement implies minimization of the deviation of the
frequency profile of the stretcher-induced group delay Gs�o�
from the profile of the group delay introduced by the
compressor and taken with an opposite sign, ÿGc�o�.

Consider a stretcher consisting of a sequence ofM optical
fibers supporting waveguide modes with propagation con-
stants b �m�, m � 1, 2, . . .,M. The group delay introduced by
such a stretcher can be written as

Gs�o� �
XM
m�1

Gm�o� ; �2�

where Gm�o� is the group delay introduced by the mth fiber
with a length lm.

Expanding Gm�o� in a Taylor series about o0 yields

Gm�o� �
�
1

um
� b2m�oÿ o0� � b3m

2
�oÿ o0�2

� b4m
6
�oÿ o0�3 � . . .

�
lm ; �3�

where um � �qb �m�=qo�ÿ1o0
is the group velocity at the

frequency o0, and bkm��q kb �m�=qo k�o0
.

As can be seen from Eqns (1) ± (3), the overall group delay
introduced by the stretcher and the compressor is compen-
sated for with an accuracy up to the qth dispersion order in

the absence of a nonlinear phase shift if the stretcher is
designed in such a way as to satisfy the following set of qÿ 1
linear equations [72]:

XM
m�1

bpmlm � ÿyp ; p � 2; 3; . . . ; q : �4�

WithM � qÿ 1, the number of unknown variables in this
set is equal to the number of equations. A set of equations (4)
can then be readily resolved with respect to fiber lengths l

�1�
m in

the composite stretcher, unless the determinant of theM�M
matrix bpm is equal to zero:

G � det bpm 6� 0 : �5�

If the condition (5) is satisfied, the solution to set (4) is
written down as

li � Gi

G
; �6�

where

Gi �
b21 . . . b2iÿ1 ÿy2 b2i�1 . . . b2M
b31 . . . b3iÿ1 ÿy3 b3i�1 . . . b3M
. . . . . . . . . . . . . . . . . . . . .
bq1 . . . bqiÿ1 ÿyq bqi�1 . . . bqM

��������
�������� �7�

is the determinant of the matrix obtained from bpm by
replacing the ith column in this matrix by the column
consisting of the free terms (ÿyp) in the set of equations (4).

Formally, withM � qÿ 1 and G 6� 0, the set of equations
(4) can always be resolved with respect to lm. However, the
mathematical solution to set (4) is physically meaningful, i.e.,
is representative of the lengths of the fibers in the composite
stretcher, only if lm 5 0 for allm. This condition is difficult or
even impossible to satisfy with a sequence of standard optical
fibers.

To illustrate this argument, we consider a typical
frequency profile of the group delay (Fig. 2) introduced by a
standard grism compressor often used in fiber laser systems
[72]. For such a frequency profile of the group delay, we find
y2� ÿ12:45 ps2, y3�6:98� 10ÿ2 ps3, and y4� ÿ6:2�
10ÿ4 ps4 for l0 � 1050 nm, corresponding to the central
wavelength of an ytterbium laser. Obviously, the specific
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values of the parameters yk can vary depending on the
compressor design. However, the signs of these parameters:
y2 < 0, y3 > 0, and y4 < 0 are characteristic of the considered
type of a pulse-compressing system.

Suppose that we need to compensate for the compressor-
induced group delay with an accuracy up to the third order in
dispersion (q � 3). To this end, we describe the stretcher
dispersion profile in terms of its group-velocity dispersion
(GVD) D � ÿ2pclÿ2b2 and third-order dispersion
b3 � q3b=qo3. A set of equations (4) is then reduced to two
equations (p � 2, 3) for two unknown variables each (M � 2).
The solution to such a set of equations is given by
l1;2 � G1;2=G. The considered two-fiber stretcher should
have a normal overall GVD. At l0 � 1050 nm, this condi-
tion can be readily satisfied with the use of standard optical
fibers. The b3m parameter for such fibers is usually positive.
With positive bpm ( p � 2, 3; m � 1, 2), the product
l1l2 � G1G2Gÿ2 is always negative for the considered class of
group-delay profiles (y2 < 0, y3 > 0). Consequently, stan-
dard fibers cannot compensate for the group-delay intro-
duced by a grism compressor.

Photonic-crystal fibers can be designed in such a way as to
provide dispersion profiles unattainable with standard
optical fibers. In particular, PCF dispersion can be tailored
to achieve the relation between the second- and third-order
dispersion coefficients required to compensate for the group
delay introduced by a grism compressor in fiber laser ±
amplifier systems.

The properties of the guidedmodes of the electromagnetic
field in a PCF can be analyzed by applying a fully vectorial
localized-function technique [73, 74]. Thismethod involves an
expansion of the transverse components of the field
E �z; t� � E exp

�
i�bzÿ ckt�� [here, E � �Ex;Ey;Ez�, b is the

propagation constant of a waveguide mode, k is the wave
number, and c is the speed of light in vacuum] in a set of
Gauss ±Hermite polynomials. The relevant two-dimensional
spatial profile of the refractive index n 2�x; y� in the fiber cross
section is expanded in a series in terms of a set of Gauss ±
Hermite polynomials and trigonometric functions. With such
a representation of Ex, Ey, and n 2�x; y�, the solution of the
vectorial wave equations for the field is reduced to the
solution of an eigenfunction and eigenvalue problem of the
relevant matrix equation.

Figures 3a ± 3c present the wavelength dependences of the
GVD and the third-order dispersion b3, calculated with the
use of the above-described technique for a silica ± air PCF
with a cross-section structure shown in the inset to Fig. 3a.
The cladding structure of this PCF is parameterized by using
the air-hole diameter d and the distanceL between the centers
of the air holes. For sufficiently small L, the fiber dispersion
features two zero-GVD wavelengths. With large d=L ratios,
the second zero-GVDwavelength lz is tuned within the range
of 970 ± 1035 nm by changing the cladding periodL from 0.77
to 0.80 mm. For radiation wavelengths exceeding lz, the
considered type of fibers provides normal dispersion
( b2 > 0, D < 0), simultaneously satisfying the requirement
b3 < 0 needed for the compensation of the group delay
introduced by a grism compressor. As shown in Figs 3a ± 3c,
with an appropriate PCF design, dispersion parameters b2
and b3 can be optimized for the best compensation of the
group delay in the stretcher ± compressor system within the
required spectral range.

For high-intensity laser pulses, nonlinear-optical pro-
cesses give rise to nonlinear phase shifts, leading to notice-

able distortions of the temporal envelope of the pulse at the
output of the fiber system. The influence of nonlinear phase
shifts in fiber laser systems can be substantially reduced, as
shown by Serebryannikov et al. [72], by optimizing the lengths
of the fibers in a composite stretcher on the basis of numerical
analysis of pulse evolution in a fiber-optic system including
nonlinear-optical effects. According to the approach pro-
posed in Ref. [72], the solution to a set of equations (4) is
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considered to be the first step of an iterative procedure.
Subsequent iterations are intended to determine corrections
to the lengths of the fibers in the composite stretcher
minimizing distortions in the spectrum and temporal envel-
ope of the output field induced by nonlinear-optical effects.
Figures 4a and 4b display a residual (uncompensated) group
delay in a fiber stretcher ± compressor system after several
iteration steps of such a procedure for laser pulses with input
pulse widths of 200 and 100 fs, and initial energies of 400 and
50 pJ, respectively. As can be seen from the results presented
in these figures, the iteration procedure developed can
substantially reduce the residual group delay, thus improv-
ing the quality of the temporal envelope of an ultrashort pulse
at the output of a fiber stretcher ± compressor system
(Figs 5a, 5b).

2.2 Genetic algorithms for finding the photonic-crystal
fiber transverse structure providing the required dispersion
profile
Finding a PCF structure that would provide the required
dispersion profile is one of the most important and difficult
problems in the design of PCF-based systems for the
generation of ultrashort light pulses. For simple PCF

structures which can be described in terms of a few
parameters, the desired transverse structure can be found by
an exhaustive search based on direct dispersion profile
calculations for a given refractive-index profile with variable
parameters.

The fibers presented in the inset to Fig. 3a and inset 1 to
Fig. 6 belong to the class of easily parameterizable structures,
as they can be described in terms of the air-hole diameter d
and the d=L ratio. Parameterization of more complicated
PCF structures (see inset 2 to Fig. 6) requires a larger number
of parameters. For such structures, finding the PCF profile
from the required dispersion profile by an exhaustive search
through the solutions to a direct problem becomes proble-
matic. An attractive alternative approach involves the use of
genetic optimization algorithms [75].

Genetic algorithms, as shown in Refs [76, 77], suggest a
powerful tool for the optimization of PCFs for the minimum
deviation from a target dispersion profile within a given class
of fiber structures. The genetic-algorithm-based approach
developed in Ref. [78] searches for a PCF structure in the
class of large-mode-area fibers providing the best group-delay
compensation in a fiber stretcher ± compressor system. The
requirement of a large mode area is of key importance for
reducing the nonlinear phase incursion of a light pulse in a
fiber system. To illustrate this approach, we consider two
types of PCFs with a triangular lattice of air holes in the
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cladding (see the insets to Fig. 6). The fibers are described
with a set of parameters fd1; d2; . . . ; dN;Lg, where di are the
air-hole diameters. For PCFs of the first type (inset 1 to
Fig. 6), all the air holes have the same diameter (N � 1). The
structure of the fibers of the second type (inset 2 to Fig. 6) is
more complicated and is generally described in terms of five
different air-hole diameters (N � 5). The genetic algorithm
implemented in Ref. [78] involves the following sequence of
steps. In the first step, a random population of fdi;Lg1 sets is
generated, with the parameters di and L playing the role of
genes.Group-velocity dispersionD is calculated for each PCF
defined by the set of parameters di and L using the finite-
element method (FEM) [79]. The GVD is then used to find a
functional

F �
X
k

�
C �lk� � l D �lk�

�2
; �8�

whereC �l� is the group-delay dispersion (GDD) introduced
by the compressor, l is the PCF length, and k is the summation
index which runs through the range of values corresponding
to the wavelength interval considered (from 1.02 to 1.08 mm).

The sets of parameters di and L, corresponding to smaller
values of F, are assigned higher survival probabilities and are
thus allowed to produce a new generation of individuals,
fdi; Lg2, sharing the best features of the individuals of the
previous generation. The new generation thus consists of
individuals that are better suited for the function considered,
defining the first step toward the best set of fiber parameters,
corresponding to the optimal PCF. This process is continued
as long as each next generation of individuals fdi; Lg j
substantially reduces the functional F with respect to the
previous generation. Mutations are introduced through
random variations of parameters in a small part of the

population in order to prevent the algorithm from conver-
ging to a local optimum. Figure 6 presents the wavelength
dependences of the residual GDD in a stretcher ± compressor
system utilizing 723 m of the first-type PCF (curve 1) and
345 m of the second-type PCF (curve 2). As can be seen from
this figure, the PCF of the second type not only provides a
more efficient GDD compensation, but also reduces the loss
and weakens nonlinear effects. For 1.05-mm radiation, the
effectivemode areas for the PCFs of the first and second types
are estimated as S1 � 1:37 mm2 and S2 � 1:43 mm2.

3. Transformation of ultrashort laser pulses
in photonic-crystal fibers with a microstructured
cladding and a nanostructured core

The dispersion and the spatial profiles of PCF modes are
usually tailored [23 ± 26] by modifying the geometry of the
core and the structure of the cladding, as well as by varying
the sizes of air holes in the fiber cladding. Theoretical
analysis [80 ± 84] shows, on the other hand, that control
over PCF properties, including dispersion, mode field
profiles, and nonlinearity, can be substantially enhanced
by modifying the core of a PCF with an array of additional
air holes. In recent work [85, 86], this concept has been
implemented experimentally. Results presented below in this
section suggest that an array of air holes with a diameter of
about 500 nm, modifying the core of a PCF, helps to finely
tune the frequency dispersion profile and the spatial profile
of an electromagnetic field in guided modes of the fiber.
This enhanced dispersion and nonlinearity control enables,
in particular, a highly efficient frequency conversion of
femtosecond Cr:forsterite-laser pulses, yielding frequency-
tunable radiation within a wavelength range from 0.45 to
1.0 mm.

A scanning-electron-microscope image of a TF10-glass
PCF, employed in experiments [85, 86], is presented in the
inset to Fig. 7. The cladding of the fiber has a nearly periodic
structure with a pitch of 1.4 mm and an air-hole diameter of
1.2 mm. The central part of the fiber is modified with an array
of six air holes with a diameter of about 0.5 mm. The optical
nonlinearity of TF10 glass is nearly an order of magnitude
higher than the nonlinearity of fused silica which is usually
employed for the fabrication of optical fibers. Material
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dispersion of TF10 glass also noticeably differs from the
dispersion of fused silica. In particular, the zero-GVD
wavelength lz for this glass (lz � 2:0 mm) is red-shifted
relative to the zero-GVD wavelength of bulk silica.

The mode properties of nanohole-modified PCFs were
analyzed by using the fully vectorial localized-function
technique [73, 74] described in Section 2.1. Figure 7 presents
the GVD D � ÿ2pclÿ2 d2b=do 2 calculated as a function of
radiation wavelength l for the fundamental and several high-
order waveguide modes in the considered type of PCF. From
the spatial field distribution in the fundamental mode of the

fiber, we derive the following optical nonlinearity coefficient
at the wavelength of 1.25 mm: g � 700 Wÿ1 kmÿ1.

Experiments were performed with a long-cavity Cr4�:
forsterite laser oscillator [85] pumped by 7.5-W ytterbium-
fiber-laser radiation. The Cr:forsterite laser delivered 70-fs
pulses with a central wavelength of 1.25 mm and an average
power of about 150 mW at a pulse repetition rate of 20 MHz.
The central wavelength of Cr:forsterite-laser radiation falls
within the region of anomalous dispersion of the PCF (see
Fig. 7). Under these conditions, laser pulses tend to form
optical solitons as they propagate along the fiber. The
retarded part of optical nonlinearity induces a continuous
red-shift of these solitons [2]. Additionally, high-order
dispersion disturbs the balance between dispersion and
nonlinearity and induces the emission of excessive energy of
solitons in the form of dispersive waves [87], resulting in the
generation of intense radiation in the visible and near-
infrared spectral regions (Fig. 8).

The central wavelength of dispersive-wave radiation
emitted by a soliton is controlled by the phase matching
between the soliton and the emitted dispersive wave. Figure 9
presents the mismatch db � bs�l0� ÿ b �l d� of the propaga-
tion constant bs�l0� of the soliton at the pump wavelength
l0 � 1:25 mm and the propagation constant b �l d� of the
dispersive wave, calculated as a function of the wavelength
l d. As can be seen from the comparison of radiation spectra
measured at the output of the fiber (see Fig. 8) with the results
of calculations (see Fig. 9), the central wavelengths of the
most intense spectral components in the PCF output agree
very well with the theoretical predictions for the wavelengths
satisfying the phase-matching condition db � 0 between the
soliton and the dispersive wave.

Theoretical analysis also prophesies the sensitivity of PCF
output spectra to the type of guided mode excited in the fiber
(cf. Figs 8 and 9). In experiments, the mode composition of
radiation was controlled by changing the tilt angle of the
input laser beam with respect to the fiber axis. By varying the
input radiation energy and varying the mode composition of
radiation propagating through the fiber, it was possible to
tune the most intense spectral lines in PCF output spectra in
the wavelength range from 0.45 to 1.0 mm.
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4. Soliton self-frequency shift
in photonic-crystal fibers

The propagation of optical solitons in a medium with
retarded nonlinearity is often accompanied by a continuous
downshift of the central frequency of the soliton [2, 88, 89]. In
the frequency domain, this effect is instructively interpreted as
the amplification of the low-frequency part of the soliton
spectrum by its high-frequency wing through stimulated
Raman scattering. This phenomenon, called soliton self-
frequency shift (SSFS), allows the creation of fiber-optic
frequency shifters for ultrashort laser pulses. Photonic-
crystal fibers substantially enhance SSFS [90 ± 96] due to the
strong confinement of the laser field in a small-area PCF core.
The unique flexibility of PCF dispersion properties helps in
using SSFS for a smooth frequency tuning of low-energy few-
cycle pulses [39, 96], offering a new attractive strategy for a
reliable synchronization of pump and seed pulses in optical
parametric chirped-pulse amplification (OPCPA) [40].

Because of a strong dependence of the SSFS on the
parameters of the input pulse, small power fluctuations at
the input of the fiber are transformed into unwanted
variations of the central wavelength and fluctuations of the
delay time of the frequency-shifted soliton at the output of the
fiber. This effect limits the accuracy of timing between the
frequency-shifted soliton and an ultrashort seed pulse in
OPCPA with SSFS-based synchronization [40]. In this
section, we show that the SSFS in an optical fiber can be
substantially decelerated, following the initial stage of fast
frequency shifting. The frequency dependence of the group-
velocity dispersion and diffraction-induced increase in the
effective mode area in the long-wavelength range give rise to
an asymptotic limit of SSFS, controlled by the GVD profile
and the frequency dependence of the effective mode area. A
PCF is ideally suited for a controlled suppression of SSFS,
because theGVDprofile and the frequency dependence of the
effective mode area can be modified for this type of fiber by
fiber structure engineering.

To analyze the dynamics of frequency shifting in a
nonlinear medium with retarded nonlinearity, we analyze
SSFS using the method proposed by Gordon [97]. This
method involves a spectral transformation of the nonlinear
SchroÈ dinger equation (NSE)

ÿi qu
qz
� 1

2

q2u
qt 2
� juj2 u �9�

for the pulse envelope u. The units of time (ts) and length (zs)
in Eqn (9) are chosen in such a way that

t 2s
zs
� l 2D

2pc
� ÿ q2b

qo 2
; �10�

Pszs � lAeff

2pn2
; �11�

where l and o are the wavelength and frequency, Ps is the
soliton power, D is the GVD, b and Aeff are the propagation
constant and the effective mode area, n2 is the nonlinear
refractive index of the fiber material, and c is the speed of light
in vacuum.

The soliton solution to Eqn (9) is written down as
u � sech�t� exp �iz=2�. The pulse width of such a soliton,
defined at the half-maximum of its temporal power profile,
is t � 1:763ts.

Retarded nonlinear response of the medium is included in
the model through the following transformation [97, 98] of
the nonlinear term on the right-hand side of Eqn (9):

juj2u! u �t�
�
f �Z� ��u �tÿ Z���2 dZ ; �12�

where f �Z� is the real function governing the Raman response
of the fiber material. Fourier transform of this function
recovers the optical susceptibility of the medium:

w �O� �
�
f �Z� exp �iOZ� dZ ;

and the imaginary part of this susceptibility, in turn, controls
the Raman gain aR�O� � 2 Im w�O�.

Spectral transformation of Eqn (9) with regard to the
replacement (12) yields the following relationship for the
SSFS rate expressed in THz kmÿ1 [97]:

dn
dz
� ÿ ml 2D

t 3s

�1
0

O 3R�O=2pts�
sinh2�pO=2� dO ; �13�

where m is a factor, and R �O=2pts� � aR�O�.
A linear approximation of the function R �x�

[R �x��0:492 x=13:2 for fused silica] gives the central expres-
sion of the Gordon model, allowing calculation of the SSFS
rate dn=dz [97]:

dn
dz
� ÿ kG

t 4
; �14�

where kG � k0l
2D is a constant coefficient in the Gordon

model. For l � 1:5 mm, D � 15 ps kmÿ1 nmÿ1, Eqn (14)
gives 4 dn= dz � ÿ0:0436=t 4.

The Gordon formula played the key role in identifying
significant tendencies of SSFS and in explaining interesting
aspects of this phenomenon. Photonic-crystal fibers can
radically enhance nonlinear-optical interactions, providing
wavelength shifts of 600 ± 700 nm within propagation lengths
of 15 ± 20 cm [90 ± 96]. For such fibers, several important
physical factors leading to deviations from the Gordon
formula have to be taken into consideration. Numerical
analysis of the generalized NSE, including the retarded
optical nonlinearity (the Raman response of the medium),
indicates a deceleration of the frequency shifting of a soliton
[99, 100], as well as an ultrashort pulse of a more general form
[101] in a certain phase of pulse propagation in a fiber.
Numerical simulations performed in Refs [99, 100, 102, 103]
directly demonstrate the deceleration of SSFS induced by the
frequency dependence of the effective mode area in a fiber.
For practical applications of SSFS, the key issue is to reduce
the sensitivity of the SSFS and the delay time of the
frequency-shifted soliton to the parameters of the input
pulse. Solving this problem calls for a careful analysis of the
physical factors decreasing the SSFS rate compared to the
frequency-shifting rate dictated by the Gordon formula (14).

To analyze physical factors that can suppress the SSFS in
an optical fiber, we use Eqns (10) and (11) to rewrite formula

4 We give this expression in the original notation introduced by Gordon

[97]. The numerical factor appearing in this formula is measured in units of

s3 kmÿ1.
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(14) as

dn
dz
� ÿ 0:104k0

l 4A 2
eff D

: �15�

Apart from the explicit wavelength dependence, Eqn (15)
comprises the GVD and the effective mode area, which
change because of high-order dispersion and diffraction,
respectively, as the central frequency of the soliton is shifted
due to the Raman effect. Guided modes are typically more
compact for short wavelengths and are characterized by a
large effective area in the long-wavelength range. For PCFs,
the Aeff �l� dependence is controlled by the structure of the
fiber cross section. In a broad class of PCFs, this dependence
is quite strong (Fig. 10a). Below, we demonstrate that the
wavelength dependence of the effective mode area is often the
key physical factor decelerating the SSFS.

For a qualitative analysis of the wavelength dependences
of the GVD and the effective mode area, we express D
through b2 � q 2b=qo 2: D � ÿ�2pc=l 2� b2, and represent
the parameters appearing in the denominator in Eqn (15) as
Taylor series about the wavelength l0:

l 2 � l 2
0

�
1ÿ 2l0

c
n
�
; �16�

A 2
eff � A 2

0 �1ÿ 2an� ; �17�

b2 � b20

�
1ÿ 2pb30
j b20j

n
�
; �18�

where A0�Aeff�l0�, a�ÿAÿ10 �qAeff=qn�jl�l0 , and
b30�q3b=qo3jl�l0 is the third-order dispersion coefficient.
In view of the wavelength dependence of the effective mode
area, the coefficient a in the expansion for Aeff is defined in
such a way that a > 0. In writing the power series for b2, we
kept in mind that the condition b2 < 0 is necessary for soliton
formation.

Substituting the power series (16) ± (18) into equation
(15), we arrive at

dn
dz
� ÿ kG

t 4
�1� yn� : �19�

Here, the following notation was used:

y � 2

�
l0
c
� a� c

�
; �20�

where c � pb30=jb20j.
Integration of Eqn (19) yields the following expression for

the soliton frequency shift:

n �z� � 1

y

�
exp

�
ÿ y

kG
t 4

z

�
ÿ 1

�
: �21�

In the regime where ykGtÿ4z5 1, expression (21) is
reduced to the Gordon formula (14). However, as the soliton
propagates further along the fiber, its frequency shift is
decelerated. Expression (21) suggests the existence of the
upper bound for the SSFS: with ykGtÿ4z4 1, we find that
n �z� ! ÿyÿ1.

As can be seen from Eqns (20) and (21), SSFS
deceleration is caused by a gradual variation of local soliton

parameters. As the soliton propagates along the fiber, its
central wavelength is shifted, leading to changes in the GVD
and the effective mode area. To quantify the impact of each
of these factors on the SSFS, we introduce the following
spatial scales: ll�ct 4�2l0kG�ÿ1, la�t 4�2akG�ÿ1, and lD �
t 4j b20j�2pb30kG�ÿ1. Figure 10a displays characteristic wave-
length dependences of the effective mode area and the GVD
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for PCFs [39, 40, 95, 96, 104]. As the wavelength is shifted
from 0.8 to 1.3 mm (a typical SSFS for 6-fs laser pulses in
experiments [40]), the effective mode area, as shown by line 1
in Fig. 10a, can increase by a factor of more than two. The
GVD profile of PCFs can be modified by changing the cross-
section structure of the fiber. Curves 2 and 3 in Fig. 10a
represent two GVD profiles typical of PCFs. In the first case
(curve 2), the structure of a PCF provides two zeros in the
GVD profile, which bound the spectral range where solitons
can exist. In the second case (curve 3), the GVD changes from
63 to 210 ps kmÿ1 nmÿ1 as the wavelength is shifted from
0.8 to 1.3 mm. This GVD change may have a considerable
influence on the SSFS rate.

Figure 10b presents the wavelength dependences of the
parameters c, a, and l=c, which control, in accordance with
Eqns (20) and (21), the SSFS rate. It can be seen from these
plots that high-order dispersion is the main factor that limits
the soliton frequency shift at the initial stage of SSFS. As the
soliton is shifted toward longer wavelengths, the diffraction
mechanism starts to play an increasingly important role,
becoming a dominant factor of SSFS suppression in the
near-IR range (for l > 1:1 mm in Fig. 10b).

Figure 10c illustrates SSFS deceleration induced by
changes in the central wavelength of the soliton and the
wavelength dependence of the effective mode area. The
central wavelength of the input laser pulse is taken equal to
800 nm. With typical parameters of a fused silica PCF, viz.
D�25 ps kmÿ1 nmÿ1 , A0�2:1 mm2, n2�3�10ÿ16 cm2 Wÿ1,
we find kGtÿ4 � 5 THz cmÿ1. Under these conditions,
ll � 37 cm. For the wavelength dependence of the effective
mode area presented by curve 1 in Fig. 10a, we have
la � 10 cm. Curve 1 in Fig. 10c shows how the central
frequency of the soliton would have changed with the
above-specified values of ll and la if the GVD was constant.
Suppression of SSFS becomes noticeable within a typical
length ls � �lÿ1a � lÿ1l �ÿ1 � 8 cm. The assumption of a con-
stant mode area, on the other hand, gives ls � ll � 37 cm. In
this regime, the tendency for SSFS deceleration becomes
noticeable within much larger fiber lengths (curve 2 in
Fig. 10c).

If variations in the local parameters of a wavelength-
shifted soliton are neglected, the Raman effect leads to an
infinite growth in the central wavelength of the soliton (curve
3 in Fig. 10c). In this regime, the central wavelength of the
soliton at the output of the fiber is especially sensitive to small
power fluctuations of the input laser pulse. Luckily, SSFS
suppression induced by high-order dispersion and the
wavelength dependence of the effective mode area reduces
unwanted variations in the central wavelength and the delay
time of the frequency-shifted soliton with respect to the input
pulse. This circumstance improves the precision of time
synchronization of pump and seed pulses in OPCPA with
the use of solitons frequency-shifted in PCFs [40].

5. Third-harmonic generation by frequency-
shifting solitons in a photonic-crystal fiber

Third-harmonic generation (THG) is one of the basic non-
linear-optical phenomena [105]. This effect is widely used to
upconvert the frequency of laser radiation and serves as a tool
for nonlinear-optical spectroscopy and microscopy, provid-
ing valuable information on the properties of materials and
fast processes in physical, chemical, and biological processes
[106, 107]. Photonic-crystal fibers allow observation of new,

unusual regimes of THG [108 ± 116]. Ultrashort light pulses
propagating in PCFs in the regime of anomalous dispersion
tend to form optical solitons which undergo a continuous red
shift due to the retarded part of the optical nonlinearity of the
fiber material (see Section 4 of this review). These frequency-
shifting solitons can serve as a pump field for the THG
process [117]. For fibers that provide multimode waveguid-
ing in the short-wavelength range, the continuously shifting
soliton frequency sweeps over a sequence of phase-matching
resonances with waveguide modes of the third-harmonic
field. As a consequence, the spectrum of the third harmonic
at the output of the fiber displays a series of intense peaks
whose central frequencies noticeably differ from the triple
input pump-field frequency [118, 119].

The THG efficiency reaches its maximum when the pump
field is phase-matchedwith the third-harmonic field. Since the
dispersion of a soliton lies away from the dispersion of a linear
dispersive wave with the same frequency, phase-matching
conditions for THG by a soliton pump field (similar to phase-
matching conditions for general type soliton ± dispersive-
wave four-wave mixing [120 ± 122]) differ from the phase-
matching conditions for all-dispersive-wave THG. To ana-
lyze phase matching between a soliton pump field and a
nonsoliton (dispersive-wave) third-harmonic field, we repre-
sent the soliton pump field in the following form

A � c �x� exp�ÿ iost� i
�
bn�os� � q

�
z
	
: �22�

Here, x � tÿ z=ng is the time in the retarded frame of
reference, bn is the propagation constant of the nth wave-
guide mode, z is the longitudinal coordinate along the
direction of field propagation, os and vg are the central
frequency and the group velocity of the soliton, c �x� is the
temporal envelope, q � gP=2, g is the optical nonlinearity
coefficient, and P is the peak power.

The Fourier transform of the field A is written as

A �
� bF �o� exp�ÿ i �os ÿ o� t

� i

�
bn�os� � qÿ os ÿ o

vg

�
z

�
do ; �23�

where bF �o� is the spectrum of the soliton, and

bsol�o� � bn�os� � q� oÿ os

vg
�24�

is the propagation constant of the soliton (see also Refs [87,
117, 123]).

The mode index of the third-harmonic field is defined as
nm�3o��bTH�3o� c=3o, where bTH�3o��bm�3o� is the
propagation constant of the mth waveguide mode at the
third-harmonic frequency. The phase-matching condition
for the THG process is then written down as follows:

nm�3o� � nsol �o� ; �25�

where nsol �o� � bsol�o�=k is the effective mode index of the
soliton, k � 2p=l, and l is the wavelength.

Figures 11a and 11b display the results of experiments
[119], illustrating some of the significant properties of THG
by a soliton pump in a PCF. In these experiments, femtose-
cond Cr:forsterite-laser pulses with an input spectrum shown
by the dashed line in Fig. 11a are launched into a PCF with a
cross-section structure presented in the inset to the same
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figure. The dot-and-dash line in Fig. 11a represents the GVD
profile for this fiber. The central wavelength of Cr: forsterite-
laser radiation falls within the range of anomalous dispersion
of the PCF. The laser pulses evolve toward solitons as they
propagate through the fiber. The retarded optical nonlinear-
ity of the fiber induces a continuous red shift of the soliton.
For a piece of PCF with a length of 12 cm and an input pulse
energy of 0.5 nJ, the spectrum of the soliton output is shifted
by approximately 100 nm with respect to the input spectrum
of the pump field (Fig. 11a).

Propagation of laser radiation along the PCF is accom-
panied by third-harmonic generation giving rise to intense
isolated peaks in the wavelength range of 380 ± 550 nm
(Fig. 11b). The central frequencies of these peaks agree very
well with the frequencies where the effective mode index
nsol �o� of the soliton (the bold solid line in Fig. 11b) is
matched with the mode index of one of the waveguide modes

at the frequency 3o (the fine solid lines in Fig. 11b). The
phase-matching condition (25) is represented by the crossing
of the nsol �l� dependence with the nm �l=3� profile for one of
the waveguide modes. The spectrum of the third-harmonic
PCF output can be tuned by varying parameters of the input
pump pulse. Thus, PCFs with appropriate dispersion profiles,
providing efficient THG in the field of a soliton pump, can
substantially enhance the abilities of femtosecond laser
sources of infrared radiation by extending their operation
range to the short-wavelength region, allowing efficient
initiation and time-resolved studies of a broad class of
photochemical and photobiological processes.

6. Nonlinear-optical transformation of
nanosecond laser pulses and controlled
supercontinuum generation in photonic-crystal
fibers

The spatial, temporal, and spectral dynamics of the light field
in a PCF depend on the properties of the fiber and the
parameters of the input pulse. For pico- and nanosecond
pulses [124 ± 126], as well as for continuous-wave laser
radiation [127, 128], the field evolution is dominated by
stimulated Raman scattering (SRS) and four-wave mixing
(FWM). In the case of femtosecond laser pulses, along with
SRS and FWM, self- and cross-phase modulation, as well as
soliton effects [31, 129, 130], play an important role in pulse
dynamics. In this section, we discuss specific features of
supercontinuum generation in PCFs, related to a strong
parametric coupling between the Stokes and anti-Stokes
SRS components of nanosecond pump pulses. The results of
experiments presented below demonstrate efficient spectral
transformation of nanosecond laser pulses in PCFs through
parametric FWM and SRS. The experimental approach
involves using a frequency-tunable laser source allowing
various scenarios of laser-pulse transformation to be studied
as a function of the pump frequency. The use of a tunable
laser helps to identify regimes providing the maximum
efficiency of supercontinuum transformation of nanosecond
laser pulses. The results presented below in this section
suggest that a strong parametric coupling between the Stokes
and anti-Stokes SRS sidebands, occurring around the zero-
GVD wavelength, can substantially increase the bandwidth
and improve the spectral quality of supercontinuum radia-
tion.

6.1 Phase matching for four-wave mixing in micro-
and nanofibers
6.1.1 Four-wave mixing. Four-wave mixing in a nonlinear
optical fiber involves a parametric decay of a laser field with a
frequency op into sidebands through the process
2op � oa � os, transferring some fraction of the energy
from the pump field with the frequency op to the Stokes and
anti-Stokes sidebands centered at the frequencies os and oa,
respectively. The efficiency of such an FWMprocess becomes
especially high when the phase-matching condition

Db � ba � bs ÿ 2bp �26�

is satisfied, with bp, bs, and ba being the propagation
constants of the pump, Stokes, and anti-Stokes fields in the
guided modes of the waveguide structure considered. The
nonlinear additive to the refractive index of the fiber material,
induced by an intense pump field, changes the propagation
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constants of the waveguide modes [2]. The phase-matching
condition (26) then becomes dependent on the peak power P
of the pump field.

Let us represent the propagation constants bs and ba as
power series about the central pump frequency op:

bs � 2gP� bp ÿ
�
qb
qo

�
op

O�
�

q2b
qo 2

�
op

O 2

2

ÿ
�

q3b
qo 3

�
op

O 3

6
�
�

q4b
qo 4

�
op

O 4

24
� . . . ; �27�

ba � 2gP� bp �
�
qb
qo

�
op

O�
�

q2b
qo 2

�
op

O 2

2

�
�

q3b
qo 3

�
op

O 3

6
�
�

q4b
qo 4

�
op

O 4

24
� . . . ; �28�

where O � oa ÿ op � op ÿ os, g � 2pn2 �lS�ÿ1 is the non-
linearity coefficient of the fiber, n2 is the nonlinear refractive
index of the fiber material, l is the radiation wavelength, and
S is the effective mode area.

We can now use expressions (27) and (28) to represent the
phase-matching condition (26) as

Db � 2gP�
�

q2b
qo 2

�
op

O 2 �
�

q4b
qo 4

�
op

O 4

12
� . . . : �29�

In awidely employed approximation �qkb=qo k�op
� 0 for

k > 3 [38], the solution to Eqn (29) for the frequency offset O
providing phase matching for the FWM process is written in
the following form:

O �
�
2gP
j b2j

�1=2

; �30�

where b2 � �q2b=qo 2�op
is the second-order dispersion

coefficient controlling the GVD of the waveguide mode at
the pump frequency. With �qkb=qo k�op

� 0 for k > 3, the
FWM phase-matching condition can be satisfied, as is seen
from Eqns (29) and (30), if the parameter b2 is negative and
small in its absolute value, implying that the pump radiation
wavelength should lie within the region of anomalous
dispersion of the waveguide mode around the zero-GVD
point.

Generally, dispersion profiles of waveguide modes in
PCFs are quite complicated and cannot be described by
including only the terms that are liner, quadratic, and cubic
in O in series expansions (27) and (28). For a more accurate
analysis, we examine below the propagation-constant mis-
matchDb calculated from the exact PCF dispersion curves for
the 2op � oa � os FWM process with the pump field
centered at lp � 598 nm.

As a model of a waveguide structure with a small mode
area, providing a high optical nonlinearity, we consider a
cylindrical rodwith a radius amade of a transparent dielectric
material with a refractive index n1, surrounded by a
transparent dielectric material with a refractive index n2. We
further assume that the waveguide has a silica core (with n1
calculated using the Sellmeyer equation for fused silica [2])
and an air cladding. Figure 12a presents the wavelength
dependences of the parameter Db for a waveguide with a
core radius a � 627 nm in the regime of weak pump (P � 0)

and with a pump power corresponding to gP � 6 mÿ1. As can
be seen from the results presented in this figure, an increase in
the peak power of the pump field substantially changes phase
matching for the FWM process considered.

Dispersion profiles of waveguide structures with small
core areas are highly sensitive to small variations in lateral
dimensions of the core. In particular, for a waveguide with a
core radius a � 627 nm, phase matching for the considered
FWM process with gP � 6 mÿ1 is achieved, as can be seen
from Fig. 12a, for the Stokes and anti-Stokes wavelengths
ls � 641 nm and la � 560 nm.With the same value of the gP
parameter, a waveguide with a core radius a � 630 nm
provides phase matching for ls � 538 nm and la � 673 nm.

6.1.2 Stimulated Raman scattering. Stimulated Raman scat-
tering of narrowband laser radiation, including nano- and
picosecond laser pulses, in silica waveguides gives rise to the
generation of the Stokes radiation component separated from
the frequency of the pump field by the frequency of Raman-
active phonon vibrations of silica, OR � 440 cmÿ1 [2]. In
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certain spectral regions, a parametric FWM process
2op � oa � os provides a strong coupling between this
Stokes SRS component and the anti-Stokes field at the
frequency oa � op � OR. According to the general theory of
SRS [105, 131], such a strong coupling between the Stokes and
anti-Stokes SRS components may occur within two fre-
quency ranges lying on either side of the frequency where
the phase matching condition (26) is satisfied for the pump
field and its Stokes and anti-Stokes sidebands. Under the
assumption �qkb=qo k�op

� 0 for k > 3, the propagation-
constant mismatch for the pump, Stokes, and anti-Stokes
fields involved in the FWM process can be written as follows:

DbR � b2 �op�O 2
R : �31�

An important difference of SRS in optical fibers from the
textbook regimes of SRS occurring in gas-phase media is
associated with a considerable asymmetry of the frequency
profile of the gain for the Stokes and anti-Stokes SRS
components with respect to the frequency whereat the
condition DbR � 0 is satisfied. To demonstrate this property
of SRS in optical fibers, we follow the analysis of Shen and
Bloembergen [105, 131] and represent the slowly varying
amplitudes of the Stokes and anti-Stokes SRS components as

Es�
�
As exp �iDK�z� � Bs exp �iDKÿz�

�
exp

��ibs ÿ as� z
�
;

�32�

E �a �
�
A �a exp �iDK�z� � B �a exp �iDKÿz�

�
� exp

��ÿiba � iDbR ÿ aa� z
�
; �33�

where

DK� � �
��

DbR
2

�2

� DbRQ
�1=2
ÿ DbR

2
; �34�

Q � 2po 2
s

c 2bs
w �3�jEpj2 ; �35�

w �3� is the third-order nonlinear-optical susceptibility of the
fiber material, and Ep is the amplitude of the pump field.

For large phase mismatches, jDbRj4 jQj, there is no
coupling between the Stokes and anti-Stokes SRS compo-
nents. The anti-Stokes field then rapidly decays, while the
Stokes component experiences amplification in the standard
SRS regime with the gain GR � 2 ImDKÿ. On exact phase
matching, DbR � 0, the coupling between the Stokes and
anti-Stokes components reaches its maximum. However, no
exponential gain is observed for any of the SRS components
in this regime. These two important SRS regimes have been
analyzed in the classical texts on nonlinear optics [105, 131].

Of primary interest for us here is the regime of SRS with a
small, but nonzero, phasemismatch, jDbRj5 jQj. In this case,
Eqn (34) yields

DK� � ��DbRQ�1=2 : �36�

For DbR > 0, the gain for the Stokes and anti-Stokes
components, as can be seen from Eqns (32) and (33), is then
given by

G1

ÿjDbRj� � ÿjDbRj r�1=2 sin e
2
; �37�

where the amplitude r � ��ReQ�2 � �ImQ�2�1=2 and the
argument tan e � ImQ=ReQ of the complex parameter Q
were introduced.

For DbR < 0, the gain of the Stokes and anti-Stokes fields
is equal to

G2

ÿjDbRj� � ÿjDbRj r�1=2 cos e
2
: �38�

The ratio

G2

G1
� cot

e
2

�39�

quantifies the asymmetry of the frequency profile of the SRS
gain with respect to the frequency where DbR � 0.

For an important particular case of a strong Raman
resonance (e.g., in the gas phase), we derive the following
relations for the spectral regionwhere themaximumSRS gain
is achieved:��ImQ

�� / ��w �3�R

��4 ��ReQ
�� / ��w �3�nr

�� ;
where

��w �3�R

�� and ��w �3�nr

�� are the resonant and nonresonant parts
of the third-order nonlinear-optical susceptibility. In this
regime, we find that

e � p
2
ÿReQ

ImQ
;

and formula (39) gives the following result:

G2

G1
� 1�ReQ

ImQ
:

The slight asymmetry of the frequency profile of the SRS gain
relative to the frequency where DbR � 0 in this case is due to
the nonresonant part of the nonlinear-optical susceptibility.

For silica fibers, the situation is somewhat opposite, as
now the Raman part of the nonlinear-optical susceptibility
can be considered as a correction (18%) to the electronic part
(82%) in the overall nonlinear-optical response of the
material. Using a standard Lorentzian-line model for the
SRS gain profile, we represent the real and imaginary parts of
the Q parameter as

ReQ � Qnr � QR

1� O 2=O 2
0

; �40�

ImQ � O
O0

QR

1� O 2=O 2
0

; �41�

where O is the frequency detuning from the center of the SRS
gain profile, O0 is the linewidth, QR is the amplitude of the
Raman resonance response, and Qnr is the real parameter
characterizing the nonresonant (electronic) part of the non-
linear-optical susceptibility.

WithO � O0, Eqns (40) and (41) yieldG2=G1 � 4Qnr=QR.
Since the electronic part of the nonlinear-optical response of
fused silica is substantially larger than the Raman part of this
response, the gain of the Stokes and anti-Stokes components
in the region where DbR < 0 should be appreciably higher
than the SRS gain in the region where DbR > 0.

Calculated results presented in Fig. 12b define the regions
of strong FWM coupling of the Stokes and anti-Stokes
components resulting from the SRS process in an off-center
microchannel waveguide in a microstructured cladding of a
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silica fiber with the cross-section structure shown in the inset
to this figure. The radius of the microchannel waveguide is
0.9 mm. The solid line 1 in Fig. 12b presents the parameter b2
for such a waveguide as a function of the pump wavelength.
Around the zero-GVD frequencyo0, the parameter b2 can be
approximated (line 2 in Fig. 12b) by the formula

b2�op� � b3�o0� do ; �42�

where b3 � q3b=qo 3, and do � op ÿ o0.
The mismatch of the propagation constants of the pump

field and SRS components involved in the FWM process can
then be represented as

DbR � b3�o0�O 2
Rdo : �43�

To assess the accuracy of this approximation, the phase
mismatch calculated with the use of Eqn (43) was compared
with the parameter DbR calculated as a function of the pump
wavelength, for the exact dispersion profile of the considered
waveguide, determined by means of numerical simulations
(line 3 in Fig. 12b). This comparison shows (see Fig. 12b) that,
within a limited spectral interval, the error in the approxima-
tion provided by Eqn (43) does not exceed several percent.

We can now combine expression (43) and the condition of
strong coupling of the Stokes and anti-Stokes SRS compo-
nents, viz.

0 > DbR > ÿ4gP ; �44�

to derive the following explicit formula for the band DoR of
pump frequencies, where the pump field is phase-matched
with the Stokes and anti-Stokes SRS components:

jDoRj � 4gP
�
b3�o0�

�ÿ1Oÿ2R : �45�

The vertical dashed lines in Fig. 12b represent the
boundaries of the spectral region (l1�688 nm, l2�704 nm)
where the FWM process considered is phase-matched, giving
rise to a strong coupling between the Stokes and anti-Stokes
SRS components of the light field in the waveguide.
Theoretical predictions for the wavelengths l1 and l2,
corresponding to the boundaries of the spectral region
where the Stokes and anti-Stokes components are strongly
coupled to each other, agree well with the results of
experiments presented below in this paper. Efficient genera-
tion of anti-Stokes SRS components in the spectral bandDoR

enhances the high-frequency tail of the radiation spectrum at
the output of the fiber, thus increasing the bandwidth and
improving the spectral quality of supercontinuum radiation
in the regime of high peak powers of the pump field.

6.2 Nonlinear-optical transformation of nanosecond laser
pulses in photonic-crystal fibers
Experiments [132] were devoted to the investigation of
nonlinear-optical processes in off-center microchannel wave-
guides with a diameter ranging from 0.5 to 2.0 mm in the
nodes of the microstructured cladding (see the inset to
Fig. 12b) of silica fibers. These fibers were fabricated [133 ±
135] by drawing from a preform consisting of an array of
silica capillaries and a solid silica rod at the center of the
structure. The fiber length was varied in nonlinear-optical
experiments from 20 to 150 cm, depending on the size of the
microchannel waveguide and the magnitude of optical loss.

Awavelength-tunable dye laser served as a source of input
laser radiation. This laser was pumped by the second-
harmonic output of a Q-switched Nd:YAG laser. Second-
harmonic pulses used to pump the dye laser had a central
wavelength of 532 nm, a pulse width of about 10 ns, and an
energy of about 5 mJ. With such parameters of pump
radiation, a standard set of dyes enabled the generation of
tunable radiation at the output of the dye laser within the
range of wavelengths from 545 to 710 nm. The broad range of
wavelength tunability provided by the dye laser helped to
determine the regions of maximum FWM and SRS light-
pulse transformation efficiency for a broad variety of
microchannel waveguides with different shapes and lateral
dimensions.

For the excitation of guided modes of PCF microchannel
waveguides (Fig. 13), dye-laser radiation was tightly focused
on the input end of a fiber, which was aligned with the laser
beam in such a way as to provide the maximum spatial
overlap of the laser beam and a microchannel waveguide in
the transverse plane. The spectrum of radiation at the output
of the fiber was measured with the use of an OceanOptics1
spectrum analyzer. The ranges of parameters providing
efficient FWM transformation of laser pulses were identified
by scanning the frequency of dye-laser radiation.
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Figure 13a displays typical radiation spectra recorded at
the output of a microchannel waveguide with a core radius of
about 630 nm. In accordance with the calculated results
shown in Fig. 12a (see Section 6.1.1), the pump wavelength
in these experiments was varied from 590 to 610 nm.As can be
seen from the experimental results presented in Fig. 13a,
efficient FWM conversion of nanosecond laser pulses is
achieved with the pump wavelength lp � 598 nm. In accor-
dance with the results of numerical analysis for the off-center
microchannel waveguides in a PCF with the cross-section
structure shown in the inset to Fig. 12b, the nonlinearity
coefficient for silica microfibers with a characteristic core
radius a � 0:63 mm at the wavelength of 600 nm is
g � 150 Wÿ1 kmÿ1. Thus, the optical nonlinearity of the
studied type of waveguide structures is an order of magni-
tude higher than the typical nonlinearity of standard fibers.

Curve 1 in Fig. 13a shows the radiation spectrum detected
at the output of the microchannel waveguide in a PCF with a
length L � 85 cm. The pump radiation in these experiments
had a wavelength lp � 598 nm and a peak power of about
1 W. The length of nonlinear interaction, lnl � �gP�ÿ1, for
laser pulses with such a peak power is about 7 m. Since this
nonlinear length is much larger than the fiber length chosen
for experiments, the spectrum of the fiber output is nearly
identical to the spectrum of the input laser field.

As the peak power of the pump pulse increases, intense
sidebands show up in the spectrum of the fiber output (curves
2 and 3 in Fig. 13a). With a peak power of the pump pulse
P � 40 W (lnl � 17 cm), the Stokes and anti-Stokes side-
bands in the fiber output spectrum are centered at the
wavelengths ls�641 nm and la�560 nm (curve 2 in
Fig. 13a), which agrees well with the analysis of phase
matching for the 2op � oa � os FWM process (cf. Figs 12a
and 13a). A further growth in the pump power leads to the
broadening of the Stokes and anti-Stokes sidebands (curve 3
in Fig. 13a), which eventually yields a fiber output with a
broad continuous spectrum.

An intense peak centered at approximately 614 nm in the
spectra presented in Fig. 13a corresponds to the Stokes SRS
component. Generation of its anti-Stokes counterpart is
suppressed for a microfiber with a core radius a � 0:63 mm,
because the relevant FWM process is phase-mismatched and
cannot efficiently couple the Stokes and anti-Stokes side-
bands. As can be seen from Figs 12a and 13, phase-matching
conditions are satisfied in these experiments for frequency
offset values of O considerably exceeding OR.

Theoretical analysis, as outlined in Section 6.1.2, predicts
a strong coupling of Stokes and anti-Stokes SRS sidebands
for a silica PCF microchannel waveguide (see the inset to
Fig. 12b) with a core radius a � 0:9 mm. With the pump
wavelength ranging from 690 to 705 nm, intense Stokes and
anti-Stokes sidebands of the first and higher orders are
observed in the spectrum of radiation at the output of such a
fiber (see Fig. 14). When the peak power of the pump field
becomes sufficiently high, self- and cross-phase modulation,
as well as cascade FWM processes, broaden the Stokes and
anti-Stokes SRS components. Under these conditions, radia-
tion with a broad continuous spectrum (white light, or a
supercontinuum) is observed at the output of the fiber. A
strong parametric coupling between Stokes and anti-Stokes
SRS components, provided by the phase-matched FWM of
the pump field and its Stokes and anti-Stokes sidebands, helps
to considerably increase the spectral content and to improve
the spectral quality of supercontinuum radiation. This effect

is illustrated by the experimental results presented in
Figs 13 ± 15. When FWM is phase-mismatched, failing to
efficiently couple the Stokes and anti-Stokes SRS compo-
nents, the nonlinear-optical transformation of the pump field
in a microfiber yields a radiation with a spectral content
confined to the range of wavelengths from 680 to 730 nm.
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Even for high peak powers of the pump field, the intensity of
the high-frequency wing in the output radiation spectrum is
much lower than the intensity of the Stokes part of this
spectrum (Fig. 13b).

A strong coupling between the Stokes and anti-Stokes
components substantially enhances the high-frequency wing
of the output spectrum, thus considerably enriching the
spectral content of supercontinuum radiation. The fiber
output spectra shown in Figs 14c and 15c were taken at the
same value of the nonlinear interaction length, gP � 7:5 mÿ1.
However, since, in the case of experiments presented in
Fig. 14c, the pump wavelength is chosen in such a way as to
allow a phase-matched parametric FWMcoupling of the SRS
sidebands, the fiber output spectrum in Fig. 14c is much
broader, stretching from 610 to 760 nm.

7. Generation of intense supercontinuum radiation
in large-mode-area photonic-crystal fibers

The high efficiency of nonlinear-optical interactions in PCFs
is due to the strong confinement of electromagnetic radiation
in a small, micrometer-sized fiber core [11, 29]. In a special
class of highly nonlinear PCFs designed for efficient super-
continuum generation and frequency conversion of ultra-
short laser pulses [136 ± 144], a small core with a diameter on
the order of or less than a micron provides high power
densities even for low-energy (nanojoule and subnanojoule)
ultrashort light pulses, leading to ultimate efficiencies of
nonlinear-optical interactions. Small-core PCFs also allow
dispersion [25, 26] and birefringence [145] tailoring through
fiber structure engineering. Designing optical fibers for the
nonlinear-optical transformation of high-peak-power laser
pulses is much more complicated. Laser pulses with pulse
widths on the order of hundreds of femtoseconds with
fluences of several joules per square centimeter induce an
optical breakdown in the bulk of fiber material [146]. Fibers
with large core diameters, on the other hand, do not offer
much flexibility in dispersion engineering. In particular, silica
large-core fibers cannot provide anomalous dispersion for
Ti:sapphire-laser radiation (with a central wavelength of
800 nm), thus excluding realization of attractive soliton
regimes of nonlinear-optical interactions of such pulses,
limiting the efficiency of supercontinuum generation and
frequency conversion for ultrashort light pulses delivered by
this class of laser sources.

In experiments [64, 65, 147], high-power supercontinuum
generation was demonstrated using large-mode-area (LMA)
PCFs [57, 58] and a femtosecond Cr:forsterite laser [148] as a
pump source. In the initial stage of laser-pulse dynamics in the
fiber, the spectral broadening of femtosecond laser pulses
gives rise to sidebands some of which fall within the region of
anomalous dispersion. These frequency components undergo
soliton spectral ± temporal transformation processes, leading
to an efficient supercontinuum generation in the near-IR
range with an energy exceeding 1 mJ.

The fibers used in experiments [64, 147] were fabricated by
the stack-and-draw technology. A preform consisted of silica
capillary tubes with a solid silica rod at the center of the
structure. For highly efficient supercontinuum transforma-
tion of high-peak-power femtosecond laser pulses, a family of
PCFs with a hexagonal lattice of air holes in the fiber cladding
(see the inset to Fig. 16) with different diameters of air holes d
and lattice pitches L was fabricated. The best performance
was achieved for PCFs with d=L � 0:36 and a core diameter

of about 22 mm. The fundamental guidedmode in such a fiber
has an effective area of about 380 mm2. Photonic-crystal
fibers with such a d=L ratio are multimode. However, the
number of modes supported by such fibers is much less than
the number of modes in a fiber with the same core diameter
and a solid cladding. The mismatch of the propagation
constants for the adjacent modes in such a PCF is much
larger than the mismatch of propagation constants in a fiber
with a solid cladding, which stabilizes waveguide modes with
respect to nonlinear-optical cross-talk with other modes.

The laser system used in experiments [64, 147] consisted of
a Cr4�:forsterite master oscillator pumped with an ytterbium
fiber laser, a stretcher, an optical decoupler, a regenerative
amplifier, a compressor, and a frequency-doubling nonlinear
crystal. The master oscillator delivered 30 ± 60-fs pulses at a
repetition rate of 120 MHz [148] at a central frequency of
1250 nm with an average power of about 180 mW. These
laser pulses were stretched in order to be amplified in an
Nd:YLF-laser-pumped regenerative amplifier up to about
100 mJ. The amplified light pulses were recompressed to a
minimum pulse width of 90 fs by a grating compressor. In the
experiments reported here, the compressor was adjusted in
such a way as to provide linearly chirped light pulses stretched
up to 300 fs in order to reduce or avoid effects related to the
self-focusing of high-peak-power laser pulses in the fiber,
including laser damage to the fiber.

Figure 16 displays typical spectra of radiation detected at
the output of an LMA PCF with a core diameter of 22 mm
and a length of 20 cm for different energies of input laser
pulses. For low energies of input laser pulses, the output
spectra feature Stokes and anti-Stokes sidebands (curve 1 in
Fig. 16) lying in the regions of anomalous and normal
dispersion, respectively. Generation of these sidebands
indicates the significant role of parametric four-wave mixing
giving rise to frequency-shifted spectral components originat-
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ing from the modulation instability of the pump field (the
laser pulse). This process is automatically phase-matched
when the central wavelength of the pump field is close to the
wavelength of zero group-velocity dispersion [2]. This
condition, which is of key importance for highly efficient
frequency conversion, was satisfied in the experiments
considered.

As the energy of the input laser pulse increases, the Stokes
and anti-Stokes sidebands undergo spectral broadening,
eventually forming a broadband spectrum at the output of
the fiber. For input laser pulses with an initial energy of about
1.30 mJ, the spectrum of the broadband signal at the output of
a 20-cm PCF, as can be seen from the experimental data
presented in Fig. 16, stretches from 700 to 1800 nm. The total
energy of this signal was estimated as 1.15 mJ.

The powerful low-frequency wing of the output spectrum
in this regime (curve 3 in Fig. 16) suggests the importance of
soliton mechanisms of nonlinear-optical transformation of
laser pulses. This conclusion is also supported by studies of
the spectral ± temporal evolution of the laser field in the PCF,
performed in experiments [64, 147] with the use of cross-
correlation frequency-resolved optical gating (XFROG) [149,
150]. In XFROG, information on the spectral and temporal
properties of the output light field, including its chirp and the
spectral phase, is retrieved by measuring the intensity of the
sum-frequency signal generated in an LBO crystal by the PCF
output and the fundamental-wavelength pulse from the Cr:
forsterite laser as a function of the delay time t between these
two pulses. Soliton phenomena are visualized in XFROG
traces as a spiky structure of the temporal envelope of the
pulse intensity. The chirp of the PCF output suggests no
technically simple way of compressing the supercontinuum
PCF output to a transform-limited ultrashort pulse corre-
sponding to the full spectral width of this field. However,
information on the phase of the PCF output provided by
XFROG measurements can be employed for pulse compres-
sion through the compensation of a complex spectral phase of
the PCF output with the use of a spatial light modulator. This
strategy of pulse compression of PCF output had been earlier
implemented in Refs [46, 151].

8. Hollow photonic-crystal fibers for the soliton
delivery of megawatt femtosecond pulses

8.1 Hollow photonic-crystal fibers in the nonlinear optics
of high-peak-power light pulses
Optical solitons are interesting physical objects that are
intensely studied in optical science and that offer attractive
methods for large-distance transmission of optical signals and
allow observation of new nonlinear-optical effects [152, 153].
Optical fibers enable the formation of solitons characterized
by a stable or slowly evolving envelope within characteristic
propagation lengths from several centimeters to kilometers
[2]. The power and energy of solitons in optical fibers is
limited by the laser-damage threshold of optical materials, as
well as by factors inherent in the nature of optical solitons.
Formation of an isolated fundamental soliton becomes
possible through a precise balance between dispersion and
optical nonlinearity. The peak power P of a laser pulse that
provides such a balance can be found by equating the
nonlinear interaction length Lnl � �gP�ÿ1 (where g is the
nonlinearity coefficient) and the dispersion length
Ld� t 20 =jb2j (where t0 is the soliton pulse width,

b2 � q2b=qo2, b is the propagation constant of the wave-
guide mode, ando is the radiation frequency). The maximum
power of the fundamental soliton is thus given by
Ps � jb2j gÿ1tÿ20 . For typical nonlinearity and dispersion
parameters of a standard silica optical fiber,
g � 10 Wÿ1 kmÿ1 and jb2j �10 ps2 kmÿ1, the fundamental
soliton with a pulse width of 100 fs has a typical peak power of
100 W. The increase in the power of laser radiation leads to
the generation of higher-order solitons with a more compli-
cated spectral and temporal field structure and pulse-
evolution dynamics [2].

Hollow waveguides offer attractive options for the
delivery and nonlinear-optical spectral and temporal trans-
formation of high-peak-power laser pulses [21]. The laser-
breakdown threshold of a gas filling the core of such a
waveguide is much higher than the breakdown threshold
characteristic of a dielectric waveguide. However, standard,
capillary type hollow waveguides with a solid dielectric
cladding are intrinsically leaky [21], with the magnitude of
optical loss scaling as l 2=a 3 with a core radius a and radiation
wavelength l. Experiments with hollow fibers are, therefore,
inevitably restricted to waveguides with large core diameters,
which are essentially multimode [154].

Hollow-core PCFs [15 ± 17] can support robust isolated
truly guided modes of high-peak-power ultrashort light
pulses and enable efficient nonlinear-optical transformations
of such fields [155 ± 160]. Since the optical nonlinearity of gas-
phase media under normal conditions is three orders of
magnitude lower (e.g., for atmospheric air) than the non-
linearity of fused silica, while the optical breakdown thresh-
old of gases is much higher than the breakdown threshold of
transparent dielectrics, gas-filled hollow PCFs can support
soliton propagation regimes for femtosecond pulses with
megawatt peak powers [161]. The soliton compression of
high-peak-power ultrashort pulses is one of the interesting
applications of soliton effects in hollow PCFs [162, 163].
High-peak-power solitons are interesting objects of optical
physics, suggesting ways to develop novel fiber components
for the transmission of high-power ultrashort light pulses and
to create compact fiber-format systems for nonlinear micro-
spectroscopy [164].

Hollow PCFs have been recently shown to allow the
delivery of high-energy nano- and picosecond pulses for
biomedical [165] and technological [166, 167] applications.
These fibers also offer much promise for the creation of novel
optical endoscopes [168, 169] and gas sensors [170]. In an
optical endoscope demonstrated by Flusberg et al. [168], a
hollow PCF provides a delivery of unamplified Ti:sapphire-
laser pulses with a pulse width of 100 ± 150 fs to an area of
interest inside a living organism. The low nonlinearity of the
gas filling the core of the fiber and the choice of the central
wavelength of laser pulses close to the zero-GVD wavelength
of the fiber helps to reduce temporal envelope distortions of
the transmitted light signal.

In this section, we consider a radically different regime of
ultrashort-pulse transmission through a hollow PCF. Soliton
regimes of pulse propagation will be shown to suppress
distortions of the temporal field envelope and allow the
peak power of ultrashort laser pulses transmitted through a
hollow fiber to be substantially increased. In experiments
presented below, the second-harmonic output of a femtosec-
ond Cr:forsterite-laser system with an amplification stage is
employed as a source of input ultrashort light pulses. The
peak power of solitons produced in these experiments is four
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orders of magnitude higher than the peak power of solitons
attainable with standard optical fibers. Hollow PCFs allow-
ing the transmission of megawatt femtosecond pulses without
noticeable distortions of the temporal pulse envelope and
energy loss suggest new attractive solutions for laser biome-
dicine and optical technologies.

8.2 Hollow photonic-crystal fibers and soliton delivery of
high-peak-power femtosecond pulses
Hollow PCFs designed for the transmission of high-peak-
power ultrashort laser pulses [164 ± 166, 171] have the cross-
section structure shown in inset 1 to Fig. 17. The diameter of
the hollow core in these fibers is about 14 mm. The properties
of waveguide modes in these structures were modelled by
numerically solving the wave equation for the transverse
components of the electric field through the expansion of
the field and the refractive-index profile based on orthogonal
polynomials. With such an expansion, the solution of the
wave equation with the relevant boundary conditions is
reduced to an eigenfunction and eigenvalue problem of a
matrix equation for the expansion coefficients [172, 173]. The
spectral and temporal dynamics of laser pulses were analyzed
by numerically solving the generalized nonlinear SchroÈ dinger
equation [2] which included high-order dispersion, shock
waves, and the retarded part of the optical nonlinearity of
the gas filling the fiber core [174].

Numerical simulations performed for the considered type
of hollow PCFs suggest that the second-harmonic pulses of
the Cr:forsterite laser with an initial central wavelength of
618 nm can be transmitted through fibers in the soliton
regime. For hollow PCFs filled with a Raman-active gas
(atmospheric air in our experiments), the retarded part of

optical nonlinearity has a significant influence on the
temporal dynamics of an ultrashort light pulse propagating
through the fiber. This part of the nonlinear response induces
a continuous red shift of the soliton spectrum Ð a phenom-
enon that is well known in the dynamics of solitons in
conventional optical fibers [2, 88, 89].

The dashed line in Fig. 17 presents the intensity spectrum
calculated for a light pulse with an initial pulse width of 90 fs,
energy of 300 nJ, and central wavelength of 618 nm
transmitted through the considered type of hollow PCFs.
The frequency-shifted soliton component of the output field
is centered at the wavelength of 636 nm. In the time domain,
the retarded nonlinearity and high-order dispersion effects
split the light pulse propagating through the hollow PCF into
two spectrally and temporally isolated features. The dashed
line in inset 2 to Fig. 17 shows the temporal intensity envelope
of the laser pulse, corresponding to the frequency-shifted
soliton component of the PCF output. The typical pulse
width of this soliton component is estimated as 120 fs. The
spectral and temporal separation of the soliton component
from the nonsolitonic part of the field increases as the
radiation propagates along the fiber. This effect is related to
the dispersion-induced difference in the group velocities of
solitons with different local parameters, as well as the
dependence of the soliton self-frequency shift on the local
soliton pulse width.

The laser system used in experiments [164] consisted of a
Cr4�:forsterite master oscillator, a stretcher, an optical
isolator, a regenerative amplifier, a compressor, and a crystal
for frequency doubling. The spectrum of the laser pulse is
shown by the dotted line in Fig. 17. The spectrum and the
temporal envelope of the PCF output were recorded by using
the XFROG technique [149, 150].

The measured intensity spectrum of the PCF output (the
dots in Fig. 17) agrees well with the results of numerical
simulations (the dashed line in Fig. 17). Most of the fiber
output radiation energy is concentrated within the spectral
peak corresponding to the frequency-shifted soliton. For
input laser pulses with a pulse width of 90 fs, an energy of
300 nJ, and a central wavelength of 618 nm, the soliton part of
the PCF output has the form of a 120-fs pulse with an energy
of about 130 nJ (the dots in inset 2 to Fig. 17). The peak power
of such a soliton reaches 1.1 MW.

As the input pulse energy increases, the soliton at the
output of the PCF becomes shorter, which enhances the
soliton self-frequency shift. This effect is readily observed in
the measured spectra of PCF output, where the central
wavelength of the output pulse becomes progressively longer
as the input pulse energy increases. This finding is consistent
with the basic properties of ideal solitons defined as solutions
to the nonlinear SchroÈ dinger equation. For these solitons, the
peak power, as mentioned above, is related to the pulse width
by the expressionPs � jb2j gÿ1tÿ20 . The soliton self-frequency
shift thus allows a continuous tuning of the central wave-
length of the megawatt soliton PCF output through a
variation of the input pulse energy.

8.3 Megawatt optical solitons in nonlinear
microspectroscopy and laser biomedicine
Optical fibers supporting soliton regimes of propagation for
megawatt femtosecond light pulses offer new attractive
options for laser-beam delivery in optical technologies and
laser biomedicine. A distortion-free transmission of high-
peak-power femtosecond pulses can substantially enhance
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the capabilities of fiber-optic components designed for non-
linear microspectroscopy [164], laser endoscopy, and laser
therapy and surgery using ultrashort laser pulses. In parti-
cular, PCFs designed for the transmission of unamplified
femtosecond laser pulses with a typical energy of 0.1 ± 1 nJ, a
pulse width of 100 fs, and a repetition rate on the order of
100 MHz have been shown to be ideally suited for micro-
endoscopy based on two-photon fluorescence [168, 169].
Microendoscopes based on photonic band-gap fibers with a
solid [169] and a hollow [168] core have been recently
demonstrated. On the other hand, regeneratively amplified
femtosecond pulses provide a powerful tool for nanosurgery
[175], laser ophthalmology [176, 177], vessel photodisruption
[178], and optical histology [179]. A fiber-optic delivery of
such pulses is usually accompanied by pulse distortions
induced by nonlinear-optical phenomena. As shown above,
hollow PCFs can resolve this difficulty. Fibers of this type
show much promise for laser dentistry. Pico- and femtosec-
ond laser pulses in the near-infrared range have been shown to
allow the heat load on dental tissues to be radically reduced
and microcracking to be avoided [180, 181]. Hollow PCFs
allow a fiber-format delivery of high-energy nano- and
picosecond laser pulses intended for the ablation of dental
tissues [165, 182], thus offering attractive options for laser
dentistry.

8.4 Photonic-crystal fibers with a large hollow core:
transmission and transformation of subgigawatt
femtosecond laser pulses
The transmission and control of high-power ultrashort laser
pulses are the key problems in physics of high radiation fields
and laser technologies. Self-focusing and optical breakdown
limit the use of standard optical fibers for these applications.
Hollow fibers with a solid cladding [21] radically enhance
nonlinear-optical interactions [18], allowing the formation of
ultrashort light pulses [183, 184] and providing high efficien-
cies of high-order harmonic generation [185, 186]. Such fibers
are, however, intrinsically multimode and offer only limiting
options for broadband dispersion control.

Hollow-core PCFs with tailored dispersion profiles are
ideally suited to solving these problems, allowing control of
the pulse width and temporal shape of high-power ultrashort
laser pulses [163]. Hollow-core PCFs designed for the
transmission and nonlinear-optical transformation of high-
power ultrashort laser pulses [187] have a period of photonic-
crystal cladding of about 5 mm and a core diameter of
approximately 50 mm (the inset to Fig. 18a). Transmission
spectra of these fibers display characteristic well-pronounced
isolated passbands related to the photonic band gaps or
bands of low density of photonic states provided by the
microstructured cladding.

The guided modes and transmission spectra of the
considered type of hollow PCFs were modelled by a
numerical solution of the wave equations for the transverse
components of the electric field through the expansion of the
field and the refractive-index profile based on orthogonal
polynomials. With such an expansion, the solution of the
wave equation with the relevant boundary conditions is
reduced to an eigenfunction and eigenvalue problem of a
matrix equation for the expansion coefficients [172, 173].
Lines 1 and 2 in Fig. 18a represent the effective mode index
neff ÿ 1 and the GVD as the functions of the radiation
wavelength for the fundamental mode of a hollow PCF with
the cross-section structure shown in the inset to this figure.

The calculated results presented in Fig. 18a show that the
considered hollow PCFprovides an anomalousGVD (D > 0)
within a sufficiently broad spectral range, including the
fundamental wavelength of Cr:forsterite-laser radiation
(1.25 mm). Such a fiber allows a self-compression of
Cr:forsterite-laser pulses due to the GVD compensation for
the chirp of these pulses, induced by self-phase modulation in
the hollow-core of a PCF filled with a gas having a nonlinear
refractive index n2 > 0.

In experiments [163], a standard micro-objective served to
couple amplified Cr:forsterite-laser pulses [148] into a hollow
PCF filled with atmospheric air and placed on a three-
dimensional translation stage. Beam coupling was optimized
to provide the maximum efficiency of fundamental-mode
excitation in the PCF. The input laser pulses had an initial
duration of about 270 fs (the dashed line in Fig. 18b) and an
energy ranging from 10 nJ up to 50 mJ.

A cross-correlation technique was used to measure the
temporal envelope and the duration of laser pulses trans-
mitted through the hollow PCF. The signal coming out of the
PCFwas mixed with a fundamental-wavelength reference Cr:
forsterite-laser pulse in a BBO crystal with a thickness of
about 1 mm. The resulting sum-frequency signal was
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measured as a function of the delay time between the signal
and the reference pulse to yield the cross-correlation trace.
The results of cross-correlation measurements are presented
in Fig. 18b. In the regime of low intensities, the laser pulses
increase their pulse width as they propagate through the PCF.
Pulses with an initial duration of about 270 fs and an energy
of 50 nJ lengthen up to approximately 350 fs as they reach the
output of the fiber with a length of 9 cm (curve 1 in Fig. 18b).
High-intensity laser pulses experience self-phase modulation
due to the Kerr nonlinearity of the gas filling the hollow core
of the PCF. The characteristic length Lnl for this nonlinear-
optical process is determined by the coefficient of nonlinearity

g � n2o
cSeff

;

where Seff is the effective area of the waveguide mode, and the
power P of the laser pulse:

Lnl � �gP�ÿ1 :

For laser pulses with a wavelength of 1.25 mm, an initial
duration of 270 fs and an energy of 35 mJ, the characteristic
length Lnl � 6:3 cm of self-phase modulation in a hollow
PCF filled with atmospheric air at the pressure p � 1 atm
(n2 � 5� 10ÿ19 cm2 Wÿ1) is less than the chosen PCF length.
Optical nonlinearity of the gas in the fiber core under these
conditions gives rise to a noticeable chirp of the laser pulse.

In the regime of anomalous dispersion provided by the
hollow PCF, laser pulses experience a nonuniform frequency
deviation, and their duration decreases. The typical duration
of a laser pulse with a powerP � 130 MWat the output of the
PCF is about 210 fs (curve 2 in Fig. 18b). High-order
dispersion noticeably distorts the output pulse. Comparison
of curves 1 and 2 in Fig. 18b shows that the highest efficiency
of pulse compression is achieved around the peak of the laser
pulse, where the laser intensity reaches its maximum. Off the
laser pulse peak, the radiation intensity is lower, and optical
nonlinearity is smaller. As a result, pulse edges virtually
coincide for low- and high-intensity pulses (see Fig. 18b). A
further increase in the input energy of laser pulses results in a
considerable distortion of output pulses. This tendency can be
attributed to the ionization nonlinearity of the gas filling the
fiber core, as well as the solitonic effects.

Experimental studies [163] thus suggest that hollow PCFs
with a special dispersion profile can efficiently control the
duration and the waveform of high-power ultrashort laser
pulses. This option is illustrated by the experimental
demonstration of a waveguide self-compression of ultrashort
pulses with a power exceeding 100 MW. One can expect that
dispersion optimization of hollow PCFs, extended to include
high-order dispersion terms, multisoliton interactions, and
ionization nonlinearity, should allow the creation of efficient
fiber-optic compressors and transmission lines for high-
power ultrashort laser pulses.

9. Conclusion

Recent developments in fiber optics, including the creation of
novel types of optical fibers, are based on the latest
achievements in optical technologies combined with new
ideas and advanced approaches in ultrafast science, the
optics of micro- and nanostructures, the physics of photonic
crystals, and nonlinear guided-wave optics. Photonic-crystal
fibers are playing a progressively significant role in the

creation of compact and efficient fiber-optic systems for the
generation and control of ultrashort light pulses. Dispersion
and field-profile tailoring is the key advantage of photonic-
crystal fibers, which allows a high-precision dispersion
balance to be achieved within a broad spectral range,
enabling the creation of novel types of fiber-optic sources of
ultrashort light pulses. Methods used in nano-optics help to
tailor dispersion profiles of PCF modes, providing a highly
efficient frequency conversion of femtosecond laser pulses
and enabling the wavelength-tunable generation of broad-
band radiation. Special strategies ofmicro- and nanostructur-
ing of the core and the cladding of optical fibers help to realize
an efficient spectral and temporal transformation of laser
pulses with input pulse widths from dozens of nanoseconds
down to several field cycles within the range of peak powers
from hundreds of watts up to several gigawatts. Hollow-core
photonic-crystal fibers supporting soliton transmission
regimes for megawatt pulses open up new possibilities in
laser biomedicine and optical technologies.
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